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Preface 


This 64th volume of the Transactions of the American Institute of Electrical 
Engineers contains all approved technical program papers and related discussions 
presented during the calendar year, in accordance with the improved publication 
procedure adopted in August 1940. Pages 1-358 and 495-872 comprise the 
papers published in the Transactions sections of the monthly issues of ELECTRICAL 
ENGINEERING, and pages 359-494 and 873-1000 contain papers and discussions 
that appeared in advance in the June and December 1945 ‘‘Supplements to Elec- 
trical Engineering—Transactions Section,” respectively. 


In compliance with a Government order restricting travel all AIEE national and 
District meetings, with the exception of the winter technical meeting, were aban- 
doned in 1945. Instead spring, summer, and fall technical paper programs and 
pamphlet copies of the technical papers were distributed by mail, and written 
discussions were submitted. 


The technical papers and discussion in this volume were presented as follows: 


1. 1945 winter technical meeting, New York, N. Y., January 22-26, 1945. 

2. Spring technical paper program, April 1945 issue of ELECTRICAL ENGINEERING. 
Summer technical paper program, June 1945 issue of ELECTRICAL ENGINEERING. 
. Fall technical paper program, September 1945 issue of ELECTRICAL ENGINEER- 
ING. 
In addition this volume contains: 

1. 1945 annual report of the AIEE board of directors. 

2. A complete listing of AIEE officers and committees for 1945-46. 

Full correlation of all material in this volume has been accomplished by means 
of the multientry index beginning on page 1025. Reference to any of the several 


subject entries for a technical paper will lead directly to the paper and to any 
published discussion on that paper. 

Statements and opinions given in papers and discussions published in TRANSs- 
ACTIONS are the expressions of contributors for which the American Institute of 
Electrical Engineers assumes no responsibility. 
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Errata 


1. Page 4, Table IV. The time of installation of unit 11 
should be 28.5 years. 


2. Page 6, Table V. The time of installation of unit 11 
should be 28.5 years. 


3. Pages 184-8. The parameter given as K should be R. 


4. Page 395. Reference 224 is found in the AIEE 
JouRNaL not the Journal of the Institution of Electrical 
Engineers. 


5. Page 288, Figure 1. The term, x,_ should be %q4q and 
Xqq Should be Xqyq- 


6. Page 289, Table I. The term, x,, should be Xqyq and 
Xqq Should be Xqy,. 


7. Page 290, column 2. The term x,, should be xy. 
8. Page 291, column 1. The term x,, should be Xqyq. 
9. Page 294, Appendix III. The term x,, should be x,,, 


and x,, should be x¢,,. 


10. Page 609, Table III. In the first equation beginning 
“t=” the numeral 17 should be 0.17. 


11. Pages 862 and 864, Figures l and 2. The following 
are corrected versions of these figures: 
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Evaluation of Electric Distribution Losses 


in Terms of Generating-Station- 


Capacity Investment 


M. MORTARA 


MEMBER AIEE 


LECTRIC distribution losses affect 

the economy of a system in two ways: 

(a) by making it necessary to produce, 

over any period of time, in addition to 

the energy required by the load, the 

amount of energy absorbed by the losses 

during that same period, or ‘energy 

losses’; (b) by requiring, at the time of 

the peak, the availability of a generating 

capacity which exceeds the simultaneous 

value of total load by the coincident 

_.. amount of power absorbed by the distri- 

‘ bution losses, or “‘power losses.’” These 

two aspects both should be taken into 

consideration in planning a new electric 

system or in expanding an existing 
system. _ 

When the unit cost of energy is known, 
the economic evaluation of factor a re- 
quires only the knowledge of the load 
curve at various times of the year, so that 


el al ee 


- 


_ the yearly loss of energy may be deter- 
- mined with sufficient approximation. 
' The economic evaluation of factor b, 
. - on the other hand, is much less definite, 
because it is affected by multiple and 
sometimes’ variable conditions, which 


must be properly considered. The pur- 


the principal among these conditions and 
_ to outline a procedure for the correct 
economic evaluation of power losses, 


ae 
a ates 


_ Conditions Affecting the Economic 
Value of Power Losses 


> . The , generation peak of an electric sys- 
: tem independent from outside sources of 
power will coincide with the peak load; 

if, furthermore, the power is supplied by 
hermoelectric sources, it will be only 
necessary for the installed generating 
capacity at any time to be sufficient to 
fpagee. 45-4, récommended by the AIEE committee 
ower generation for presentation at the AIEE 
er technical meeting, New York, N. Y., Janu- 


ry 22 -26, 1945. Manuscript submitted June 24, 
44; _ made available for printing November 3, 


pose of the present paper is to indicate 


take care of the expected peak load. It is 
obvious that, in a system of this type, a 
reduction of peak power losses would pro- 
duce an equal reduction in the require- 
ments of generating capacity. 

The existence of interconnections with 
other systems capable of supplying en- 
ergy during the period of the yearly 
peak, but not at other- times, might 
change that condition, making the genera- 
tion peak coincident with a lower load. 
In this case, the power losses affecting 


the requirements of generating capacity © 


will be correspondingly lower, varying 
approximately as the square of the kilo- 
volt-ampere load. A similar effect may 
come from the presence of mixed power 
sources, part thermoelectric and part 
hydroelectric, and conditions may be 
modified further if the hydroelectric 
plants are provided with storage ponds 
or reservoirs, capable of furnishing power 
to cover the daily peak at any time of the 
year. 

It is clear that the economic value of 
peak power losses will be greater for the 
case mentioned first and that it may be- 
come relatively small in some of the other 
cases, where outside or mixed sources of 
power supply are available. 

The cost of installation of new generat- 
ing capacity, which is one of the fac- 
tors determining the worth of power 
losses, is fairly uniform in the various 
stages of development, when a system is 
supplied by thermoelectric stations alone. 
In effect these stations can be built in 


unit sections, and complete new sections — 


can be added as required. 
In the case of hydroelectric supply, 


Table | 

Worth of Power Losses 

From 
Interval of From Equation 

Development Equation 9 9! 

From Go to G2........ S=bsbsCut eas s=1.45C 
From Go to G3........ $=2.40C........ $=2.27C 
Se PLG. Ante oo $=3.538C 


From Go to Ga........ s 
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POWER IN PERCENT 


however, conditions are different, because 
there are certain parts of the plant, in- 
volving a major quota of the total cost, 
which have to be completed initially, re- 
gardless of the amount of generating ca- 
pacity installed. The cost of this latter, 
therefore, will be generally much higher 
in the initial stage of a new project than 
for additions made later in order to reach 
the ultimate capacity for which the plant 
is designed. Another circumstance to be 
considered in the case of hydroelectric 
projects, is that the different and variable 
characteristics of river flow for various 
plants in the same system normally will 
require the total installed capacity to be 
appreciably higher than the generation 
peak. This adds to the difficulty of es- 
tablishing the required time and cost of 
installation of generating units. 

The basic case of an independent ther- 
moelectric system and the procedures for 
approaching the problem in other cases 
are discussed in the following sections. 


Worth of Power Losses in an 
Independent Thermoelectric 
System 


PROCEDURE FOR THE ECONOMIC 
EVALUATION 


The investigation of the problem and 
its solution are to be based upon the es- 
timated effect of a variation of power 
losses on the future requirements of gen- 
erating capacity. The initial step, there- 
fore, will be the determination of a curve 
representing the expected growth of sys- 
tem load, 

Analyses of statistical data of a num- 
ber of public utilities show that the long- 
range trend of the yearly peak load, in a 
system serving a definite area, can be 


y 


S20 oe 40 


TIME IN YEARS 
Figure 1. Trend curves of load and genera- 
tion for an independent electric system, show- | 
ing effect of different level of power losses on 
generation peak 
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closely represented by a succession of 
segments of logarithmic parabolas or of 
exponential curves, with time as ex- 
ponent. The latter curves, although 
somewhat less accurate than the former, 
are generally preferred in planning 
studies, having the practical advantage of 
becoming straight lines on semilogarith- 
mic diagrams. 

On any such diagram, the trend curve 
of the peak load will be a polygonal line 
A composed of rectilinear segments of 
progressively varying slope (see Figure 1). 
The equation of any one of the compo- 
nent segments is of the form 


log P=log Pmt (t—tn) log hm (1) 


where 


t=time in years from the origin 
tm=initial time of the rectilinear portion 
under consideration 
P =peak load at time? 
Pm = peak load at time ty, 
hm =factor of growth or ratio between peaks 
in two consecutive years (constant for 
the portion of line under considera- 
tion) 


When a system is designed and de- 
veloped on the basis of constant percent- 
age of peak power losses, the curve rep- 
resenting the generation peak will be 
also a polygonal line B, running above A 


POWER IN PERCENT 


10) t, 20 © 40 


TIME IN YEARS 
Figure 2. Trend curves of load and genera- 
tion for an independent system, showing effect 
of individual power-loss reduction on genera- 
tion peak . 


(Figure 1) at constant vertical distance 
equal to the logarithm of the ratio be- 
tween peak generation and peak load. 

The equation of any rectilinear seg- 
ment of line B is 


log G=log Gyzt+(t—tm) log hm (2) 


where G and G, are the values of the 
generation peak at time ¢ and at time tf, 
respectively, 

If the peak power losses are expressed 
as a fraction of the peak load P, and d is 


the ratio between the two, the generation | 


peak will be 
G=P+dP =P(1+d) 


\ 
2 TRANSACTIONS 


For a lower ratio of losses d’, the re- 
quired generation will be reduced to 


G! =P(1+4d’) =kG 


where 
1+d’ 
[pe ard 3 
k Tid (3) 


Over the time interval considered, the 
generation peak of a system having such 
lower loss ratio will be represented by the 
equation: 


log G’=log Gmt(t—tm) log Mmtlog k (4) 


The representative curve is again a poly- 
gonal line B, located between A and B 
at constant vertical distance from each of 
them (Figure 1). 

The horizontal distance between B and 
B, is equal to the time lag D,, in reaching 
a definite generation peak, caused by the 
power-loss reduction. Its value is con- 
stant during each period of uniform 
growth factor hf, and is obtained from 
equations 2 and 4 as 


i 1 
log - 


Dox Sa 
PD hog: hep k 


(S) 

If system conditions represented by B 
are assumed as basic reference plan, the 
afore-mentioned time lag will furnish the 
elements for determining the worth of 
savings of peak power losses that may 
be obtained by alternate plans. From 
equation 5 it is apparent that, for a defi- 
nite ratio k, the time lag will be greater, 
the lower the rate of growth and vice 
versa. 

To determine the economic value to be 
attributed to a reduction: of peak power 
losses, two factors come under considera- 
tion: 


(a). As noted before, a lower level of power 
losses causes a deferment D in reaching a 
certain generation peak, in comparison with 
the basic reference plan.. This permits 
postponing, for that same interval D, 
the installation of each new generating unit 
and the outlay of fixed charges thereon. 


(b). If W designates the capacity of one 
of the new units to be successively added 
during a period of growth factor h, the time 
T elapsing between unit additions in the 
reference plan, as deduced from equation 2, 
will be 


(6) 


If h and W remain constant while the peak 
G progressively increases, the interval T 
will correspondingly decrease and eventually 
become equal to the deferment interval D. 
This would indicate exactly one unit less to 
be required, at that time, in the lower-loss 
plan; which means that the installation of 
a unit would be saved because of the power- 
loss reduction. 
seldom materializes, since it would require 
the difference of power losses between the 
two plans to equal the capacity of a generat- 
ing unit, within the time of ultimate de- 
velopment of the system. In view of the 
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This occurrence, however, | 


limitations on the percentages of power losses. 
that can be practically considered, this con- 
dition is unlikely to obtain and therefore 
cannot, generally, be taken into account. 


Consequently it appears that, in most 
cases, the worth of power losses can be 
evaluated solely on the basis of factor a, 
that is, the postponement in the outlay 
of fixed charges on each generating unit. 
of future installation. 

The money saving effected because of 
such deferment, on each of the units to 
be installed during any period for which a 
certain value h, of the growth factor is. 
valid, will be 


CWr el 
S/S CWDyr= lon 


7): 
log hy k a 


where C is the cost per kilowatt of new 
installed capacity, W the capacity of the 
unit in kilowatts, D, the deferment valid 
over that period, and 7 the yearly rate of 
fixed charges (in decimal). The total 
capacity to be installed during the inter- 
val under consideration may be assumed 
to be equal to the difference between final 
and initial generation peaks: (Gz+1—Gp)- 
Actually there will be some discrepancy, 
due to the fact that this difference may 
not be a multiple of the proposed capacity 
of generating units, but, over the various. 
phases of development of the system, 
these discrepancies will compensate. 

The total savings effected by the alter- 
nate plan of lower losses will be the sum- 
mation of the various values of S, or, 
if the index of ultimate development is 
designated by wu: 


aS ‘CHGnes Ga) od 


n=0 


log hy k 


In the case under consideration, of uni- 
formly lower percentage of power losses,. 
k is constant and the total reduction of 
power losses is (1—k)G,. Therefore, the 
saving per kilowatt of peak power-loss. 
reduction, which can be considered as cost 
or worth of such losses, will be 


<= SL tog 1b Cr Guts = Gn) 
(1=k)G, (1-k)Gy taps log hy, 

(9) 

If the values of (2—1) and (1—) are 

smaller than 0.10 (as they usually will be 

in practice), expression 9 can be simpli- 

fied, without appreciable error, as follows: 


n=uU— 


log — (8) 


el Se CrGat Ga) Pe 
Gy ar hyn—-1 
Table Il 
Total 

Interval Savings 

etechee Sie tae Pe, nop NG nae? $ 3,371,250 

Go Gan eo eee Site ae re tts 6,503,250: 

Ga=G tikes feces oe SO ee 8,834,500 a 


Total et eee Ho Cae fain teens $18,709,000 
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thus indicating that s is practically inde- 
pendent from the percentage of loss re- 
duction. 

These expressions are valid, as long as 
the ultimate reduction of power losses is 
smaller than the capacity of the generat- 
ing unit assumed to be in use at that time, 
so that the same number of units is re- 
quired on the alternate as on the reference 
plan of development. If there is elimina- 
tion of one or more units, the correspond- 
ing savings should be adequately taken 
into account. 

The value obtained from expressions 9 
or 9’ is a weighted average of the costs of 
power losses in the successive phases, 
which vary in connection with the 
growth factor, as noted before. 

In the preceding discussion, the effect 
of a lower level of power losses uniformly 


Table Ill 


= = 


Present Value of Power Losses 
(at Time to) 


Number 
of Unit Equation 17 Equation 17’ 
| ee yeaa INGE 1 1 Seca ae $1 =0.546C 
DA > hs ee ONS68CGo =e no a0 0.364C 
RES Riss ia, fre On203G_ 220. et: 0.262C 
Be pines. aa POR. root kee 0.190C 
HY So nore eae QUABS GC wel aS custe ie 0.182C 
Wiagerots 2 oie Mn ee wuss. 3 0.140C 
CREA OS aes OAPIC Messen 0.110C 
iis «eee DOR ETE ia. « 0.087C 
ol ae OWE es 55 2 0.073C 
Ee ee Ons Gee Sen. 0.118C 
i} eae S110) O88C Ui aad ..22 su=0.088C 


maintained, has been considered; but, 
for the complete solution of the proposed 
problem, it is necessary to investigate the 
effect of an individual reduction of such 
losses. Let it be assumed that in a sys- 
tem, originally designed to follow trend 
line B as shown on Figure 2, developments 
carried out in a certain phase bring down 
the power losses, so as to reduce the gen- 
eration peak at time f from Gp to Go”. 
The loss reduction of which the effects 
are to be determined is 


| g=Go—Go" =(1—k)Go 


If no attempt is made to maintain the 
_ lower loss level, and the original loss ratio 
represented by line B is adopted again, 
the generation peak at time ¢, when the 
a growth factor is 4», can be derived from 
expressions 2 and 10. Its value G” will 
7 _ satisfy the equation: 
4 


(10) 


% ‘4 ~ log G” =log (Ga Tom t— tom) + (blog lon, 
. (11) 


represented by line Bo. 
tween G” and Gis 


Be to infinity. The time lag between 


y 1985, Vous 64 


The ratio be- ) 


in yes gud ine B at time ¢ can be deter-. 


gent of the angle of slope of trend line B, 
and that the vertical distance between the 
two lines is log [G/(G—g)]; consequently, 
their horizontal distance, representing the 
time lag, will be 


1 G 

HONS ala Nae (12) 

This equation, with the data applicable 
at the time of installation of each future 
generating unit, gives the corresponding 
deferment in the outlay of fixed charges 
obtainable by the individual loss reduc- 
tion. For the purpose of the following 
calculations, it can be assumed, without 
appreciable error, that units to be used 
are of uniform capacity, provided this is 
adequately chosen with regard to initial 
and ultimate system peak. If such ca- 
pacity is designated by W and the first 
unit is assumed to be required in the ref- 
erence plan at time é, the (n+1)th unit 
will be required when the generation peak 
reaches the value (GotnW). The cor- 
responding deferment, due to the loss re- 
duction g, will be 


i Gotnw 
10) 
ia GotnW—g 


wee 
21 = 


log hy, 


If equation 10 is taken into account and 
itis posed Gop/W =p, the foregoing expres- 
sion becomes 


1 p+n 
4 kpt+n 
For values of (Am—1) and (1—#) smaller 


than 0.10, this equation can be simplified 
to 


ress 
n= 


13 
log hn c13} 


,___PUL=#) 
” im —1)(n+kp) 


The effect of the individual loss re- 
duction is still to produce a deferment in 
the installation of new generating units; 
but, over each period of uniform growth, 
the deferment, instead of being constant 
as in the case of uniformly lower loss 
level, has a gradually decreasing length. 
If C is the cost per kilowatt of new in- 
stalled capacity, and r the yearly rate of 
fixed charges (in decimal), the money 
saving effected because of such deferment 
on the (n+1)th generating unit, at the 
time this unit is required in the reference 
plan B, is 


(Sp”) =CWD,,"r 


To determine the worth of this saving at 
time f, when the power-loss reduction is 
assumed to obtain, a factor of “‘present 
value” has to be applied to (S,”). This 
factor is 1/(1+7)”, where 7 is the interest 
rate (in decimal) and ¢, is the time of in- 
stallation of the (v-+1)th unit in the ref- 
erence plan, counted in years from hp. 


(13’) 


(14) 


Therefore, the “‘present value’ of the 
saving on the (n-+1)th unit is 
CWD,"r 
"= 15 
om ati ie, 
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The total economic benefit produced by 
the individual loss reduction will be the 
summation of the “‘present values’ ap- 
plicable to each of the u generating units 
necessary to reach the expected ultimate 
capacity of the system. Consequently, 
this total benefit is given by the expres- 
sion: 


n=u-—1 


Ae Sates Ds 


n=0 


CWD,,"r 
(4-iin 


Si SPSS bn o 


The money saving per kilowatt of peak 
power-loss reduction, which can be con- 
sidered as the cost of such losses, is ob- 
tained by dividing the foregoing summa- 
tion by the loss reduction (1—)Gp and is 


Det ac CW Dats 


a(n, (hay eo 


n=0 


If the value derived from equations 13 


or 13’ is substituted for D,”, the fore- 
going expression can be written — 
1 asin Cr j p+n 
= ee —__—_——- lo 
(—bp , +i’ log hm © kptn 
(17) 
or, in simplified form: 
n=u—1 
Si iat lS ee 
nao (L+1)'™tm—1)(kb+n) 


The interval tf, to elapse for the installa- 
tion of each unit, could be derived from 


20 40 


, TIME IN YEARS 

Figure 3. Comparison of two plans of de- 

velopment of an electric system, with different 
percentage of peak power losses 


equation 2 but is more readily and with 
sufficient approximation determined from 
the graphic of trend curve B. This same 
graphic also will indicate the value of the 
growth factor h,, applicable to the various 
units. 

It appears that the worth s is influenced 
both by the percentage of loss reduction, 
which is a function of k and by the size of 
generating unit used for calculations, from 
which p is determined. However, it will 
be found that, with data corresponding to 
practical possibilities, the influence of 
variation of these two factors is very slight 
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Table IV 
b 
Gen- 1 
erating Factor a c d e 
Units Time of of 1 (i+i)'n p+n abc 
Installation Growth log 
No. n tn (Years) hm loghm i=0.06 i=0.08 kp-+n i=0,.06 i=0.08 
AN Fatces oO da Manel Oe omatecantc i O5e% ty oe tears sce is He Iara, hia Bis 0.02228 ...4:3., 1) O52seonee 1.052 
2.. Les 3.7 oi OD A261. 0 SOU DR. (ORY ee crease 0.01848...... iz 7 Oe avers 0.654 
ints 2 areenwrctat BEI cen 1.05 AG 2 ce. 0. 680 temne ORSSOl acre: ONOLSSO Gee Ov bO Tartar 0.433 
4.. Bad vision OF on eee 1.05 A722). O' O655.. ake 0.465.. 0.01879...0:. & cae D*368.. 6 os 0.303 
Dts AEE ota teters Zit Se ayeveyens 1.04 . BS ET bn. 490 re wee eB IO eta ces ONOL223 eee OVBS2Z tae: 0.280 
65% Picbe: fv enatnls T45S ier. 1.04 . DS elon Os. ee0nr OMSL ess O01 LOOT Rae (era git wees = 0.204 
dee Gitte sed LY SB ieteteets 1.04 . 58a Mee 10 AOS mise 0.260... 0.00998...... O\ 2 bree sucks 0.153 
Siay2 Uae Wasrey ae LQ! | Diorio ects 1.04 . DSick nes O nolo ae ue ON 219 wrens ORO09U4 ere aise ONE Ea sina 0.118 
Diane Be tisaewie BL GDarerars tens 1.04 68 fcgais 20s SOC eres (ee Noy ae 0:00843..cem.. 2 OL 4i hs 0.093 
10/3 ee aes 2a Ore oe ceil O LO’. 1122.4... .0.237 sires titer OETA sels ax O.00783its. COS22 06 sare O42 
BSS OE Pe stox » PTR On WiOl9.). «1222422 230! 190), evans ORM Ola ra cets 0.00730...... O1TO nH. s 0.098 
Summation 4.174..... 3.530 


and that normally the range of the conse- 
quent variation of s is well below +5 per 
cent of its average. 

As a rule, the simplified expression can 
be employed for calculations, and these 
may be accelerated further by the use of 
simple nomograms, as shown in the fol- 
lowing paragraph. 


PRACTICAL APPLICATION OF THE METHOD 


Examples of application of the method 
will be given, both for the case of compari- 
son of two alternate plans of system de- 
velopment with different level of peak 
power losses and for the case of evalua- 
tion of an individual reduction of peak 
power losses. 


Example 1 


For the former case, curves B and B, 
of Figure 3 will be assumed to represent 
the generation peak of a new independ- 
ent ‘system supplied solely by. steam- 
power plants, respectively, in a basic ref- 
erence plan and in an alternate lower-loss 
plan, for the complete period of develop- 
ment. The curve of the peak load is A, 
and the assumed data are:. 


Initial peak load....... pe ee P=100 mw 
Ultimate peak load........... P,=885 mw 
Initial generation peak in the 

reference/plan Bi... ..' 2 2. Go=120 mw 
Initial generation peak in the 

alternate plan B,........... Go’ =114 mw 
Factor of reduction of 

generation peak......... Go! /Go=k =0.95 


Factors of growth....... fto=1.08 h2=1.06 
W2=1.04 hyp=1.014 

- Generation peaks in the reference 
Ra) UNS ogee es G,=260 mw G,.=465 mw 
G3;=870 mw Gs=1,060 mw 

Ultimate loss reduction 
by alternate plan B,....(1—k)G,=53 mw 
Capacity of generating units at 

- ultimate development........ W=80 mw 
Yearly rate of fixed charges: 
per cent or, in decimal........... 7=0:13 


The application of equations 9 and 9’ 
up to the end of successive phases of de- 
velopment gives the results shown in 
Table I (see appendix for detail calcula- 
tions). The error of the simplified equa- 


tion 9’ is —5 per cent and, for a problem 


of this nature, can be considered of no 
consequence; furthermore, it is on the 
conservative side, so that the use of this 
equation will be admissible in most cases. 

It is apparent that the latest stages of 
development, with low growth factors, 
have the greatest influence on the amount 
of savings, because of the longer defer- 
ment then obtaining for the installation 
of new units. With the data of the ex- 
ample, on the basis of equation 9’ and a 
uniform cost C of $100 per kilowatt of 
new capacity assumed, the estimated 
savings in the various stages would be as 
shown in Table II. Compared with the 
ultimate installation cost of $106,000,000, 
this represents an over-all economy of 
17.6 per cent which, together with the 
energy savings, might justify the adoption 
of the development plan with lower loss 
level. 


Example 2 


An example of comparison and evalua- 
tion of the individual loss reduction in 
an existing system of the same type as 
the foregoing is shown in the lower part 
of Figure 4, where line B is the trend curve 
of the reference plan and line By, is the 
trend curve obtained by an individual 
loss reduction at time f%. The data as- 
sumed for this example are: 


Generation peak at time ép in 


the reference plan........... Go=400 mw 
Loss reduction at time fo, in the 

alternate plane a secrete g=20 mw 
Generation peak at time fy in 

the alternate plan.......... . Go" =880 mw 
Factor of reduction of generation 

peak ‘at: timeéoty..., 2.52. Go" /Go=k=0.95 
Capacity of generating units.... VW=80 mw 
Ratio of initial generation ‘ 

peak to unit capacity....... Go/W=p=5 
Rate of interest: 6 percent or,in 

decimalas so kta tases. Aeris nse 1=0.06 
Yearly rate of fixed charges: 13 

per cent of, in decimal........... r=0.13 
Factors of ‘ 

growth.....o=1.05; hy=1.04; he=1.019 


Ultimate generation peak 

in the reference plan....... G;=1,280 mw 
Total number of units of capacity 

W to be installed: 2.108 ees ae 1d 
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Figure 4. Comparison of two plans of de- 
velopment of an electric system, following an 
individual reduction of peak power losses 


For the determination of factor 1+ 
(1+7)' appearing in equations 17 and 
17’, the graphics of Figure 4 can be em- 
ployed as follows: a vertical line is drawn 
from the point representing the (7+1)th 
unit on trend curve (B), to the straight 
radial line in the upper chart, labeled 
with the rate of interest to be used. The 
ordinate of the point of intersection, read 
on the scale at the left side of the chart, 
gives directly the value of 1/(1-+7)' ap- 
plicable to that unit. 

The partial values of power losses cal- 
culated by the two equations are given 
in Table III, which shows that the results 
of the exact formula 17 are practically 
identical to those of the simplified formula 
17’. This latter will be used preferably, 


because it is of easier application, and 


calculations of its terms can be acceler- 
ated further by the use of nomogram Fig- 
ure 5, which gives the value of factor 
1/(h—1)(kp+n), as explained in the 
note on the figure. 
are given in the appendix. 


If Cis assumed to remain constant, the 
summation of the foregoing partial values — 


gives s=2.17 C, but there is a considera- 


ble influence of the rate of interest upon — 
If the rate, instead of being © 
six per cent as used in the preceding ex- 
ample, is eight per cent, the value of sis — 
lowered to 1.83 C,a reduction of aoe i 


this value. 


mately sixteen per cent. 
It may be observed that all. aes ‘efor 
peak power losses calculated are greater 


than the capital cost C of new gener-— 


ating capacity, poten to ee 
frequently made: , a sat iret 


t 
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Figure 5. Nomogram for calculation of term 


1/(h—1)(kp-+n) in equation 17’ 


Given the quantities h, k, p, and n, draw a 
straight line from the value of kp on the scale 
so labeled to n on its own scale. Transfer 
the reading thus obtained on auxiliary scale A 
to auxiliary scale A’, as shown by dotted line, 
and draw a straight line from this point to the 
point representing h on its own scale. The 
intersection of this line with the scale labeled 
1/Ch—1\X(kp-+_n) gives the requested quantity 


‘ A comparison between the economic 
- _-value of an individual reduction of peak 
: power losses and that of the correspond- 
ing reduction of energy losses will be in- 
teresting. The 20-megawatt reduction 
of the example can be assumed to reduce 
the annual energy losses by 50,000,000 
kilowatt-hours: if the cost of energy is 
three mils per kilowatt-hour, the conse- 
quent money saving will be $150,000 per 
year, which, capitalized up to the time of 
ultimate development on the basis of the 
3 same interest rate of six per cent used pre- 
viously, has a present value of $2,100,000. 
On the other hand, if it is assumed that 
__ the capital cost of new generating ca- 
_ pacity C is $100 per kilowatt, the present 
4 value of the savings due to the reduction 
of peak power losses by 20,000 kw, is 
- $4,340,000, or slightly more than twice 
r ob the value of energy losses. Such ratio is | 
almost unaffected by the rate of interest. 


7 pote of Procedure for the 
_ Economic Evaluation of Power 
_ Losses in Systems of Other Types 


co isto solely of spas tate plants, 
e necessarily will include large reser- 
par gees of the ee out- 


K 


i \ 


| 
(b-1)(kp*n) 


1.02 


Ol 


put at any time, in accordance with load 
requirements. Unregulated plants usu- 
ally will have installed capacity adequate 
to utilize such high flow as economically 
convenient, while regulated plants will 
have enough capacity to take care of the 
total load at the time of the lowest output 
of the former. Whether such condition 
is coincident with the yearly peak load or 
not, it will be found that, generally, the 
regulated plants are called upon to pro- 
vide part of the generation to cover this 
peak, in years of low flow. 

In such a system, the needs of new ca- 
pacity will involve periodical construction 
of entirely new projects and their trans- 
mission facilities, with a possible gradua- 
tion in the number of units and transmis- 
sion lines installed. The time when each 
new project and its eventual comple- 


mentary additions shall be ready for 


service in the basic reference plan will be 
derived from a trend curve of the genera- 
tion peak similar to B on Figures 3 and 4. 
The deferments obtainable in the con- 
struction of the various projects, by re- 
duction of peak power losses, then are de- 
termined, either by formula 12 or by 
formulas 13 and 13’, according to the 
proposed problem. On the basis of these 
deferments, the corresponding savings of 
fixed charges and their accrued or present 
value can be calculated, as required. 

It should be noted that the capacity to 


- be assigned to each hydroelectric plant is 


the net capacity available at the load 
centers, after deduction of transmission 
losses. The economy of the latter con- 
stitutes a separate problem from that of 
distribution losses. 


INDEPENDENT SYSTEMS WITH COMBINED 
_ GENERATION 

In a system where thermoelectric and 
hydroelectric generation are combined, 
conditions may vary widely, in connec- 


h 
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tion with the relative importance of the 
two sources of supply. 

When thermoelectric plants are only 
for stand-by purpose, their capacity 
will not be affected appreciably, as a rule, 
by possible reduction of power losses. 
Therefore, the procedure for determining 
the worth of peak power losses will be the 
same as previously outlined for a purely 
hydroelectric system. 

On the other hand, if the two sources of 
supply are of approximately equivalent 
importance, the plan of development will 
call for alternate construction of either 
type of plant, and the methods of evalua- 
tion will be a combination of those al- 
ready discussed. 

A situation which may be encountered 
is that of a system having part of its sup- 
ply provided by hydroelectric plants of 
fixed firm capacity, with no possibility 
or convenience of expansion and its main 
supply provided by thermoelectric sta- 
tions. In this case there will be an esti- 
mated firm availability of hydroelectric 


power at the time of the yearly peak load » 


and a minimum availability at the time of 
low flow, whenever the two conditions do 
not coincide. 

Trend curves of the load and total gen- 
eration should be plotted for these two 
conditions, and then the corresponding 


values of the hydroelectric contribution ' 


should be deducted from total generation, 
to obtain the trend curve of thermoelec- 
tric generation alone. The condition 
requiring higher values for this latter, 
will be selected for the application of the 
method previously discussed. 

The segments of the trend line of the 
peak generation thus obtained are not, 
theoretically, rectilinear, but they can be 
considered as such without appreciable 
error, The value of the growth factor 
hm’ applicable to a segment between time 
tm and time t,+1 is given by the relation: 


1 Gmti-Ge 
Gre Ge 


where Gp, and Gm+i represent total gen- 


log hy’ = 
& lm ta 


eration and G, the fixed value of firm hy- ; 


droelectric generation. 

In this case, since the fivdebdleatiie 
portion of generation is not affected by 
eventual reduction of power losses, in or- 
der to simplify calculations, the factor k 
by which the ratio of reduction is meas- 
ured, should be referred to thermoelectric 
generation alone. 
peak thermoelectric generation in alter- 
nate plans, having lower loss level or in- 
volving an individual loss reduction, then 
will be obtained from the analoxous 
trend curve representing the basic refer- 
ence plan, with the procedate previously 
explained. 

If thermoelectric generation peak and 
peak load coincide, the method for eco- 


nomic evaluation of peak power losses is 


exactly the same as described in the 
examples. In the other alternative, how- 
oe that the two peaks do not coincide, 


The trend curves of © 


TRANSACTIONS 5 — 


the following modifications are neces- 
sary: 


(a). The power losses, to be deducted to 
obtain the trend curves of alternate plans, 
are only a fraction of the peak power losses. 
Namely, if g designates the ratio between 
the kilovolt-ampere values of the loads at 
the time of greatest thermoelectric genera- 
tion and at the time of the yearly peak load, 
the ratio of the corresponding losses may be 
estimated to be very approximately q. 
For definite system characteristics, this ratio 
will be subject to minor variations over the 
whole period of development, so that it may 
be assumed to remain constant; conse- 
quently, if w and w, are those two losses, 
it will be 


W= Wy 


(b). If peak power losses are reduced, so as 
to obtain a constant ratio of reduction of 
total peak generation, the ratio of reduction 
applicable to the case under consideration 
will not be constant. Its average value ap- 


generating capacity is comparable to 
that due to certain conditions of com- 
bined hydro- and thermoelectric genera- 
tion, analyzed in the preceding para- 
graph. Therefore, the worth of peak 
power losses can be determined following 
procedures outlined there. 

For other more complex situations 
that might be encountered. a similar analy- 
sis of the problem will indicate how the 
basic method developed should be modi- 
fied. 


Conclusions 


The economic value of power losses co- 
incident with peak generation in an elec- 
tric distribution system, is determined by 
system characteristics, setup, and rate of 
growth. This value can be calculated by 
the methods proposed in the present pa- 
per, thus furnishing the means for com- 
paring various plans of development. 


Table V 
b 
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erating a c d e 
Units Time of Factor of 1 (1+i)'n if abc 

Installation Growth 
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Summation. .16.61 .... 


plicable to any segment of the trend curve 
will have to be calculated on the basis of 
power losses, and used in the formulas - 
where it appears. 


(c). After the worth s; of power losses has 
been determined by application of the 
proper equations, the value s valid for the 
corresponding peak power losses will be 
derived from the relation: 


s= Qs 

Since factor g is smaller than unity, it is 
evident that the worth of peak power losses 

may be reduced appreciably when there is 

no coincidence between yearly peak load 


‘and highest requirement of thermoelectric 
generation. 


INTERCONNECTED SYSTEMS 


Interconnected systems may belong to 
any of the types previously described, 
and the possibility of drawing power 
from interconnections will add a new ele- 
ment modifying the requirements of gen- 
erating capacity within the system. 

Power supply by interconnections may 
be divided broadly into two categories: 
firm and surplus (or secondary). The 
_ influence of each category upon system 
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As in all problems of this nature, the 
mathematical solution is based on some 
simplified theoretical assumptions, from 
which actual conditions may more or less 
diverge. Such divergences can affect in a 
certain measure the absolute accuracy of 
the results, but, for the purpose of com- 
parison, they will have, as a rule, negli- 
gible influence. 

The worth of power losses is comparable 
to and in particular cases may be appre- 
ciably above that of the consequent en- 
ergy losses. 


Appendix. Calculations of Worth 
of Power Losses for the Illustrative 
Examples 


Detail Calculations for Example 1 


1. By equation 9: 


=u—1 


»3 


n=0 


log 1/k” 
(1—k)G, 


Gn+i- Gn 
log hy 


= (Ci? 


If the foregoing expression is written for 
the three intervals considered in the ex- 
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Gi—Go 
log ho 


=CX0.18X 


ample and the numerical values are substi- 
Interval Go to G2 
log 1/0.95 
0.02228 / 260—120 
0.05 X465\ log 1.08 


tuted for the various symbols given, it is 
found: 
CX0.13X Ba) 
PE = OG RIG: log i 
— 260 
soe a tere 
log 1.06 


Interval Gp to G3 


log 1/0.95 { Gi—Go 
(1—0.95)G; 


s=CX0.13X isi 


G61, =F) 


log, log he 


0.02228 / 260—120 
=CX0.13X 


0.05 870\ log 1.08 
465—260 870—465 9.400 
log 1.06 log 1.04 


Interval Gp to Gs 


log 1/0.95 


CX0.13X Ges 
See Ae 2 OB) thee Ia 


G2—Gi G3;—Ge ot) 
logh, loghz log hs 
0.02228 /260—120 
TROIS AG Tae al log 1.08 
465—260 870—465 eo“) 23.72 - 
log 1.06 log 1.04 log 1:014 3 


2. By equation 9’: 


By analogous procedure as in the foregoing, 


it is found: 
Interval Gp to Gz 
Mey eevee ees es 
=C 
: 2B SG, SG) 
¥ 0:18 260-120 465—260 ge 
» 485 \ 108 S15 F06> Tie 


Interval Gp to G3 
(Ga Gem 6) 


STR Tai Sy aot akg epee 
es x 465 —260 
S70'\ 1L08=1 — 1061 
870—465 


Interval Gp to G, 


0.13 Gi—Go Ge—Gi 
3 Gy ( a poem ea 
G3—G2 , Ga—G3\ & 
" \ hain ee ke 


~~ 7,060 iy 


OS =e ei OG alt 


1041 ed 01421 


870-465  1,060—870 . 
~~ 4.) 3.53 


The total savings applicable to each of the E 
three intervals, on the basis of a uniform _ 
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Two-Phase Co-ordinates of a Four- 


Phase Network 


EDWARD W. KIMBARK 


MEMBER AIEE 


UBSTITUTION of variables (voltage, 

current, impedance, and so forth) 
in order to simplify solution of problems 
on polyphase networks is a well-estab- 
lished practice. A polyphase network 
may be regarded as several single-phase 
networks which are coupled to one 
another in many places and all of which 
contain power sources. Simplification 
of network problems results from the re- 
placement of the original phase net- 
works by an equal number of single- 
phase substitute networks which are not 
coupled to one another or are coupled 
in fewer places or in a simpler manner 
than the phase networks, and which, pref- 
erably, have fewer power sources. In 
these substitute networks, the substitute 
currents and voltages exist. 

Three-phase networks, because of their 
importance, have been given the most 
attention. The best-known and most 
widely used substitution is that of sym- 
metrical components of a three-phase 
network, introduced by C. L. Fortescue! 
in 1918, and applied to many practical 
problems since that time.? The method 
of symmetrical components has the follow- 
ing useful properties: 


1. The substitute networks (also called . 


sequence networks) are independent of one 
another in all branches, including rotating 
machines, for which the three-phase net- 
work is balanced. 


2. Certain unbalances, notably, short cir- 


cuits, result in simple types of coupling be- 
tween the sequence networks. 


3. Normally only the positive-sequence 
network contains power sources. 


A disadvantage of symmetrical com- 
ponents is that unbalances which are not 
symmetrical with respect to phase a of 
the three-phase network produce nonre- 
ciprocal coupling between the sequence 
networks. This type of coupling is 
difficult to represent on a calculating 
board. 

Another useful substitution applicable 
to problems in three-phase networks is 
one called a, 8, 0 components? or two- 
phase co-ordinates. It has the following 
properties: 

1. The substitute networks are independ- 
ent of one another in all branches for which 
the three-phase network is balanced, except 
in rotating machines. They are independent 
also in rotating machines if the positive- and 
negative-sequence impedances of the ma- 
chines are equal or are assumed to be equal. 


2. Furthermore, one of the networks is 
independent of the other two for all un- 
balances which are symmetrical with respect 
to phase a, such, for example, as open-delta 
or 7J-connected transformers and simple 
short circuits. 


Paper 45-1, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted June 
1, 1944; made available for printing November 2, 
1944. 


EDWARD W. KIMBARK is associate professor of elec- 
trical engineering at Northwestern University, 
Evanston, Ill. This paper was written while he 
was on leave to Massachusetts Institute of Tech- 
nology, Cambridge, Mass., as visiting associate pro- 
fessor of electrical communications. 


3. There are power sources in two of the 
substitute networks. Their voltages are 
normally equal in magnitude and 90 de- 
grees apart in phase. 


4. All types of unbalance, except in rotat- 
ing machines, in the three-phase network 
give reciprocal coupling between substitute 
networks, 


Fortescue! stated the general prin- 
ciples of analysis of polyphase networks 
of any number of phases by means of 
symmetrical components. The proper- 
ties of u-phase symmetrical components 
are similar to those stated previously for 
three phases. A recent paper by Boya- 
jian® treats the analysis of four-phase 
networks by means of symmetrical com- 
ponents and gives equivalent circuits 
for several types of unbalance, including 
single-phase loads connected from line 
to neutral and from line to line. 

The present paper describes a new 
method of analysis of four-phase net- 
works, for which the name two-phase co- 
ordinates is proposed. In this method a 
four-phase five-wire network is regarded 
as two single-phase three-wire networks 
with common neutral. Each of these two 
networks is then replaced by its sym- 
metrical-component networks, as de- 
scribed in the following. The properties 
of the resulting substitute variables are 
much like those listed previously for 


A B 
Figure 1. Symmetrical sets of current or volt- 


age vectors of a single-phase three-wire 
system 


A 


_ cost C of $100 per kilowatt of new capacity, 
- are determined as follows: 


Interval Gos—G2 Total loss reduction: 


(1—k)G2=0.05 X 465 =23.25 megawatts 


Total savings: 
1.45 100 X 23,250 = $3,371,250 


Interval Go—G;3 Total loss reduction: 


- (1—k)G;=0.05X870 =43.5 megawatts 


Total savings: 


—- 2.27100 43,500 = $9,874,500 


Interval Gyp—G, Total loss reduction: 


 (1—k)Gs=0.05 X 1,060 = 53.0 megawatts 


Rite savings: 


3.53X100X53, 000 = $18, 709,000 


The partial savings in the various ‘stages of 
ent are obtained as difference of 
a 


ge 
A 


Detail Calculations for Example 2 


1. By equation 17: 
~ (1—k)p A (L140) log hm =~” -kp-+n 
The values of the component factors of the 


terms under summation sign, for each of the 
11 units to be installed, are givenin Table IV, 


taking into account that k=0.95 and p=5. » 


The product of the factors of columns a, }, 
and c gives the individual summation terms. 
The time of installation of each unit, as 


well as the factor of present value, were 


derived from the graphics of Figure 4, taking 
into account that time ¢, is measured as- 
suming f as origin. The worth of power 
losses applicable to each generating unit, 
given in Table III, is derived multiplying 
the individual values of column d by the 
factor: 


ee 0.13 


CIC. 
ee (8p (1—0.95)5 


1 ‘ Papige 


and is valid for the rate of interest six per 
cent. The total worth for the rate of interest 
eight per cent also mentioned in the example 
is obtained as product of the summation of 
column e by the same factor 0.52 C. 

2. By equation 17’ 


n=u-—1 


1 
Set 2, (1+4)'"tm — 1) (kp+1) 


By similar procedure as previously ex- 
plained, Table V can be established. 

The worth of power losses applicable to 
each generating unit, given in Table III, 
is derived multiplying the individual values 
of column d by the factor: 


Cr=0NSE 


and is valid for the rate of interest six per 
cent. There is practical coincidence of the 
values of power losses obtained by equations 
17 and 17’. 
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- differing by 1X180°=180°. 


two-phase co-ordinates of a three-phase 
network. 


Symmetrical Components of a 
Single-Phase Three-Wire 
Network 


CURRENTS AND VOLTAGES 


A symmetrical n-phase system has x 
voltages equal in magnitude and spaced 
360°/n apart in phase. If equals 2, the 
result is not a two-phase system, in the 
usual sense of that term, but rather a 
single-phase three-wire system. The 
characteristic angle is 360°/2=180°. 
The two symmetrical sets of current or 
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Figure 2. Connections of the sequence net- 
works corresponding to four types of short 


circuit on a single-phase three-wire network 


voltage vectors are shown in Figure 1: 
the zero-order set, differing in phase by 
0X180°=0; and the first-order set, 
Zero-order 
currents are.equal and in phase in the two 
outer wires, and return in the neutral 
wire or in the earth. They result from 
unbalanced line-to-neutral load or line- 
to-ground short circuits. First-order 
currents are equal and opposite in the 
two outer wires. They result from line- 
to-line loads or short circuits. The 
phase currents J, and J, in the outer 
conductors are given in terms of their 
symmetrical components Ig and I; by 
the following equations: 


=IN+h, (1) 
=h-h | (2) 
re The inverse equations are: 
— To= (Ig +Iy)/2 (3) 
T= (Ia—Tp)/2 | (4) 


Similar Eqetions hold for Vee 


IMPEDANCES 
Consider a circuit element, such as a 


transformer or line, for which the two 


phases, each consisting of an outer con- 
ductor with neutral or ground return, 
i e 
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having equal self impedances Z,; and 
mutual impedance Z,. The phase volt- 
ages, in terms of the phase currents and 
impedances, are: 


Vqg=Z lo tZnly (5) 
Vo=ZmlatZslp (6) 


The symmetrical components of voltage 
are: 


Vo= (Vat Vy)/2 
= (Zs+Zm) Lat Ly) /2=Zolo (7) 


Y= (Va= V,)/2 


= (Zs—Zm) la—Ly) /2= Zh (8) 


where Zp>=Z;+Zm and Z;=Z;—Zm. For 
circuits of the type described, the two 
substitute circuits are independent. 
That, of course, is the advantage of the 
substitution. 


SHORT CIRCUITS 


There are four different types of short 
circuit on a single-phase three-wire cir- 
cuit, as shown in Figure 2. The equiva- 
lent connections between substitute net- 
works are also shown there. 


TRANSFORMERS 


The zero-order equivalent circuits of 
several transformer connections are shown 
in Figure 3. The zero-order impedance of 
a winding is measured by applying single- 
phase voltage from the two outer ter- 
minals, joined together, to the neutral 
tap, and by taking the ratio of applied 
voltage to the current in half the winding. 
The first-order circuit is the same for all 
the connections shown; it is the ordinary 
equivalent circuit of a transformer. 


Four-Phase Networks 


CURRENTS AND VOLTAGES 


A four-phase network may be regarded 
as two single-phase three-wire networks, 


with the normal currents and voltages of | 


one in quadrature with those of the 
other; and the substitutions described 
previously for such networks may be ap- 
plied to each. The substitute currents 
(denoted by subscripts 4, 5, 6, 7) ex- 
pressed in terms of phase currents (a, 
b, c, d) are then as follows: 


= (g+Ie)/2 (9) 
=(Ig—I,)/2 (10) 
T5= (Ip+Ia)/2 (11) 
peep, 27) 79 (12). 
The inverse equations are: 
Iqg=Ii+Is (13) 
pL ES | Sn ae » (14) 
Th=Isth ~ (15) 
Ig=I—T; (16) 


Similar equations hold for voltages. The 
computation required to go from phase 


|} 
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quantities to two-phase co-ordinates 


and back is extremely simple. 


TRANSFORMERS 


Usually a four-phase network is fed 
from two transformers, the center taps 
of which are joined. When the substi- 
tution of variables, described by equa- 
tions 9 to 16, is used, the two substitute 
networks of each transformer are inde- 
pendent, just as they are for one trans- 
former on a single-phase three-wire sys- 
tem. Furthermore, the two transformers 
are independent of each other. There- 
fore, the substitution is suitable even if 
the two transformers of a bank differ in 
impedance, ratio, or both. If the trans- 
formers are Scott-connected, two-phase 
co-ordinates may be used for circuits on 
the three-phase side.* 


SHORT CIRCUITS ON A FOUR-PHASE 
NETWORK 


There are 16 different types of short cir- 
cuit on a four-phase network, including 
double: short circuits. These are listed 
in Figure 4, together-with the equivalent 
connections between networks of four- 
phase symmetrical components. In Fig- 
ure 5 are shown the equivalent connec- 
tions between substitute networks of 
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Figure 3. Zeacvordei “Wayivaien ee equivalent circuits of 
single-phase transformers 


two-phase co-ordinates. In many cases ~ 
the connections are simpler in the latter 
system than in the former. However, it 
should be remembered that both net-— 
works 5 and 7 contain generated electro-. 
motive forces (normally in quadrature), — 
whereas, in symmetrical components 

only the positive-sequence network (num- 
ber 1) has them. . Rae 


MopiFiep SYMMETRICAL COMPONENTS 


It is a familiar fact in symmetrical — 
components of a three-phase system that __ 
the equations and the equivalent circuits 
of faults or other unbalances are simplest — 
if the unbalance is symmetrical with 
respect to the reference phase (phase a). 


; 
‘ 
bee 


For. example, a line-to-line short circuit. vs ah 
is usually assumed to be on phases b and a 
c for. this reason. Otherwise, phase — a 


shifts would be required in the con- fi % 
nections between sequence apt oA 
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“decy aa ; Figure 5. Connections of the substitute net- 
‘A. Connections of the sequence net- works of two-phase co-ordinates corresponding 
corresponding to 16 types of short to 16 types of short circuit on a four-phase 
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In a four-phase system some faults are 
symmetrical with respect to phase a, 
but there are others, such as a short cir- 
cuit between adjacent lines, which can- 
not be made so. Most such faults, how- 
ever, are symmetrical about an axis mid- 
way between two phases. The following 
modified symmetrical components have 
the reference phase midway between 
phases a and b: 


Ip = Ig t+Iy+Ie+TLa) /4 (17) 
Th! = (Iq/ —45°+-1,/45° +-1/135° + 
Iq/—185°)/4 (18) 


Iq! = (Ig/—90° +1,/90°+1,/—90°+ 
Ta/90°)/4 (19) 
Ts! = (Ig/ —135°+1,/135°+1,/45° + 
Tq/—45°)/4 (20) 
The inverse equations are: 


Tq =Ip+l)'/45°+12'/90°+I3’/135° (21) 


Ty =Toth'/—45° +12'/ —90° + Ig’/ — 135° 


(22) 
I¢=Io+di'/—135°+1h'/90° +15'/ —45° 
' (23) 
Tq=Ip+h'/135° +Io'/—90°+15'/45° 
(24) 


The modified symmetrical components 
are used in those parts of Figure 4 where 
the four-phase networks are indicated 
by squares with vertical and horizontal 
sides; regular symmetrical components 
are used where the networks are indicated 
by squares with sloping sides. 

The unbalance shown in part 16 of 
Figure 4 does not have either type of 
symmetry. Consequently, the connec- 
tion made between sequence networks 
for representing this unbalance requires 
transformers of complex ratio. When 
two-phase .co-ordinates are used, how- 
ever, none of the connections between 
substitute networks require such trans- 
formers. 
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Supervisory Control for New Chicago 


Subway 


W. A. DERR 


ASSOCIATE AIEE 


HE FIRST SECTION of the long- 

planned Chicago subway was opened 
to the public October 17, 1943. The sec- 
tion of subway which now isin daily opera- 
tion extends along State Street and is 
4.9 miles in length. This is but the first 
step in a program which ultimately may 
comprise as much as 50 miles of subway 
in the city of Chicago. 

The necesssity of having the complete 
electric system under the control of a 
single operator resulted in the applica- 
tion of supervisory-control equipment, 
The supervisory-control dispatching-of- 
fice equipment is located in the Chicago 
Rapid Transit Company office on the 
12th floor of the Edison Building in down- 
town Chicago. \ Remote-station super- 
visory-control equipment is located ‘at 
eight control centers in the subway. 
Figure 1 shows the location of the dis- 
patching office with respect to the eight 
control centers. The Visicode type of su- 
pervisory-control equipment which was 
applied operates over a single pair of 
wires between the dispatching office and 
each of the remote controlcenters. There 
is also a pair of spare line wires for the 
control centers located north of the dis- 
patcher’s office and another pair for the 
centers south of the dispatcher’s office. 
At each control center there is a toggle 
switch which is used to connect that cen- 
ter to the normal or the spare line. 

The electric distribution system for 
the subway is shown in Figure 2. It 
will be noted from this figure that trac- 
tion power is fed directly to the subway 
from three Commonwealth- Edison Com- 
pany substations, namely, South State, 
East Lake, and Sedgwick, and in addi- 


Table I. Operations Performed by the Super- 
visory Control Equipment at a Typical Control 
Center 


Supervise low battery voltage, battery ground, and 
line wire ground. 


Control and supervise four circuit breakers in the 
control center. 


Control and supervise station fans, low-speed for- 


ward, high-speed forward, and high-speed reverse... 


Control and supervise five reclosing circuit breakers 
at a Commonwealth Edison Company substation. 


Supervise normal- and emergency-service feeder 
voltage at each of two a-c switchboard rooms. 


Supervise high-water and motor-overload trip at each 
of two pump rooms. 


Control and supervise tunnel-fan high speed and 
tunnel-fan low speed or ventilating-louvre positions. 


The supervisory control equipment provides space 
and wiring for the addition of seven future functions. 
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tion power is fed from the distribution 
system of the elevated lines by means of 
remotely controlled circuit breakers lo- 
cated at the extremities of the subway 
where track connections are made with 
the elevated lines. In some cases, these 
circuit breakers are located right at the 
control center, whereas in other cases the 
breakers are remotely located from the 
control center and are controlled and 
supervised by a direct-wire extension 
from the nearest control center. 

Table I gives a complete list of all the 
various functions performed at a typical 
control center. It will be noted from this 
tabulation that the supervisory-control 
equipment controls and supervises the 
position of ventilating fans throughout 
the subway and supervises the position of 
other devices in addition to providing 
control and supervision of the circuit 
breakers. 


Operation of Supervisory 
Equipment 


Visicode supervisory-control equipment 
is operated from 48-volt batteries. Bat- 
teries are used so that the supervisory- 
control equipment is available for opera- 
tion even when no a-c power is available. 
Two number 14 wires are used between 
the dispatching office and each remote 
control center for operation of the su- 
pervisory-control equipment. 

The supervisory equipment operates 
by means of coded d-c impulses. Each 
unit controlled has a particular code 
associated with it. In case of a selection 
initiated by the dispatcher, the associ- 
ated code is sent to the remote control 
center, from where the selected relay 
returns a duplicate code, as a check, to the 
dispatching office. When the check code 
is received at the dispatching office, the 
associated selection lamp on the control 
desk, as well as that on the diagram board, 
is lighted. The returned check code must 
agree exactly with the code initially sent 


out or no further operation is possible. 


Thus the selection of a particular unit is 
positively checked before it is possible to 


Paper 45-7, recommended by the AIEE committee 

on automatic stations for presentation at the AIEE 

winter technical meeting, New York, N. Y., Janu- 

ary 22-26, 1945. Manuscript submitted Septem- 

ye 20, 1944; made available for panes November 
1944. 


_ W. A. Derr is sehen engineer, switchboard engi- 
neering department, 


Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa.; 


' C. J. Buck is with the Chicago Rapid Transit cont 


pany, Chicago, Ill.; J. A. Sroos is with the depart- 
ment of subways and superhighways, City of 
Chicago. 


. 


Derr, Buck, Stoos—Subway Supervisory Control 


perform an operation. Actually to per- 
form an operation the dispatcher turns 
the associated twist key to the desired 
position, after having proper selection 
verified by the lighting of the selection 
lamp, and then presses the master con- 
trol push button. This operation sends 
the closing or tripping code to the selected 
unit, causing it to operate. When the 
breaker changes position, it initiates the 
sending of a supervision code to the dis- 
patching office, changing the red, green, 
or amber lamp indication to correspond. 
An automatic operation is reported in 
similar fashion. When a circuit breaker 
trips automatically, its auxiliary switch 
causes its selecting code to be transmitted 


gto the dispatching office and the alarm 


bell to be sounded. The office relay re- 
turns the check code to the remote con- 
trol center, which immediately sends in 
the supervision code corresponding to the 
tripped position of the breaker. The 
green lamp on the diagram board flashes 
to indicate to the dispatcher that that 
particular unit changed position. This 
fact is also denoted by the flashing of a 
white-with-black-dot disagreement lamp 
on the control desk. The dispatcher can 
then immediately select and reclose the 
breaker should he so desire. 

Visicode supervisory control is an all- 
relay system composed of simple me- 
chanically uniform telephone - relays, 
which send and receive the various selec- 
tion and control codes at approximately 
14impulses per second. Each selection is 
automatically checked and the control is 
inherently antipumping. The coded- 
operation control which is used provides 
protection against the possibility of false 
operation of any apparatus due to for- 
eign voltages on the line wires. 


New Features 


This particular installation has several 
new features which have not been used 
on previous supervisory-control instal- 
lations. These are: the amber-lamp indi- 
cation, the blinking-lamp indication, and 
the supervision of the direct-wire exten- 
sions from the control centers. . 

A description of these features is in- 
cluded in the two following sections. 


Dispatching Office Supervisory 
Control Equipment 


In the dispatching office on the 12th — 


floor of the Edison Building, there is a 
control desk on which is mounted all of. 
the necessary control keys and push — 


buttons for controlling all of the appara- — 


tus in the eight remote control centers. 


A diagram board with indicating lamps _ 


to designate the positions of the various 
devices supervised is located behind the | 
control desk in a position to be viewed — 
readily by the dispatcher. 


board for the State Street subway. 


Figure 3 bet ’ 
shows the control desk and the ace I 
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The supervisory-control dispatching- 
office relay equipment is mounted in 
cases on the swinging panels of cabinets 
behind the diagram board. 

The control desk is divided into eight 
sections corresponding to the eight con- 
trol centers remotely controlled. There 
is a molded control-key plate or escutch- 
eon for each piece of apparatus remotely 
controlled. There is space in each of the 
eight control-center sections of the control 
desk for mounting 24 of these control es- 
cutcheons. For the positions not now 
equipped there are molded blank plates. 
Wiring is installed in the control desk for 
all positions so an added function can be 
provided readily by replacing a blank 
plate with a control escutcheon. 

Figure 4 shows a supervisory-control 
relay and a control-desk escutcheon. It 
will be noted that the escutcheon is 
equipped with a push-type selection key, 
a twist-type control key, a small white 
lamp, and ‘a small white-with-black-dot 
lamp, as well as with two engraved name 
plates. 

The small white lamp is the selection 
lamp. It is used to inform the dis- 
patcher that the supervisory-control 
equipment has completed the selection 
of that particular unit and that the equip- 
ment is ready for further operation. 

The white-with-black-dot lamp is the 
disagreement lamp which is used to indi- 
cate to the dispatcher that the setting of 
the individual twist-type control key 
disagrees with the position of the ap- 
paratus unit at the control center, For 
example, assume that the dispatcher has 
operated the individual twist-type con- 


trol key to the ‘‘close” position and has » 


closed a circuit breaker and this breaker 
opens due to the operation of protective 
devices at the remote control center. 
The disagreement lamp will then be 
lighted in addition to the green supervi- 
sory indicating lamp on the diagram 
board to inform the dispatcher that the 
particular unit has undergone a change 
and that the setting of the control key 


S 2. a does not agree with the lamp indication. 
F wo $2 Fa The twist-type control key affords the 
24 m 2 i) 8 ° D 
Eon Bs 2° . Da dispatcher the means for selecting a 
g 22 ae = 9 “trip” or ‘‘close” operation. The setting 
o 05.8 A424 S + of this key determines what operation is 
4 : ga 2 5 © 8 we to be performed. 
6 3 y 3 5 3° © a The nonlocking push-type selection key 
g 3. Be 4 280 Bag enables the dispatcher to set the super- 
S O} £ an Os Bsa visory-control equipment into operation 
: ia 27 wo Mem 92 5 ‘ ; i 
2 8 Zo 2 phe 8 to select a definite apparatus unit. Thus 
8 2 £2 On, a © Se: the dispatcher may cause the supervi- 
es 4g geo 2 NG sory-control equipment to select any indi- 
2 2 ¢ Patel An vidual unit at the remote control center. 
5 Aa se (2 6 £ In addition to the individual control 
A PY 3 > ap escutcheons just described, the control 
s =) 8 3 a 2 35 desk is equipped with four nonlocking 
3 3 Z ale push-type master control keys for each 
Ze 2 3 Zz control center, designated as follows: 
x age rl 
z 8 5 CJ Master control key. ‘ 
; mee cea Zone reset key. 3 
»1. Locations in subway where supervi- & 2 Zone check key. 
y-control functions are performed 3 Blinker reset key. 
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key serves as an individual as well as a 
master check. 

The blinker reset key is used e stop 
the flashing of red, green, or amber lights 
on the diagram board and of disagree- 
ment lights of the control desk. Any au- 
tomatic operation which takes place at a 
control center results in a flashing light to 
enable the dispatcher to readily pick out 
the unit which changed position. That is, 
if a breaker trips due to the operation of 
a protective relay, the associated green 
lamp at the dispatching office flashes. 
The lamp continues to flash until the 
blinker reset key is operated. 

There are a total of four station lamps 
on the control desk, associated with each 
control center. One of these is a line 
supervision lamp which is normally ex- 
tinguished and only lights in case of 
trouble on the line wires between the dis- 
patching office and the control center. 


> 
< ; : é 
= The pilot lamp is normally extinguished 
7 and is lighted any time the supervisory- 
ats a control equipment is not normal. The 
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The master control key must be oper- 
ated after selection of an individual unit 
to initiate the control code. The control 
code which is transmitted is dependent 
on the position of the individual twist- 
type control key on the associated con- 
trol escutcheon. 

The zone reset key is used to cancel se- 
lections in case the dispatcher changes 
his mind before sending the operation 
impulse, to acknowledge line-wire failure, 
and to acknowledge automatic opera- 
tions. This key is also associated with 


‘the audible alarm circuit. When an au- 


tomatic operation occurs, the alarm bell 
is energized to notify the dispatcher that 
an operation is/being recorded. If the 
bell is set for continuous ringing, it will 
continue to give an alarm until the zone 
reset key is momentarily depressed. 

The zone check key is operated to 
check the lamp indication of each and 
every device in a control center. If the 
zone check key is depressed after a selec- 


tion has been made, the selected unit 


only is checked. Thus, the zone check 
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Figure 2. Single-line diagram of subway power-distribution Sytem 
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guished lamp which is lighted whenever an 
automatic operation takes place. Each 
zone has a zone-alarm lamp on the dia- 
gram board which is in parallel with the 
one on the control desk. The fourth 
common lamp is used to indicate low 
control-center battery voltage, battery 
ground, or line-wire ground.* This is a 
normally extinguished lamp which is 
lighted only to indicate trouble. The 
control desk is also equipped with jacks 
which are used to insert testing instru- 
ments into the line circuits. 

The diagram board is divided into 
eight sections, one for each control cen- 
Each section consists of four remov- 
able panels. There are dustproof doors 
on the rear which provide access to the 
panel wiring. The panels are finished in 
gray and are equipped with Vinylite 


_ plastic mimic bus of various colors. The 


lamps on the diagram board may be 
operated from an a-c supply or from the 
48-volt battery. 

The circuit-breaker indicating lamps 
are arranged in a layout depicting the 
actual track routing as can be seen from 
Figure 3. There is a red, green, and 
white lamp for each of the subway break- 
ers. The red lamp indicates a closed 
breaker and the green lamp indicates an 
open breaker. The white lamp is a se- 
lection lamp which operates in parallel 
with the selection lamp on the control 
desk. 

An additional amber lamp is furnished 
on the diagram board for each of the 
power-supply breakers located in the 
Commonwealth Edison substations at 
South State Street, East Lake Street, 
and Sedgwick Street. These breakers 
are arranged for automatic reclosing 
when they trip due to a fault if the d-c 
load-measuring equipment indicates that 
reclosing is permissible. When the 
breakers are tripped by supervisory con- 
trol they are locked out and will not re- 


close automatically. The fact that one 


of these breakers may be tripped and 
locked out or tripped and not locked out 
makes it necessary to have two separate 
indications for an open breaker. An 
amber lamp indicates that the breaker 
is open but not locked out and that it will 
automatically reclose if the fault is re- 


“moved. A green lamp indicates that the 
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breaker is open and locked out. If one of 
these breakers trips due to the operation 
of protective devices an amber-lamp in- 
dication is the result at the dispatching 
office. The dispatcher may then lock 
this breaker out if he desires by selecting 
the point, setting the associated twist- 
type control key in the ‘“‘trip’’ position, 
and operating the master control key. 
This results in the breaker being locked 
out and the green lamp being lighted at 
the dispatching office. 

Just below the sections containing the 
breaker indicating lamps are the sections 
containing the red, green, and white 
lamps for the ventilating fans. The fans 
are divided into two types, tunnel fans 
and station fans. Each tunnel fan can 
be controlled by two supervisory control 
points. One point is used to start and 
stop the fan on high speed. The other 
point starts and stops the fan on low 
speed, and can also be used to open and 
close the independent louvres. The su- 
pervisory equipment is transferred from 
low speed fan control to louvre control 
by a transfer switch in the fan-control 
cabinet. The station fans are divided 
into two groups, one of six and the other 
of seven fans. Each group is controlled 
by three supervisory-control points. One 
point starts and stops the fans on low- 
speed forward operation. The other two 
points control the fans on high-speed 
forward and high-speed reverse operation 
respectively., Each fan is equipped with 
a transfer switch to transfer the control 
of that individual fan from supervisory 
to local push-button control. For each 
fan group, there is a lamp on the diagram 
board which indicates whether all the 
fans in that group have responded to the 
control operation. In all cases, a red 
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Figure 3. Supervi- 
sory-control desk 
and diagram board 
in Edison Building 
power dispatcher’s 


office 
/ 
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Figure 4a (left). 
Typical supervisory- 
control relay 


Figure 46 (right). 

Typical dispatcher’s 

control and supervi- 
sion escutcheon 


CLOSE 


i 
| 


lamp indicates that the fan is running, 
a green lamp indicates that the fan is 
stopped, and the white lamp is a selec- 
tion lamp paralleling the selection lamp 
on the control-desk escutcheon. 

The lamp indications for subway-pump 
alarms and the indications of a-c service 
are located on the lower sections of the 
diagram board. There is no remote con- 
trol associated with these indications and 
hence there is no control escutcheon on 
the control desk associated with these in- 
dications. Only a red and a green lamp 
are used for these indications, no white 
selection lamp being required since no 
control of these units is provided from 
the control desk. 


Control-Center Supervisory- 
Control Equipment 


The control-center supervisory equip- 
ment is mounted on the swinging panels 


of cabinets suitable for mounting against — 


the wall. On one swinging panel the 
supervisory-control relays are mounted 
in four cases. Relay equipment is pro- 
vided for all of the present functions 
performed and there is space and wiring 
available to provide additional functions 
which it may be desirable to perform by 
the supervisory-control equipment in the 
future. The interposing relays which are 
under the control of the supervisory re-’ 


lays and which operate into the control 


circuits of the breakers located in the 


control-center room are mounted on the | 


other swinging panel. Figure 5 shows the 


13th Street control center with the super-_ 
visory-control panels in the background. — 


The interposing relays for the control | 


of the units which are located at some dis-. 
tance from the control center and which 


are controlled by a direct-wire extension — 
are located with the units controlled. — 
These interposing relays are under con- 


trol of the supervisory relays over wires 


extending between the supervisory-con- 
trol relay equipment and the interposing- — 


relay location. oe 
Relays are provided in the supervisory- 
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Figure 5. View of 13th Street control center 

showing rear view of circuit-breaker panels 

with supervisory-control panels in the back- 
ground 


control relay cases to provide an indica- 
tion of low supervisory-control battery 
voltage. These relays operate at 45 
volts so as to give an indication to the 
dispatcher before the battery voltage 
gets too low for operation of the super- 
visory equipment. The voltage-indica- 
tion relays automatically restore when 
the voltage is raised to normal. 

Grounds are detected on the control- 
center supervisory battery, the super- 
visory-control line wires between the dis- 
patching office and the control center, 
and on all of the wires used for direct- 
wire extension from the control-center 
location by means of a Rectox ground de- 
tector. The Rectox ground detector is a 


Table Il 
Red Green 
; Lamp Lamp 
Breaker closed by supervi- 
SOFY-CONETON 2). cess ws eles ew (OSS 1H Sine Hea Off 
Breaker opened by supervi- 
SOLYTCONELOL siete suc olers 0s, otetare Ofivveyeranccters On 
Breaker in open position due 
to automatic tripping....... Offs CaceGa Flashing 
_Breaker closed locally........ Flashing... Off 
Table III 
Red Green 
Lamp Lamp 
Unit closed by supervisory ; 
Control asprasersret er pitt oietei @Mosonaadd Off 
Unit opened by supervisory : 
CONLCOM Reis ie. stats else spmiees ba Oficinis simi + .On 
Unit in open position due to 
automatic opening......... Ones See Flashing 
Unit closed locally........... Flashing... Off 
Control and supervision wire 
broken... pense Pad aie aeite tee Flashing... Flashing 
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full-wave rectifier unit, so connected as 
to cause a relay to operate when a ground 
occurs, resulting in an indication being 
transmitted to the dispatching office. 


Detailed Description of Different 
Types of Control and Supervision 


The fact that all of the equipment con- 
trolled and supervised is not located in 
the control center itself made it necessary 
to employ several different types of cir- 
cuits for controlling and supervising the 
apparatus units involved. There are 
essentially four different circuit arrange- 
ments used, as will be described under the 
following subheadings. 


A. CONTROL AND SUPERVISION OF UNITS 
LOCATED IN CONTROL CENTER 


For the control of units located right 
in the control center, there are two inter- 
posing relays on the control center panel 
for performing the ‘‘trip’’ and “close” 
operations. For all of these units, a 
single a auxiliary switch is used to obtain 
the red- and green-lamp indications at the 
dispatching office. 

There are only two supervision codes 
associated with these units, a “‘trip’’ code 
of three impulses and a “‘close’’ code of 
five impulses. 

Table II gives the lamp indications 
which are obtained at the dispatching of- 
fice for manual and automatic operations 
on these units. 


B. SINGLE-WIRE EXTENSION 
CONTROL AND SUPERVISION 


The control of all fans and breakers not 
located right at the control center, with 
the exception of the automatic-reclosing 
Commonwealth Edison Company break- 


ers, is arranged so that control and super- . 


vision is obtained over a single wire be- 
tween the control center and the remote 
unit. : 

Figure 6 shows the elements of this 
direct-wire extension between the control 
center and the location of the remote unit. 
It will be noted from Figure 6 that an a 
and a b auxiliary switch are used for su- 
pervision purposes. 
switch is connected to the negative side 
of the supervisory-control battery and 
the b auxiliary switch is connected to the 
positive side of the supervisory-control 
battery. The other sides of the a and b 
auxiliary switches connect to the coils 
of the ‘‘trip” and ‘‘close”’ interposing re- 
lays with the other side of the two inter- 
posing relays being connected to the single 
wire which extends to the control center. 
The two interposing relays which per- 
formed the control functions are energized 
by causing the proper polarity to be placed 
on the single control and supervision 
wire at the control center . 

The coils of the relays designated as A 
and B in Figure 6 are both connected to 
the single control and supervision wire at 
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The a auxiliary 
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Figure 6. Schematic diagram showing essen- 
tials of single-wire control scheme 


the control center. The resistance of this 
circuit is of such magnitude that approxi- 
mately 20 milliamperes of current passes 
over the single control and supervision 
wire for supervision purposes. This cur- 
rent passes through the interposing-relay 
coil, but is only approximately 15 per 
cent of the current required for operation 
of the interposing relay. Thus the inter- 
posing relay does not operate until direct 
supervisory battery potential is placed 
on the control and supervision wire at 
the control center. 

Either relay A or relay B will normally 
be energized at the control center due to 
either the a or the b switch of the breaker 
being closed. However, if the single con- 
trol and supervision wire should become 
open, relays A and B will be energized in 
series. This fact makes it possible to su- 
pervise both positions of the remote 
breaker and also to supervise the continu- 
ity of the single control and supervision 
wire with relays A and B. 


Table IV 
Red Green 
Lamp Lamp 
Unit in open position due to 
automatic opening......... Of teas . Flashing 
Unit closed locally........... Flashing. . . Off 
Supervision wire broken...... Flashing... Flashing 
Table V 
Red Greea Amber 
Lamp Lamp Lamp 


Breaker closed by 
supervisory con- 


Breaker opened by 
supervisory con- 
trol 

Breaker in open 
position due to 
automatic  trip- 


Breaker locked out 
by supervisory 
control after au- 
tomatic tripping. 

Breaker locked out 

emergency 


Breaker _reclosed 
automatically..... Flashing. .Off....... Off 
Either or both con- \ , see 
trol wires open, .... Flashing. . Flashing. . Off ; 
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There are three supervision codes as- 
sociated with these units, a “‘trip’’ code 
of three impulses, a ‘‘close’’ code of five 
impulses, and a code of four impulses to 
indicate loss of the single-wire control and 
supervision circuit. 

Table III gives the lamp indications 
which are obtained at the dispatching 
office on manual and automatic operations 
on these units. 


C. SINGLE-WIRE-EXTENSION 
SUPERVISION 


The supervision of a-c service voltage 


is arranged to operate over a single wire 
extending from the unit supervised to the 
control center. These units are arranged 
exactly as the single-wire control and 
supervision described in section B except 
that the interposing relays are omitted. 

There are three supervision codes just 
as given in section B. 

Table IV gives the lamp indications 
which are obtained at the dispatching 
office on automatic operations on these 
units. , 

Each of the pump rooms is supervised 
by a loop circuit which is opened in case 
of high water or motor overload trip. 
The lamp indications are the same as 
those listed above except that there is 
no indication for a broken wire. Figure 7 
illustrates a typical pump room. The 
supervisory-control equipment is located 
in the center cabinet. 


D. Two-WireE EXTENSION CONTROL 
AND SUPERVISION 


Two wires are used between each of the 


- automatic-reclosing Commonwealth Edi- 


son Company breakers and the control 


Figure 7. View of 
typical pump room 


The supervisory cab- 
inet is the middle 
cabinet on the wall 


The other side of the “‘trip’’ interposing- 
relay coil connects to a make and a 
break contact of a toggle-type lockout re- 
lay. These contacts are designated as 
MXC and MXT on Figure 8. 

If the breaker is tripped by operation 
of the supervisory-control ‘‘trip’’ inter- 
posing relay, the lockout relay is oper- 
ated. This relay opens one of its con- 
tacts which is in series with the operating 
coil of the recloser, thus locking out the 
recloser. The supervisory-control “‘trip” 
interposing relay is operated either by 
having positive supervisory battery po- 
tential connected to the control wire by 
the supervisory-control equipment or by 
having this potential connected to the 
line wire by an emergency-alarm-relay 
contact located at the control center. The 
emergency-alarm system consists of pull 
boxes located at intervals along the 
track. These pull boxes are tied in with 
the supervisory-control relays at the 
control centers. When a pull box is oper- 
ated, the breakers supplying that section 
of track are tripped and locked out. 

If one.of the automatic-reclosing 
breakers is tripped through the operation 
of protective equipment, the lockout re- 
lay is not operated, and hence the breaker 
will reclose as soon as the fault has 
cleared. 

It will be noted from Figure 8 that the 
coils of relays A and B are both connected 
to the single trip wire at the control center 
and that relays C and D are both con- 
nected to the single close wire at the con- 
trol center. The use of these four relays 
makes it possible to denote whether a 


CONTROL CENTER 


breaker is closed, tripped but not locked 
out, or tripped and locked out, and also to 
supervise the continuity of the two con- 
trol and supervision wires. 

There are four supervision codes as- 
sociated with the automatic-reclosing- 
breaker points—a ‘‘trip’’ code of three 
impulses if the breaker is tripped and 
locked out, a ‘‘trip’”’ code of two impulses 
if the breaker is tripped but not locked 
out, a ‘‘close” code of five impulses, and 
code of four impulses to indicate trouble 
on either of the two, control and super- 
vision wires extending from the control 
center to the breaker. 

Table V shows the lamp indications 
which are obtained at the dispatching 
office for manual and automatic opera- 
tions of the automatic reclosing breakers. 


Conclusion 


The Visicode supervisory-control equip- 
ment used to control power for the 
State Street subway was designed to fur- 
nish all necessary information to the dis- 
patcher in as small a space as feasible. 
This is of particular importance due to 
the future expansion of the subway sys- 
tem. 

On supervisory-control systems built in 
the past, the change in position of a de- 
vice has been indicated by the lighting of 
a disagreement lamp. This installation 
marked the advent of a new type of in- 
dication to indicate an automatic opera- 
tion—the flashing of the red, green, or 
amber position-indicating lamp. The 
flashing-lamp signal has proved to be a 
definite improvement in locating a unit 
which has changed position, where a large 
number of units are involved. 

The use of the single- and two-wire 
control schemes described has provided 
reliable operation with a minimum of con- 
ductors throughout the subway. The | 
supervision of the wires involved in the _ 
direct-wire extensions from the control 
center is a unique feature. 

Having the control of power circuits 
and ventilating means of the subway at 
the fingertips of one man provides fast 
and efficient operation. 

The subway project was financed 
jointly by the city and the Public Works 
Administration of the federal government, 


Figure 8. Schematic diagram showing es- 
sentials of control scheme for reclosing 
breakers 
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Graphical Method of Calculating Fault 


Currents on Rural Distribution Systems 
F. W. LINDER 


ASSOCIATE AIEE 


N the application of fuses, oil circuit 

reclosers, or any other type of sec- 
tionalizing device on a distribution sys- 
tem, a considerable amount of time and 
effort is usually spent in calculating fault 
currents at various locations on the sys- 
tem. The purpose of this paper is to 
describe a graphical method of calculat- 
ing the fault currents which simplifies 
the task of making the calculations. 
The advantages of the graphical method, 
over other methods commonly used to 
make fault-current calculations, are: 


1. A visual picture is obtained of the pos- 
sible fault currents at any location on the 
system. 


2. There is less chance for error. 


8. Considerable time and effort are saved 
in making the calculations. 


4. A compact permanent record is ob- 
tained. 

5. It provides an easy method of quickly 
calculating the fault currents on new exten- 
sions added to the system after the original 
fault-current study has been completed. 


The graphical method outlined in this 
paper is an exact method of calculating 
the fault currents. The accuracy ob- 
tained depends upon the scale chosen for 
the calculation diagrams and the care 
taken by the person making the calcula- 
tions. 

Line-to-ground, line-to-line, and three- 

_ phase types of faults will be considered in 
the following discussion. The illustra- 
- tions and examples used to describe the 
graphical method were designed for rural 
Paper 45-8, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
‘winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 


Yi April 24, 1944; made available for printing Novem- 
ber 10, 1944. 


F. W. Linper is in the design and construction 
‘division of the Rural Electrification Administra- 
tion, United States Department of apt at) 
St. Louis, Mo. 


the latter contributing $23,130,000 of the 
$57,400,000 total cost. The city’s share, 
$34,270,000, was obtained from the 
traction fund, thus eliminating the neces- 
_ sity for a tax levy or for special assess- 
‘ments. 
Planning and construction of the proj- 
ect was directed by Philip Harrington, 
_ commissioner of subways and superhigh- 
_ ways for the city of Chicago with the co- 
operation of the PWA Subway Commis- 
sion and Joshua D’Esposito, PWA sub- 
“a : pray. project engineer. ; 
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distribution lines of the multigrounded 
neutral type, having a nominal voltage 
of 7,200/12,470 volts. However, the 
fundamental principles of the graphical 
method can be applied to any distribution 
system. 


Description of Method 


Fault-current calculations are made on 
current diagrams which are designed for a 
specific system voltage. A separate cur- 
rent diagram is used for line-to-ground, 
line-to-line, and three-phase faults. 
Typical current diagrams are shown in 
Figures 1 and 2, which are 7,200-volt 
diagrams for use on 7,200/12,470-volt 
multigrounded-neutral systems. The 
current diagrams in Figures 1 and 2 are 
exactly the same except for the line- 
mileage scales. The line-mileage scales 
in Figure 1 are for calculating line-to- 
ground faults and the line-mileage scales 
in Figure 2 are for calculating three- 
phase fault currents. A similar current 
diagram for calculating line-to-line fault 
currents would have line-mileage scales 
designed for line-to-line faults. 

From the practical standpoint, the 
positive- and negative-sequence imped- 
ances of the power source may be as- 
sumed to be equal. If the further as- 
sumption is made that the equivalent 
spacing on two-phase lines is equal to the 
equivalent spacing on three-phase lines, 
then the line-to-line fault currents are 


equal to 3/2 times the three-phase 
fault currents. 
tical purposes, line-to-line current dia- 
grams are not absolutely necessary. 
Knowing the three-phase fault currents, 
the line-to-line fault currents can be calcu- 
lated by a simple slide-rule operation. 
The background of the current diagram 


in either Figure 1 or 2 is a rectangular | 


co-ordinate system with resistance R in 


The portion of the work covered by 
this paper was financed by the city alone. 
The city is to be reimbursed by the oper- 
ating company when unification of local 
transit facilities is achieved. Engineering 
and installation of this work was in charge 


of C. W. Post, subway electrical engineer, 
and J. A. Stoos, assistant subway de- | 


signer, for the city, who were aided by the 
advice and co- operation of E. A, Imhoff, 
electrical engineer, and C. J. Buck and G. 
Krambles of the operating company, the 
Chicago Rapid Transit Company. 
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Therefore, for all prac- | 


ohms along the horizontal axis and re- 
actance X in ohms along the vertical 
axis. These resistance and reactance 
scales are for the total resistance and re- 
actance values of the circuit from the 
power source to any point on the system 
where it is desired to know the fault cur- 
rent. The impedance of the circuit is 


Zav/ RX? 


which is in the form of the equation of a 
circle where Z is the radius and R and X 
are co-ordinates for any point on the 
circle. The quarter circles on the current 
diagrams are impedance circles, each 
circle representing a value of impedance 
for corresponding values of R and X on 
the resistance and reactance scales. In- 
stead of indicating the value of impedance 
that each circle represents, the circles 
are calibrated in terms of current in am- 
peres based on the system line to neutral 
voltage. The line-to-neutral voltage is 
used as the base voltage for line-to-ground, 
line-to-line, and three-phase current dia- 
grams. Fault currents can be read on the 
circles at the intersection of the total 
resistance and total reactance values of 
the circuit from the power source to the 
fault location on the system. It should 
be remembered that in the case of voltage 
transformations in the circuit, the re- 
sistance and reactance values must be 
referred to the voltage base for which the 
current diagram is designed. 

In the lower right-hand corner of each 
current diagram, there is a group of scales 
called “‘line-mileage scales,’’ each scale 
representing a different copper equivalent 
conductor size. Each scale is calibrated 
in miles, starting from zero at the left 
end of the scale, which refers to the 
length of a section of distribution line. 
The slope and calibration of each scale is 
governed by the per mile resistance and 
reactance values of the distribution line. 
Therefore, to design a line-mileage scale 
for line-to-ground faults, it is necessary 
to know the per phase resistance and re- 
actance of the line for line-to-ground 
faults and for the conductor used. 
necessary to know the resistance and re- 
actance values of the system for line-to- 
line and for three-phase faults to design 
mileage scales for these respective types 
of faults. 

To design a line-mileage scale, choose 
a convenient point on the diagram for the 
zero point of the scale. Using the same 
scale as the resistance and reactance 
scales on the current diagram, lay off a 
distance horizontally to the right, equal 


to the resistance of one mile of line. From 


the point just located, lay off a distance 
vertically upward equal to the reactance 
of one mile of line forming two legs of a 


right triangle, the hypotenuse of which 
is equal to the impedance of one mile of 


line on the bases of the scale used for 


the current diagram, Draw the hypote- — 


nuse and extend it upward to the right, 


Bee ENGINEERING 


Ltise 


1 iv 
es 
uy 
ce 

ie h B 
ge, dee 
v 7 

“sf 7 
r 4 


j de 


lent conductor size. 


120 


(aa Er 
sab | 


VAG GAS 


IN 


Aer 
ey 
Z| 


IN OHMS 


8 


REACTANCE 


= 


CULE Be oe 
20 40 60 80 


Figure 1. Typical 7,200-volt current diagram 
with line-mileage scales for calculating line-to- 
ground fault currents 


forming the desired line-mileage scale. 
The scale can then be calibrated in miles 
by marking off distances equal to the 
length of the hypotenuse of the small im- 
pedance triangle. The use of the line- 
mileage scales in making fault current 
calculations will be explained farther on 
in this paper. 

The line-mileage scales on the current 
diagrams shown in Figures 1 and 2 are 
for rural distribution lines constructed to 
the specifications of the Rural Electrifica- 
tion Administration. Values of resist- 
ance and reactance per mile for REA 
lines, which were used in designing the 
line-mileage scales, are given in Table I, 
which are average values for the various 
types of conductor used. The resistance 
and reactance of Copperweld, aluminum 
conductor steel reinforced, hard-drawn 
copper, and other types of conductor 
differ slightly for the same copper equiva- 
However, the im- 
-pedances of the various types of conductor 
are approximately the same for corre- 
sponding sizes and the error is’negligible 
if average values for each copper equiva- 


lent conductor size are used in designing 
the line-mileage scales. ’ 


Use of Current Diagrams 


In using the current diagrams for deter- 


mining the fault currents on a distri- 
bution system, the starting point is at 

the source end of the system which is 
usually the load side of a substation feed- 
ing the system. It is necessary to know 
the equivalent total resistance and total 
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tribution system, for the type of fault 
being calculated and for both maximum 
and minimum fault-current conditions. 
All resistance and reactance values must 
be referred to the voltage base of the cur- 
rent diagrams. In many cases, the im- 
pedance of the supply system up to the 
distribution substation, which is re- 
ferred to as the source impedance, is 
negligible and only the impedance of the 
substation need be considered. When 
the source impedance is appreciable, data 
is usually available on either the short- 
circuit kilovolt-amperes, fault currents, 
or positive-sequence impedance of the 
power source at the supply side of the 
distribution substation. From these data 
the equivalent source impedance for use 
in determining the starting points on the 
current diagrams can be calculated by 
use of formulas given in Table II, which 
apply to the most common types of rural 
distribution systems. Formulas are also 
given in Table II for determining the 
equivalent substation impedance which 
must be added to the source impedance. 
To determine the starting point on the 
current diagram, multiply the total 


source and substation impedance by 0.20 
to determine the resistance component 
and by 0.98 to determine the reactance 
component. Other proportionate values 
may be assumed, based on judgment. 
The formulas in Table II apply to 
four-wire wye multigrounded-neutral dis- 
tribution systems supplied from a three- 
phase power source through a delta-wye 
transformer bank, which is the most ° 
common type of rural distribution sys- 
tem. The formulas for line-to-ground 
faults have no significance on delta dis- 
tribution ' systems. However, the im- 
pedance formulas in Table II for line-to- 
line and three-phase faults apply to delta 
distribution systems supplied by a delta- 
delta substation. Other cases which are 
less common than those discussed above 
will not be considered in this paper. The 
relationship between the formulas in 
Table II should be noted. Each of the 
source and substation impedance for- 


mulas for line-to-line faultsis 2/ V/ 3 times 
the corresponding formula for three- 
phase faults. Each of the source im- 
pedance formulas for line-to-ground faults 
is two-thirds times the corresponding 
formula for three-phase faults and the 
substation impedance formula for line-to- 
ground faults is the same as the formula 
for three-phase faults. 

When a fault occurs on the system, 
there may be some resistance in the fault, 
which should be considered. The fault 
resistance could be any value; however, 
it has been found that 40 ohms is a rea- 
sonable value to assume. An assumed 
value of fault resistance should be added 
to the resistance of the circuit in calculat- 
ing minimum fault currents. From the 
practical standpoint, it is not necessary 


‘to consider the fault resistance for each 


type of fault. On multigrounded-neutral 
systems, the fault resistance need be 
considered only on line-to-ground faults 
because line-to-ground faults are usually 
used for minimum currents and line-to- 
ground faults are the only type of fault 
which ean occur at any location on systems 
containing single-phase lines. On systems 
where line-to-line or three-phase faults are 
used for minimum currents, the fault re- 
sistance should be considered. 


Table I. Impedance of REA Lines in Ohms Per Circuit Mile 


Average Values for Copperweld, Aluminum Conductor Steel-Reinforced, and Hard-Drawn 
: Copper; Standard REA Spacing, Earth Resistivity—100 Meter-Ohms 


For Line-to-Ground Faults; ; 
Single-Phase Impedance With 


For Line-to-Line Faults; 
2/3 Times Impedance to 


For Three-Phase Faults; 
Impedance to Positive- 
or Negative-Sequence 


Copper Multigrounded-Neutral Positive- or Negative-Sequence 

Equivalent Wire Currents — : Currents 

Conductor : 
Size Resistance Reactance ‘Resistance Reactance Resistance Reactance 
W/O. eee A hes (Syirine Saonurd LG124 i ests OR BABE crm aleet lens ORSE7 cpaayetedions ORS OBA tyetaustoers 0.733. ' 
¥ ahaa rs outs hs TOOK. mrate.emit ot 12S) Ardaseue miei P5014 si. oralerosag O; 890. ciara O87 tiotiaterttelosks 0.770 
A Sess Ate ne wie AOS te seer TBD Ms sa soho es FL 5 OOS treys nctatevere QUOZRir ayrciewun:= ieee et aes 0.803 
eee is, ote EADS std cm si okeless 146 Meccan has: © DAO eee Mes 0.969% WAlweet BV202\); asthe 0.838 
(etc fen Bye pray shearer le SB des ano, teach FOGO Sin cenaters 1. OOM Siiaeis ete 35520 So cueeoine 0.866 
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Table Il. 


Formulas for Determining the Starting Point on the Current Diagrams 


Formulas for Determining the Equivalent Source Impedance When Given Either 1/3, I(x-1), 


va3¢, or Z;, of the Power Source at the Supply Side of the Distribution Substation. 


(For Use 


on Distribution Systems Supplied by a Delta-Wye Substation)* 


= 


———S 


For Line-to-Ground 


For Line-to-Line For Three-Phase 


Given Faults Faults Faults 
QE? 2En? V3En? 
HIS oo 090 POO ONIN a be sate Pune Wouogods COUOt fem hie Fe cet waleie eles he Fira = 
TUGSR choo O Canoe RE oS 77 sn ae AUS ee oe ue Enos 
ere ar 5)" I-DEw- 1) TTL ek ae em Leer EGrreery) 
2En? 7. a 2NBEn? _8Ex? 
CTE Soe eee aolero cere a a oR ee 3 Sati: Soe SEY Stel oy, Sa 
221 En? 2V3ZiEn 3Z1En? 
YA Tee Ke ERMA RETRO ee ee TWiT ae ae, assole AS aia oh Ae GM te eee ae ae 


Formulas for Determining Substation Transformer Impedance in Ohms When Given %Zr of 


(For Use on Distribution Systems Supplied by a Delta- Wye Substation)* 


Transformer. 
For Line-to-Ground 
Given Faults 
TZTEn? 
OG ZET As Me the ais! Nats OE eae 100,000 


= V3kvaie 100,000 seve eee nes “eae 


For Three-Phase 
Faults 


For Line-to-Line 
Faults 


Yo ZT2En? %ZTEn?* 


~ kvai¢ 100,000 


Multiply Z; and Zr by 0.20 to obtain resistance components and by 0.98 to obtain reactance components. 
Other proportionate parts of resistance and reactance may be assumed, based on judgment. 


List oF SYMBOLS 
E(_-L)= 


Line-to-line voltage in volts on supply side of substation. 


Ey =Line-to-ground voltage in volts on load side of substation. 
Is@ = Three-phase fault current in amperes on supply side of substation. 


I(L-L)= 


Line-to-line fault current in amperes on supply side of substation. 


Zs = Equivalent impedance in ohms per phase of source at load voltage. 
Zi = Positive-sequence impedance in ohms of source at substation. 
Z7 =Equivalent impedance in ohms per phase of substation transformers. 
%Z7T=Per cent impedance of substation transformers. 
va3@ = Three-phase short-circuit power in volt-amperes on supply side of substation. 
kvai¢ = Substation transformer capacity in kilovolt-amperes per phase. 


* Formulas for line-to-line and three-phase faults also apply to delta distribution systems supplied by a 


delta—delta substation. 


The procedure for calculating fault 
currents on the current diagrams is as 
follows: 


1. Locate the point for the equivalent 
total impedance of the source and distribu- 
tion substation by laying off the resistance 
along the horizontal scale and the reactance 
along the vertical scale. Locate the total 
impedance for both maximum and minimum 
fault-current conditions. Read the fault 
currents on the circles. 


2. Draw a line from the points located in 
step 1 to the right, parallel to the line-mile- 
age scale for the conductor size in the first 
section of line away from the substation. 
‘These lines can be drawn by manipulation 
of two drafting triangles, a rule and a tri- 
angle, or any other graphical means. 


3. Using a compass, or dividers, and the 
tileage scale for the proper conductor size, 
set the instrument to the number of miles 
from the substation to the first point out on 
the system where it is desired to know the 
fault currents. Lay this distance off from 
the points located in step 1g along the lines 
drawn in step 2. 


A. Read the fault currents on the circles. 


5. Repeat the above procedure for the 
next point farther out on the system where 


it is desired to know the fault current. If - 


the conductor size on the line changes, draw 
‘a new line on the diagram from the point 
for the end of the first conductor size, paral- 
Jel to the proper mileage scale. Repeat until 


pls TRANSACTIONS 


Formulas for line-to-ground faults have no significance on delta systems. 


all points on the system, at which fault cur- 
rent values are desired, have been plotted 
on the diagram. 


Although a current diagram is de- 
signed for a specific system voltage, it 
can be used for any system voltage pro- 
vided the physical characteristics of the 
system are such that the impedance per 
mile of line is the same as the impedance 
used in designing the line-mileage scales. 
The fault current is directly proportional 
to «the system line-to-neutral voltage. 
Therefore, fault currents read on a cur- 
rent diagram for a specific voltage can 
be converted to another voltage by multi- 
plying them by the ratio of the line-to- 
neutral voltage of the system being 
studied to the line-to-neutral voltage for 
which the diagram was designed. In de- 


Table III. 


termining the starting point when the 
actual system voltage is different than 
the voltage for which the current dia- 
grams were designed, the source and 
substation impedances to the starting 
point should be referred to the actual 
system voltage. 


Illustrative Example 


This example is given for the purpose 
of illustrating the graphical method of 
calculating fault currents on a distribu- 
tion system. Only line-to-ground fault 
currents are calculated because the proce- 
dure for calculating each of the different 
types of fault currents is the same. 

A one-line diagram of a hypothetical 
system is shown in the upper left-hand 
corner of Figure 3. The system is a 
multigrounded-neutral system, having a 
nominal voltage of 7,200/12,470 volts. 
It is supplied from a 33-kv transmission 
line through a bank of three 150-kva 
single-phase 33-kv to 7.2-kv transformers, 
each having an impedance of five per 
cent. The short-circuit kilovolt-amperes 
on the transmission line at the location 
of the substation is 20,000 kva. The 
problem is to determine the maximum 
and minimum fault currents at the points 
indicated on the diagram of the system. 

Using the proper formula from Table 
II, the source impedance is: 


2x (7,200)? 


be we 5iStehiy 
*~ 99,000,000 ee 


The substation impedance is 


5X (7,200)? 
YESS ral TENE I 
*”150X 100,000 Geiphms 


The total equivalent impedance of the 
source and substation referred to the 
distribution-system voltage is 22.5 ohms. 
Assuming the resistance component to 
be 0.20 times total equivalent impedance 
and the reactance component to be 0.98 
times the total equivalent impedance, 
the total resistance to the load side of the 
substation is 4.5 ohms and the total 
reactance is 22.1 ohms which are the 
values used for the starting point on the 
current diagram for maximum fault 
current. Assuming a 40-ohm fault re- 


sistance, the starting point for minimum 


fault currents is 44.5 ohms resistance 
and 22.1 ohms reactance. 


Data for Illustrative Example 


Miles From 
Preceding Point 


Point Substation station 
Substation yates eae tee tees 
WAU is Bces. Shea Substation), i. e.ce.ciseas LS tes toc 
US thie Wins, Soe ete AR ltcihs, «Rota: ae aed TM cette baat 
CRAG cha se co Aliens Se Mee LOG Mccseteiensts 
DLS MeFi vhs: tuelis Griiccoe «dared eames Dic Cee eee 
Tbiesiseths ss Neen A aah DAR, site he tee.teore celts LG i Soe arene ge 
FEA Tah leyeeras ea Bo ccxyresedetat oe ret Oi Pe Shh ae 
(C7 A ee a Ye RNC Wis 86g ta Skis ol Seas 
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ee eee ee 
Maximum Minimum 


Previous Point on Copper Conductivity Line-to-Ground Line-to-Gro 
on Line Toward Line Toward Sub- Size—Section From Fault Current, sea 


Fault Current, 


Previous Point Amperes Amperes 
ete fe-gun eiuealnt sie incoeyd deeb 320... dicen 4D 
eit Ae eRe vedere yep ne lags O S's he ee OL 
wore Gia or gree atone el LOPE wee ena 
Sask ora Gis) seh iytatodedotatotss els) 9.8 atlas bic ae a OO 
ane Ras Boal beanie ital nde COL Mae ae ee ee 
cust Sete seule Gia eke acnacckel” Tone cee oe eee MDD 
Lee Oe ae eS dk OO a ete ea 
1 eet 8B cactayn SiGe deri U4 Ze ee 26 
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The distance between the points on 
the system at which fault-current values 
are desired and the copper equivalent- 
conductor size in each section are given 
in Table III. The graphical calculation 
of the fault currents is shown on the cur- 
rent diagram in Figure 3 and the fault 
current values are tabulated in Table III. 


Alternate Design for Line 
Mileage Scales 


There is an alternate design for the 
line-mileage scales which some engineers 
may prefer to use. Instead of putting 
the mileage scales on the current dia- 
grams, a right triangle similar to a draft- 
ing triangle can be constructed for each 
line-mileage scale. A separate triangle is 
necessary for each conductor size and for 
each type of fault. The triangles should 
be designed as described previously for de- 
signing the line-mileage scales on the 
current diagrams with the hypotenuse of 
each triangle calibrated in miles. These 
triangles can be used directly on the 
current diagram to draw lines between 
points at the proper slope and to lay 
off mileage distances between points: 


Change in Source or Substation 
Impedance 


If the source or substation impedance 
is changed, as in the case of installing 
additional generating capacity or install- 
ing larger transformers in the distribution 
substation, it is easy to determine the 
new fault currents on the distribution 
system, if a fault-current study of the 
system has been previously made by the 


Figure 2. Typical 7,200-volt current diagram 
with line-mileage scales for calculating three- 
phase fault currents 
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graphical method. It is necessary to 
calculate the new equivalent resistance 
and reactance up to the beginning of the 
distribution system and locate the new 
starting points on a current diagram. 
Lay the new current diagram over the 
old current diagram and line up the 
starting points. Then trace the old 
fault current points and lines between 
the points onto the new current dia- 
gram. The new fault current values 
can then be read from the new current dia- 
gram. 


Conclusion 


The accuracy desired depends largely 
upon the scale chosen for designing the 
current diagrams. It is believed that 
sufficient accuracy can be obtained if the 
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Figure 3. Illustrative example showing one- . 

line diagram of a 7,200/12,470-volt system 

and graphical calculation of line-to-ground 
fault currents 


Calculations above the current scale are for 
maximum fault currents and calculations below 
the current scale are for minimum fault cur- 
rents. Refer to Table Ill for other data 


diagrams are prepared on standard 111/2- 
by-17-inch graph paper calibrated ten to 
the inch. A scale of one-half inch equals 
ten ohms can be used. If the system 
consists mainly of conductor sizes larger 
than number 4 copper equivalent, it, is 
recommended that a scale of one inch 
equals ten ohms be used. 

Separate current diagrams should be 
used for each substation. In cases where 
the distribution system is large and there 
are a large number of locations on the © 
system where it is desired to know the 
fault currents, it is suggested that sepa- 
rate current diagrams be used for each 
one of the main feeder lines, in order to 
prevent confusion which may result from 
too many points on the same current dia- 
gram. : 

When the fault currents on a system 
have been calculated by the graphical 
method, the current diagrams will prove 
to be valuable in the operation of the 
system. Each current diagram gives a 
visual picture of fault current conditions 
at any location on the system. 
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Simulated-High-Altitude Testing of 
Aircraft Ignition Cables and Connectors 


H. H. RACE 


FELLOW AIEE 


ROGRESS in flying to ever in- 

creasing altitudes has brought with 
it a host of problems of which none have 
been more urgent than those involving 
the distribution of magneto energy to 
the aircraft spark plug. Highly stressed 
even under more favorable conditions, 
conventional cables and connectors have 
exhibited failures in high-altitude opera- 
tion whose origin called for prompt study 
and correction. This paper describes 
an investigation of these causes using a 
simulated high-voltage high-temperature 
high-altitude tester and presents several 
means by which the life of the ignition 
system may be appreciably extended. 


The Problems , 


1. ARC-OVER AT CONNECTORS 


In order to fly aircraft with high- 
voltage ignition systems to altitudes 
greater than about 30,000 feet, one of 
the technical problems which must be 
solved is the prevention of arc-over at 
any point in the ignition system, since 
such arc-overs prevent the plugs from 

} firing. The conventional ignition system 
is assembled with at least three com- 
ponents—magneto, ignition wire, and 
spark plug—with detachable connectors 
between them. In general these connec- 

tors are not gas tight so that any spaces 
not filled with solid dielectric contain air 
at a pressure determined by the alti- 
tude. The effect of this is illustrated 
in Figure 1 by curve 1 which shows how 

___. the arc-over voltage of a number of types 

of connectors decreases as the air pressure 
is decreased to simulate high altitude. 

This effect represents an inherent limita- 

tion of the conventional high voltage 
ignition system. 

The engine manufacturers have stated 
that the maximum voltage which may be 
_- required at the plug for the most severe 

conditions of engine operation is of the 
order of 12.7 kv peak. Figure 1 shows 
that this voltage cannot be obtained 

‘ with conventional connectors above 20,- 
000 to 25,000 feet altitude. However, if 

_. the engine requires only nine kv peak, 

standard connectors will not arc-over up 
to 40,000 feet. 


_ Paper 45-5, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
April 12, 1944; made available for printing Novem- 
ber 3, 1944. 


_ H.H. Race is research engineer, General Electric 
e Company, Schenectady, N. Y., and A. M. Ross, 

JR., is chemist in the works laboratory of the same 
_ company at Bridgeport, Conn. 
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Apart from temporarily reducing the 
available voltage to the spark plugs, 
intermittent high-altitude arc-overs may 
cause serious and permanent deteriora- 
tion of connectors and cable ends by 
tracking, a type of failure which is not 
remedied by descent to lower altitudes. 


2. THERMAL DETERIORATION OF CABLE 
INSULATION 


If conditions are such that arc-overs 
do not occur, then deterioration of the 
ignition-cable insulation is the next most 
serious cause of failure. 

To minimize radio interference the 
ignition cables must be completely en- 
cased in a metal shield (called the har- 
ness) from the distributor to the spark 
plug. Figure 2 shows a conventional 
spark-plug connection, at which point 
the highest temperatures are reached. 

Engine manufacturers have stated 
that the temperature at the bottom of 
the spark plug well may be as high as 
400 degrees Fahrenheit and in the elbow 
between 250 and 350 degrees Fahrenheit. 
Accelerated chemical decomposition at 
these temperatures causes deterioration 
of all conventional organic insulation, 
However, since there are large differences 
in the rates of oxidative and thermal 
decomposition. among available rubber- 
like insulating materials, a proper choice 
of cable insulation and sheath materials 
is very important. 


3. CORONA CUTTING OF CABLE 
INSULATION 


A third factor contributing to the de- 
terioration and failure of the ignition 
cable insulation is corona, which occurs 
in all electrically stressed gas spaces of the 
system, its intensity varying with the 
altitude. - Conventional ignition cable 


| (see Figure 3A) is supplied with a lacquer 


coating to protect the insulation from at- 
tack, but mechanical damage to this may 
result in corona cutting of the underlying 
rubber insulation. Moreover, since they 
exist in the region of maximum voltage 
stress, voids between the ignition-cable 
conductor and its insulation will give rise 
to intensely destructive corona and sub- 
sequent puncture. 


4. WATER-VAPOR CONDENSATION 


Any portion of the ignition, system 
which is open to the atmosphere is sus- 
ceptible to the condensation of moisture 
during changes in pressure, tempera- 


ture, and humidity of the surrounding air, 


If this water condenses on a possible arc- 
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‘ae ate only—O . s 


over or creepage path of the insulation, 
as in connectors or spark-plug wells, the 
arc-over voltage will be greatly reduced. 


Possible Solutions 
SUPERCHARGING (TO CorREcT 1, 3, AND 4) 


Although arc-over, corona, and en- 
trance of moisture could be eliminated 
by supercharging the entire ignition 
system, this is not desirable if other solu- 
tions can be found because of the large 
supercharger capacity required and the 
likelihood of leaks or mechanical damage 
at any one of the many connections. A 
single break would destroy the high- 
altitude performance of the entire sys- 
tem. Furthermore, supercharging the 
harness appears unnecessary because of 
other possibilities listed below. 


FILLING OF ManrFotp (To Correct 3 
AND 4) 


Complete and permanent filling of the 
harness manifold with a void-free di- 
electric will eliminate corona and moisture 
difficulties. This has been made possible 
by the development of polymerizable 
liquids suitable for impregnating com- . 
pletely wired manifolds. One of these is 
at first sufficiently fluid to permit ready 
vacuum filling, and is converted by a 
brief bake at moderate temperatures to 
a soft elastic infusible gel of excellent 
electrical properties. Several thousand 
units of one make of this type have been 
put in service with no failures of mani- 
fold cables as yet reported. 


FILLING OF DETACHABLE LEADS (TO 
CORRECT 3 AND 4) 


Similarly, improved leads (from mani- 
fold to spark plug) have been developed. ’ 
These are detachable from the manifold 
proper and carry an ignition cable and { 
connectors completely molded into a 
Neoprene-filled flexible shielding con- | 


ARC-OVER VOLTAGE 


OF lOn< 20) F* 301 146us 50) aeeOMTO 
EQUIVALENT ALTITUDE —FT x10? 
Figure 1. A\rc-over voltage versus altitude 
for several spark-plug-connector assemblies— _ 
short-time tests ies san 


Mycalex sleeve only—+ Chg 
2—Mycalex sleeve—-+short grommet ‘ 
3—Short ceramic sleeve—+long grommet _ 


ELECTRICAL ENGINEERING ‘ i 


‘ . ev 
Py * ird i> 


duit. Tests are described in the section 


“Experimental—Results on Standard Cy- 
cle.”’ ‘ 


FILLING oF ConNEcTORS (TO CorrREcT 1, 
3, AND 4) 


By filfing all spaces in the spark-plug 
well and connector with a plastic semi- 
solid dielectric, arc-over may be made 
more difficult even at high altitudes. 
A compound of suitable electrical char- 
acteristics and excellent heat stability 
has recently been made. available for 
this purpose. 


INORGANIC TERMINAL SLEEVES 
(To CorREcT 1 AND 2) 


Until recently organic terminal sleeves 
have been generally used. These have 
very poor arc resistance so that if arc- 
over of appreciable intensity occurs the 
insulation becomes carbonized and is 
permanently destroyed. Recently in- 
organic terminal sleeves made from 
porcelain and Mycalex have been intro- 
duced. These do not change the arc-over 
characteristic of an open assembly at 
high altitude (see Figure 1), but the 
inorganic materials are not damaged by 
this arcing and will function satisfactorily 
again below the critical arc-over altitude. 
Another very important characteristic 
is that these inorganic materials do not 
deteriorate with time at the high tem- 
peratures existing in spark-plug wells. 


NEOPRENE SEALING GROMMETS 
(to Correct 1 and 4) 


Neoprene is a synthetic rubber of 
greatly enhanced resistance to corona and 
can be compounded to have excellent heat 
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Figure 2. Cross section of plug-elbow-ter- 
minal-cable assembly (seven-millimeter cable) 


Jagged lines denote possible paths of failure 


gasket material to seal connectors against 
water vapor from without or loss of pres- 
sure from within, thus improving the arc- 
over voltage characteristics of the sealed 
assembly as indicated in Figure 1, curves 
2 and 3. This advantage is not always 
retained permanently in service as will 
be brought out in the discussion of our 
experiments, but it is helpful within the 
expected life between necessary disassem- 
blies. 


INORGANIC ELBows (TO CoRRECT 2 AND 3) 


Solid spark-plug elbows have been made 


‘ resistance. It is, therefore, an excellent with Mycalex-insulated cores. These 
f Table | 
: Forty-Two Lacquered-Braid Cables 
[ 
fe ———— => 
Bi, 3 . Test Variations Sa Effect 

cs 
a F Operating conditions: 
A ime Voltagert c.. ss 3m 6 12.7 kv peak; three sources: 
2 2 (a). 60 cycle transformer 

(b). aircraft magneto =} ...sse seers No significant differences / 
(c). electronic interrupter 

eT COUNT (Ein Ae Sener 47,000 feet, constant (ten centimeters 
4 pressure) : ‘ 

a" 3.) ‘Temperature... ..-.. 270-400 F maximum (at plug elbow)....Longer life below 300 F; differences 

u slight above 300 F : 
YA, Cycling... eee cms Irregular or hourly, temperature only... .Most failures occur in first cooling period 
Components: 
ZA Tee Caples sa pire aele(se.2'6 All lacquered-braid: 
; 7 mm (2 types) } eS AeA Meee vs Te eed na No significant differences 
ey 5 mm (1 type) 


9/1, inch Mycalex 


2. Terminal sleeves. ...One inch Mycalex 
9/15 inch porcelain 


$. Spark PLUGS hes erteps 1 type aircraft plug** 
__ grommets were omitted: 


event plug from firing. 
bast nad , ele 


eV Sy nut? 


> sacs = 2 > t “Se 
5, VOLUME 64 | 


ee eae a int 
fhe) eI . ¥ um hg 


ise Eee ee No significant differences 


Be he a ak cet No significant differences* 


Pa shane oP sien Slight differences; type 7 has superior 


heat stability 


% _ *The necessity of having grommets to seal the connector was shown by four additional tests in which 
¢ y at 47,000 feet two assemblies failed at once; 
‘once, another lasted 1.7 hours. These tests are not jncluded in Figure 10, curve 1. 


g electrodes were spread and 400 pounds pressure of nitrogen was admitted to electrode chamber to 


at 35,000 feet one failed at 


Race, Ross—Simulated-High-A ltitude Testing 


accomplish the desirable result that no 
organic material be located in the high 
temperature region of the spark-plug 
well, 


COMPOSITE ‘TERMINALS 
1, 2, 3, AND 4) 


A neoprene boot of one millimeter 
wall-thickness, approximately the length 
of the elbow, is slipped over the end of 
five-millimeter cables to adapt them to 
seven-millimeter connector assemblies. 
During the course of our investigation 
a new terminal was developed in which 
the neoprene adapter-boot, a neoprene 
grommet, and a Mycalex terminal sleeve 
were tnolded integrally with the addition 
of a molded-in copper ring for the gasket- 
ing surface. This is a marked improve- 
ment and will be discussed in detail in 
connection with our test results. 


(TO CORRECT 


IMPROVED IGNITION CABLES (TO CORRECT 
1, 2, 3, AND 4) 


This major improvement will be dis- 
cussed in detail. The simulated flight 
tester, to be described, has very clearly. 
demonstrated the superiority of the new 
constructions. 


‘Simulated Altitude Testing— 


Apparatus and Procedures 
The urgency of the problem of deter- 


mining the causes of cable and connector 
failures and of developing improved as- 
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RUBBER OR 
SYNTHETIC INSULATION 


STRANDED CONDUCTOR 


CEMENTS (CEMENTED) ; 
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(B) 
Figure 3. Conventional lacquered-braid igni- 
tion cable (A) and improved high-altitude ig- 
nition cable (B) 


semblies required the adoption of a~ 


laboratory apparatus for reproducing, in 


at least some of its essential respects, the — 


operation of an actual aircraft ignition 


system. This was not intended to replace — 


individual property tests on construction 


materials but rather to provide labora-_ 
tory information in advance of engine 


tests in the field. 


Essentially the test apparatus de- 


veloped consists of: a means of applying 


a controlled, pulsating voltage to a Si 
shielded cable-connector-spark-plug as- 


sembly, a means of heating the spark 


plug to a controlled temperature, and a 
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means for maintaining the system at a 
controlled external pressure. Early in 
our experimentation, it was noticed 
that certain types of assemblies failed 
more rapidly when the temperature and 
pressure were varied than they did under 
constant conditions. Repeated expan- 
sion and contraction caused leaks to 
develop after which electric discharges 
resulted in failure. Since fluctuation in 
these variables is characteristic of actual 
flight conditions a cyclic procedure was 
adopted and appropriate equipment in- 
stalled. 


STANDARD TEST CONDITIONS AND 
EQUIPMENT 


The original apparatus and procedures 
were varied during the course of the in- 
vestigation and eventually fixed in ac- 
cordance with discussions among the 
manufacturers of ignition cables at a 
meeting of the ignition-cable group of 
the technical advisory committee for 
aircraft cables, December 15, 1943. As 
finally selected these are: 


(a). Voltage: . 


1. Source. The construction of the electronic 
interrupter, designed by the Electric Autolite Com- 
pany, Port Huron, Mich., is shown in Figure 4 
and the wave shape of the pulse (as drawn from a 
cathode-ray oscilloscope) is exhibited in Figure 5 
in comparison with those produced by a 60-cycle 
transformer and an aircraft magneto, the other 
voltage sources tested. The pulse from this device 
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Figure 5. Wave shapes for three voltage 
sources sketched from high-voltage cathode- 
ray oscilloscope 


A—Sixty-cycle ignition transformer ~~ 
B—Thermionic interrupter 
C— Aircraft magneto 
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Figure 4. Circuit 
diagram for elec- 
tronic interrupter 
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is somewhat similar to that from the aircraft mag- 
neto but is higher in energy and would therefore 
be more destructive to partially failed specimens. 


2. Output. The output from the pulser is adjusted 
to 12.5 +0.5 kv peak at the start of the test and is 
permitted to fall as it will. A failure is considered 
to have occurred when the voltage falls to 5 kv 
peak, : 


(b). Pressure. The vacuum regulator is 
adjusted so that the minimum pressure 
reached is 10+0.5 centimeters of mercury. 


(c). Temperature. The input to the heat- 
ers is such as to raise the temperature of 
the spark plug (measured at the copper 
gasket) to 500+10 degrees Fahrenheit and 
the elbow (measured at its midpoint) to 
325 +5 degrees Fahrenheit, these being the 
maximum temperatures measured invacuo. 
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Figure 6. Block 

diagram of automatic 

cycling and record- 

ing simulated-high-. 

altitude-test equip- 
ment 
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TEMPERATURE 


SWITCH ene 
(20-POINT) PHOTO- 
ELECTRIC) 


yCAPACITANCE DIVIDER 


VOLTAGE 
RECORDER 


TUBE (PHOTO- 
VOLTMETER Re ELECTRIC) 


(d). Cycling. The following switching 
schedule is used: 
Time (Minutes) Heat Vacuum Voltage 
OL aaa cane = Ons. eee Oe soevacs On 
Pe oar rhe. montane ie Off 
SO a a ols, Bre goa tetera eee ree On 
120 So Putha ee Off 
ASG... cote Lote «aan, aes a Off 
ESO. agate Oates + OD chica a: On 


The nature of the equipment is well 
illustrated by our most recent setup. A 
simplified block diagram for this is given 
in Figure 6 which indicates its construc- 
tion and operation. It will be noted that 
the equipment is entirely automatic, 
the vacuum and heat cycling being con- 
trolled with an electric clock by cam- 
operated switches, and the voltage, tem- 
perature, and pressure being recorded 
automatically. .A special contact on 
the voltage recorder shuts down the 
equipment when the failure voltage (five 
kilovolts peak) is reached. 

Figures 7 and 8 are photographs of 
part of this equipment. In Figure 7 
the electronic interrupter can be seen 
in the right-hand corner of the cage. 
At the top is the capacitance divider 
from which crest voltage readings can ‘be 
taken on a vacuum-tube voltmeter.? 

The right-hand plate shows the spark 
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Figure 7. Laboratory installation showing 
two three-sample test units, high-voltage power 
supply, and capacitance divider 


plugs inserted in their blocks (with 
heaters removed). In order to prevent 
sparking these plugs have their outer 
electrodes machined back and a pressure 
of 20 pounds per square inch of nitrogen 
is applied to the block. On the left the 
bell jar is completely set up with cables 
and shields in place and heaters and 
thermocouples connected. 

Figure 8 exhibits the working bench, 
showing from right to left: 


1. Electronic relay, operated from contact 
on voltage recorder to shut down the entire 
‘set up at failure. 


‘Voltage recorder. 
Vacuum-tube voltmeter. 
Pressure recorder. 


Temperature recorder.’ 


Le aS 


- Motor-driven thermocouple transfer 
switch which scans each of 20 thermocouples 
every five minutes (12!/2 seconds reading, 
21/2 seconds in transit between couples). 


Voltage regulators, presssure regulator, 
heater-current adjustments, and so forth, 
are underneath this bench. 

An example of the voltage-temperature- 
pressure records produced by this equip- 
ment is given in Figure 9. 


EXAMINATION OF SAMPLES AFTER 
FAILURE 


It was found early in the investigation 
that failures may occur in several ways. 
The importance of making and recording 
“post-mortem” examinations in such a 
study cannot be overemphasized as a 
means of learning how and why failures 
occur. 

For convenience failures are grouped 
into four types: 


Type 1 represents arc-over or creepage fail- 
ure between the inside surface of the spark 
plug well and the outside surface of the 
terminal sleeve. 


Type 2 represents arc-over or creepage fail- 
ure between the inside surface of the ter- 
minal sleeve and the surface of the ignition 
cable. r 


Type 3 represents puncture of the cable ; 


under the gasket. 


Table II 


e Forty-Six Neoprene-Sheathed Cables 


—— 


a ; Test Variations Effect 
wot : 
a 
- Operating conditions: 
% EV OIALE eG ole ors 08) soierae 12.7 kv peak; electronic interrupter 
a WE PATCEUGES ait tesnt of oes 47,000 feet (ten centimeters pressure) 
ee Sie Temperature. fase aoe 350 F maximum (at plug elbow) 
rs eA eC VCllne. cn cic Le ...Hourly, heat only 
---—- Components: ~ +7 Sle 
SEKCADIES |, «er -t- i= ile ad a8 All neoprene-sheathed: 


ed ¥ Five mm (six types) 


Terminal sleeves......-- One inch Mycalex } 


Seven mm (eight types) 


sees 


<ceseseeeeseseees s+. Some types markedly superior 


Bei SrMereke chara oxslcge acetals No significant differences 


..No significant differences 


Grommets and boots*... 


Filling compounds....... None, or one of three types organic semisolid. . .No significant differences 
. Spark plugs**...........One type aircraft plug** eS Oe SRI a anesthe’ a oLaye ei eee 3 he eae 


“ae 
wh 


*One additional sample (not plotted) run without gfommet lasted 1.2 hours. 


ay **In the course of running this group the nitrogen pressure was reduced from 400 pounds to 25 pounds and 
the plug electrodes machined off to prevent firing. 
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Figure 8. Laboratory installation showing recording and control 
instruments 


Type 4 represents puncture of the cable 
anywhere back of the gasket. 


These failure types are illustrated in 
Figure 2. When the track or puncture 
is not visible, it can often be detected 
very readily by the use of a high-fre- 
quency spark coil (such as glass blowers 
use for detecting leaks in high-vacuum 
systems); the discharge from this travels 
visibly but harmlessly to any conducting 
path or puncture. 


Experimental—Early Results 


The major problem facing the investi- 
gation at its inception was the fixing of 
the many variables involved in test 
conditions and component parts of the 
simulated ignition assembly. The early 
results, all obtained before the standard 
cycling procedure was finally devised, 
fall naturally into two groups. 


LACQUERED-BRAID CABLES 


The first tests were made on conven- 
tional ignition cables of the construc- 
tion represented in Figure 3A. During 
this. group of runs many variations of 
procedure and assembly components 
were used. These are summarized in 
Table I and the results on test life are 


' plotted in Figure 10, curve 1. 


No lacquered-braid cable withstood 
more than 22 hours of this treatment, as 
Figure 10, curve 1, indicates. In general, 
the failed samples exhibited very close 
resemblance to samples which had failed 


in actual high-altitude engine tests, the . 


cotton braid being badly charred and 
the lacquer coating blistered and decom- 
posed in the high-temperature region of 
the plug well. It was evident that this 
decomposition was caused by tracking as 
much as by the externally applied heat. 


Of all failures, approximately 60 per cent 
were due to arc-over and tracking, and 


40 per cent to cable punctures. 


NEOPRENE-SHEATHED CABLES 


Because of the results summarized 


in Table I, subsequent experiments were 
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of the cotton braid, which, we have seen, 
is a notable source of tracking failures, 
either through moisture absorption or 
gradual. carbonization from arc-over or 
external heat. It is of interest in this 
connection that cables lacquered directly 
over the rubber insulation behave rather 
well on this test, one sample lasting 65 
hours. However, this construction is 
mechanically undesirable, the lacquer 
pulling loose from the rubber on bending 
or stretching. It would seem best to 
eliminate braids altogether, but this is 
not satisfactory for other reasons. In 
particular, a braid is required to. 
strengthen the cable against horizontal 
tension encountered in re-wiring harness. 
Seventeen samples of neoprene-sheathed 
cable without braid were tested with 
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Figure 9. . Pressure, temperature, and voltage producing expansion and contraction of 


‘records for automatically controlled simu- 
lated-high-altitude tester 
ihe 
run at constant voltage (12.7 kv peak) 
from a single source (electronic inter- 


rupter) and at constant altitude (47,000 
feet). The maximum temperature meas- 


the connector assemblies, is a severe test 
of the effectiveness of connector sealing. 
The neoprene-sheathed cables, though 


.varying from type to type, immediately 


exhibited their inherent superiority. The 
variables of operation during this second 
group of tests is summarized in Table II, 
and the results plotted in Figure 10, curve 


promising results on electrical life, but 
these are all subject to injury on pulling, 
the insulation tending to stretch loose 
from the core. The open-mesh glass — 
braid shown in Figure 3B appears to be 
the best compromise. 

In the second place, the inherent heat 
and ozone resistance of the best quality 


neoprene sheaths exhibits itself to ad- \ 
_ vantage in this set of tests. 

Finally, the construction of this cable 
is better suited to proper sealing of the 
spark-plug well. The open-mesh glass 
braid is well imbedded in the insulation 
during the vulcanization process and in 
some makes was found to be thoroughly 
sealed. 

Other matters, for example the prob- 
lem of sealing the insulation to the con- — 
ductor to prevent internal voids and con- 
sequent corona, are common to both 


OM ured at the elbow was set at 350 degrees 2. Most of the cables conform to the 
_ Fahrenheit and a time switch installed to construction pictured in Figure 3B. 

turn the heaters on for one hour then off The superiority of the neoprene- 
_ for an hour continuously. This cycling, sheathed cables, exhibited strikingly in 


‘a Figure 10. Test life of lacquered-braid and neoprene-sheathed cables—early results 


Curves 1: 
©—Lacquer - braid 
arc-over failures (24) 
@—Lacquer - braid 
cable failures (18) 
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Figure 12. Test life of five-millimeter lac- 
quered-braid cables 


Standard cycling procedure 


inferior ignition assemblies which re- 
semble those found in actual operation; 
that the electronic interrupter used is a 
satisfactory substitute for the aircraft 
magneto (which would require excessive 
servicing for continuous laboratory opera- 
tion); and that cycling of temperature 
is essential in reproducing one of the 
drastic conditions of aircraft operation. 
Although there are marked differences 
between different makes, a good neoprene- 
sheathed cable should outlive the best 
lacquered-braid cable by a large margin. 
Sealing of the connector by some type of 
grommet is essential, and there is room 
for considerable improvement in the 
effective life of available grommets. This 
is demonstrated by the wide scattering 
of arc-over failures (types 1 and 2) ex- 
hibited in Figure 10. The nature of this 
sealing compound or its absence seems to 
be secondary to the effectiveness of the 


seal and more or less independent of it | 


(the two best assemblies using neoprene- 
sheathed cable had no filling compound). 
All terminal sleeves tested were inorganic, 
and no differences could be demon- 
It was 
noticed, incidentally, that many spark 
plugs were found to leak air at the con- 


clusion of the test period. This is said, 


however, not to occur very frequently 
in actual operation. 


Experimental—Results on Standard 
Cycle 


- Composite TERMINALS 


The experiments previously discussed 
have demonstrated that with all types 
of available connector assemblies the 


majority of failures are caused by arc- 
To eliminate the 


for five-millimeter cables in which the 


p peeaortene adapter boot, the grommet, 


rand, the cals, terminal sleeve were 


St 


molded integrally, the boot being firmly 
bonded to the interior of the inorganic 
sleeve. Later this was improved by 
including a copper-ring washer molded 
into the grommet to give better electrical 
contact (for better radio shielding) and 
to relieve the soft neoprene grommet of 
abuse caused by cycling of temperature 
or by removing and replacing the con- 
nector incidental to inspection and serv- 
ice. This improved design is shown in 
Figure 11 in comparison with three other 
types of connector assembly. As sub- 
sequent data demonstrate, it materially 
reduces the number of arc-over failures. 


Five-MILLIMETER CABLES 


Both lacquered-braid and neoprene- 
sheathed types were tested according 


CABLE FAILURES 
@ARC-OVER FAILURES 


10 20 50 100 200 500 
HOURS ON TEST (LOG SCALE) 


PERCENT OF SAMPLES STILL GOOD AT 
SPECIFIED TIME (PROBABILITY SCALE) 


Figure 14. Distribution plots—test life of 
five-millimeter lacquered-braid and neoprene- 
sheathed cables with composite terminals 


4—Lacquer-braid cables 
9—Neoprene-sheath cables 
@©—Cable failures 
@—Arc-over failures 


to the standard cycling procedure, using 
four different types of terminal: 


(a). Standard adapter boot plus grommet 
(Figure 11A and B). . 


(0). Boot and genie molded integrally 
(Figure 11C). 


(c). Composite terminal. 


(d). Composite terminal with copper gas- 


ket (Figure 11D). 


I vany 1 1945, Vorume 64 3 Race, Ross—Simulated-High -Altitude Testing 


-— Ss onnece TERMINAL 


= is 
INTEGRAL BOOT 
or @) AND GROMMET 


ee es | ¢r:! 


COMPOSITE 
TERMINAL 
NO. 


H@ COMPOSITE 
TERM. NO.3 


Figure 13. Test life of five-millimeter neo- 
prene-sheathed cables 


Standard cycling procedure 


The results of the tests for lacquered- 
braid cables are given in Figure 12 and 
for neoprene-sheathed cables in Figure 13. 

In these charts the length of each bar 
is proportional to the logarithm of the 
test life for the sample numbered in the 
left-hand column. The type of failure is 
indicated by a number at the end of the 
bar, these having the same significance 
as the failure types indicated in Figure 2. 
Type P represents a spark-plug failure. 

In several of these assemblies, it was 
possible to continue testing after a spark- 
plug failure by replacing the defective 
plug, and after a type 1 failure by clean- 
ing the terminal sleeve and plug well and 
renewing the filling compound. Tests 
marked ‘‘cracked terminal’’ were made 


with defective experimental terminals 


and actually failed by tracking along a 
crack in the Mycalex sleeve. 
The superiority of the mneoprene- 


"sheathed cables is indicated by examina- _ 


tion of Figures 12 and 13, and there is a 
striking improvement of the lacquered- 


braid cables when made up with com- 


posite terminals. A comparison of neo- 
prene-sheathed and 
cables assembled with composite termi- 


nals may be made by plotting the life — . 


times of all samples tested to com- 


pletion (omitting those which failed — 


because of cracked terminals) as in Figure 
14, The two curves are linear and paral- 
lel.so that their displacement (0.52 log 
units) permits us to say that the life ex- 


pectancy of a neoprene-sheathed cable is _ 


approximately 31/; times that of a 
lacquered- braid cable under these condi- 
tions. 


SpveNn-MILLIMETER CABLES 
The results of 18 tests on seven-milli- 


meter cables (which are too large in cross _ 


section to permit the use of boots or com- 
*posite terminals) give an equally favor- 
able comparison for neoprene-sheathed 


cables as against lacquered-braid cables. 


\ 


| 


lacquered-braid 
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Aircraft Illumination: 


W. W. DAVIES 


NONMEMBER AIEE 


ENERALLY little use is found for 
auxiliary lighting during daytime 
operation of aircraft, as the daylight is all 
that is necessary for adequate lighting 
of the cabin, cockpit, and landing and 
take-off fields. Artificial light may be 
required in order to perform successfully 
the duties of aircraft operation during 
about 60 per cent of the 24-hour period. 
Though normal daylight may. be effective 
for more than 50 per cent of the day 
throughout the year, actually artificial 
lighting is required at the dawn and dusk 
periods inasmuch as the normal amount 
of daylight is not adequate. It is ob- 
vious of course that it is highly impracti- 
cal to provide over-all lighting to dupli- 
cate daylight. Therefore, localized arti- 
ficial lighting is the best approach to the 
problem. With proper -illumination in 
the cockpit, however, normal operating 
conditions are carried out equivalent to 
those of daylight hours. Artificial light- 
ing is definitely needed so that all func- 
tions can be accomplished without delay 
during the hours of darkness. 
When the air-transport industry was 
in its infancy, night operation was a 


Paper 45-6, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 22-26, 1945. Manuscript submitted June 1, 
1944; made available for printing November 4, 
1944, 


' W. W.- Davies is research engineer, United Air 


Lines, Inc., Municipal Airport, Chicago, III. 

The author is indebted to W. J. Addems, director 
of flight operations, and to R. D. Kelly, superin- 
tendent of engineering development, both of United 
Air Lines, Inc., for their time and help given in the 
preparation of this paper. 


The majority of the failures (12 out of 15) 


‘were arc-over types but four of the neo- 


prene-sheathed assemblies had not failed 
after 400 hours and two were still running 
after 500 hours of test. The longest- 


lived lacquered-braid cable ran 92.2 


hours. 
FIttep LEADS 


Twelve sets of this type were tested 
according to the standard procedure. 
One group of six gave entirely arc-over 
failures between 23.5 and 84.0 hours. 
Another group of three (with other ter- 
minal assemblies) had excellent test 
lives, one failing by puncture after 252 
hours, the other two still running at 675 


hours when the test was discontinued. 


Only one short-time puncture (37.7 


__ hours) was encountered. Evidently with - 


suitable terminal fittings these leads 
have considerable promise. 


j 
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thing talked about but not accomplished 
On the early airplanes landing lights or 
cabin lighting were not installed. It is 
interesting to look back at some of the 
early history. In several of the periodi- 
cals of the early days much was made of 
the night-flying experiments of the 
air mail. 

An early attempt at night flying was 
made between Cheyenne and Chicago 
in 1921 by pilot Jack Knight of the air- 
mail service. The first night-flying sec- 
tion of the air mail was set up in 1923 
in order to complete a regular coast-to- 
coast operation without interruption for 
darkness. The night route was between 
Chicago and Cheyenne. It is interesting 
to note that much is made in the histori- 
cal records of the fact that Air-Mail 
Pilot H. T. Lewis spent considerable time 
with General Electric Company engi- 
neers devising and producing a new and 
satisfactory type of ‘wing headlight’’ 
(which was carried on the tip of the air- 
plane wing) for the use of airplanes about 
to make a landing at night. Of further 
interest, in 1926 one of the highlights of 
one manufacturer’s description of the 
characteristics of his craft was that it was 
“complete with night-flying equipment 
including landing lights, running lights, 
(iene eae ; 

Even of cabin lighting we find little use 
in the early days. An interesting adver- 
tisement of an airplane in the early 20’s 
advised that, “the cabin is an inclosed 
limousine body fitted up luxuriously with 
individual chairs, a spacious aisle, ‘dome 


lighting,’ curved windows of celluloid, 
etc.” Today, of course, to most of us an 
airplane is not complete unless it has the 
full complement of running lights, land- 
ing lights, cockpit, and cabin lighting. 

For the purpose of this paper, general 
aircraft illumination will be considered 
under the following main headings: 


Flight operations 
Landing lights. 
Navigation lights. 


Cockpit 
Instruments. 
Over-all. 


Cabin 
Passenger comfort. 
Attendant service. 


Ground servicing 

Loading and unloading—passengers 
and cargo. 

Aircraft servicing. 
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Figure 1. Present nose landing lights 


Conclusions 


The simulated-altitude test, equip- 
ment is a means for reproducing certain 
aspects of actual flight conditions. In 
this way it has exposed weaknesses in 


cables and connector assemblies which 


might not otherwise have been so readily 
understood or remedied. It has shown 
the necessity for sealing spark-plug wells 
and has led to an improved terminal 
construction. The superiority of neo- 
prene-sheathed over lacquered-braid ig- 
nition cables has been amply demon- 
strated. 

Even for the best types of assembly 
prepared so far,the variability of results 
is great (roughly a ten-to-one ratio in 
test life), and this indicates a need for 
new insulating and gasketing materials 


and for improved design of component 


parts. 


Davies—Aircraft Illumination 


The simulated-altitude test is not a 
substitute for regular specification test- 
ing for acceptance or manufacturing con- 
trol, but, rather, a useful adjunct to them. 
However, its most valuable function is to 
give information on newly designed 
assemblies in advance of actual engine 
tests. 


The development of new insulat- 


ing materials or of new cable or connector 
constructions can certainly be accelerated 


through its use. 
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Flight Operation 


LANDING LIGHTS 


The present functions of the landing 
lights are: 


(a). To aid the performance of the landing 
by lighting the immediate landing path for 
the pilot. 


(b). To identify the airplane in the 
maneuver and approach by means of the 
lighted landing lights. These are turned on 
several miles from the field to avoid col- 
lision with other aircraft. 


Landing lights generally have been 
positioned in either the nose or the wing. 
Although the positioning of the lights 


B-B 

EFFECT WHEN LINE 
OF VISION. IS ACROSS 
LIGHT BEAM IN SNOW 
OR RAIN CONDITION 


VISION 


Figure 2. Present wing landing lights 


in the nose satisfies both of the afore- 
mentioned desired functions, there is a 
definite objection to their use in fog, or 
snow, orrain. The light is reflected from 
the individual particles and in effect de- 
tracts from what can be seen through 
the beam, that is, when one is looking 
directly down the beam or “tunnel of 
light.” See Figure 1. This is very un- 
desirable, and the author knows of no 
satisfactory solution which is immedi- 
ately available. Actually, in many cases 
an approach has been made in bad 
weather conditions, and the pilot has been 
able to see a good portion of the sur- 
rounding obstructions and outline of the 
major objects about the field with the 
lights off. However, as soon as the 
lights have been snapped on, he is un- 
able to see more than a few feet beyond 
the airplane. It has been found, how- 


_ever, that this condition can be improved 


materially when the lights are located in 


the wing some distance outboard from 


the fuselage. This can be explained best 


by reference to Figure 2. When the pilot 


is making the landing, if the left landing 


light is shut off, he in effect looks through 
and not down the opposite beam of light 
and does not get the direct reflection of 
light upon the particles of snow, fog, or 


rain. By passing the line of vision then, 


across the light beam, the runway and 


difficulty than when one is looking 
straight down a “‘tunnel of light’”’ which 
normally would be formed by the nose 
lights. 

Experience has indicated that prob- 
ably the best direction for the beams of 
wing landing lights is as shown in Figure 
2, that is, with the left landing light, or 
pilot’s light, pointing ahead so that light 
is best for the pilot, and the right landing 
light, or copilot’s light, converging on the 
same spot. The main advantage of this 
is to protect the pilot’s vision for all 
conditions of the operation. As example, 
in the event of a failure of either light, 
the lighted portion of the runway would 
be the same in either case. It is appre- 
ciated, however, that this is a compromise 
condition as this is an undesirable situa- 
tion from the standpoint of the copilot. 
Several cases have been encountered, 
however, of lights burning out at the time 
of landing, and some protection must be 
given. One possibility is to direct both 
lights as shown in Figure 3 giving a 
wider spot on the runway; giving good 


VISION 


Figure 3. Proposed wing fending lights (with 
lamp burnout protection) 


r 


landing light for both the pilot’s and co- 
pilot’s position; and incorporating within 
each landing light an automatic lamp 
changer of the type that is used in airway 
beacons at the present time. The unit 
could be such that it incorporates two 
lamps located on a rotary device, so that 
at the time one lamp would give out a 
control circuit would be closed auto- 


matically, actuating the device and swing- 


ing the second lamp into position. 
United Air Lines has felt for some time 
that the use of a sealed-beam-type 


Janding light would afford some major 


benefit and have suggested this to the 
Civil Aeronautics Authority for further 
study. At the present time with the 
normal filament and parabolic reflector it 
is difficult to obtain a sharp cutoff or 


channel of light, as there is considerable 


dispersion around the outside of the 
beam of light. Channeling could be 
accomplished, of course, by the means of 
a long cylinder projecting forward from 


the landing light, but this is impractical. 
The engineering section of United Air 
Lines has conducted some tests using a 
grid close to the lens of the light itself, 
with the grid surface blackened to prevent 
reflection and thus limit the dispersion. 
The grid used in this manner channels 
the light so that the beam itself has a 
sharp cutoff and projects directly to the 
place to be illuminated. There are cases, 
however, where dispersed light or a 
general over-all effect may be desirable. 
By utilizing the sealed-beam principle 
the two filaments could be placed in the 
landing light where one could be used with 
a grid or some similar unit for positive 
channeling, and the other used as a dis- 
persed light. These could be controlled 
individually from the cockpit so that the 
pilot could choose between a sharp chan- 
neled light for both landing lights or a 
dispersed one, or could have one landing 
light with the positive channel beam 
and the other with a dispersed light. 
Intensity of illumination of the present 
landing lights probably has been ade- 
quate in the past. However, with in- 
creased operation both in terms of volume 
and number of aircraft coming into an 
airport, and with the possibility of im- 
proved landing equipment permitting 
operation in more inclement weather, 
considerable comment has been expressed 
as to the need of landing lights with 
greater intensity. The author cannot 


Figure 4. Positive ribbon lighting for airport 
runway 


agree with this statement in its entirety. 
Discussions with many pilots have indi- 
cated that the need for additional illu- 
mination for the landing operation is 
required simply because there is a lack 
of adequate illumination on the ground. — 
Therefore, it appears that a better solu-, 
tion would be found by completely light- 
ing up the runway so that it glowed as a 
ribbon with no reflections. The general 
characteristics of the landing lights with 
respect to intensity, then, could remain 
as they areat the present. See Figure 4. 
This would eliminate the need of carry- 
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ing added weight in the form of addi- 
tional electric power and larger landing 
lights aboard the aircraft. 

Rotating-type landing lights or landing 
lights that may be swung fore and aft 
as the means of locating the light just 
where it is desired have been suggested 
and used. Although there may be some 
advantage in some special operations or 
conditions for such a light, it is believed 
there is one major disadvantage as com- 
pared to the stationary type. With the 
stationary landing lights, which are al- 
ways in the same position with respect to 
the airplane, a pilot in landing can judge 
his distance above the ground and in 
effect get a rough measure of the attitude 
of his airplane to aid him in making the 
landing, With the rotatable light, un- 
less it is stopped at the same place all of 
the time, he can establish no definite 
relationship between the light spot on the 
runway and the airplane. 

Suggestions have been made that a 
taxi light, that is, a light essentially in the 
fuselage or in the wing that would illu- 
minate objects on either side of the air- 
plane would be desirable. One thought 
advanced was to incorporate additional 
elements in the main landing light which 
could be designed to act as a taxi light 
and could be controlled individually 
from the cockpit. Although in prin- 
ciple this may be a good idea, it still 
appears that the sounder approach would. 
be to illuminate all of the objects on the 
ground at the airport, and keep as much 
lighting equipment out of the airplane 
as possible. 


NAVIGATION LicGHTS 


At the present time all commercial 
aircraft incorporate standard wing-tip 
lights and taillights. Further, what 
might have been termed ‘‘safety lights” 
have been added and incorporated with 
the existing running or navigation lights. 
This includes the addition of one tail- 


light, one belly light, and one top light. 
All of these lights are actuated with a 
mechanism which causes them to flash 
on and off at frequent intervals. They 
were installed primarily for the purpose 
of identity and recognition in order to 
avoid possible collisions, and, although 
they have been fraternally referred to as 
““Christmas-tree”’ lights, it is the opinion 
of the author that they serve a very defi- 
nite useful purpose and contribute 
considerably to the safety of night flying. 
Reference to Figure 5 shows the general 
characteristics of the running lights on 
the average commercial transport. 

The actual value of the flashing lights 
is to avoid collision, and their real use 
comes in contact flying and slight over- 
cast conditions, particularly in a heavily 
trafficked area about an airport. In 
instrument weather aircraft normally are 
controlled at greater distances from each 
other, and the flashing lights are not so 
much needed then. Actually no equip- 
ment is available to make such lights 
capable of penetrating overcast condi- 
tions. 

The wing-tip lights give satisfactory 
identification for an airplane when one is 
approaching it from the front. At 


present, however, they do not give very . 


good coverage to the three quarters 
rear. This is a condition that warrants 
improvement. Flashing taillights, how- 
ever, do give a very reasonable indication 
of the presence of an aircraft to any one 
approaching from behind. One sugges- 
tion has been made, however, that, if a 
standard spacing were made between 
the white light and the red light on the 
tail, by constant use pilots soon would 
become accustomed to judging the dis- 
tance they were away from an airplane 
by the apparent relationship of the two 
lights; that is, if the lights appeared to 
be very close together, they would know 
they were a far distance apart; and, con- 
trary, if the lights were a considerable 


distance apart, they would know they 
were close upon the heels of another craft. 
This may have an advantage in forma- 
tion flying, but it does not appear that 
approach and landing operations would 
be scheduled so closely as to warrant such 
an installation. In addition the use of 
single, twin, and triple rudders might 
confuse the establishment of a reason- 
ably standard distance between lights. 

One objection to the flashing lights has 
been the effect in mist or overcast. When 
the airplane is being operated in an 
overcast condition with the belly and top 
lights flashing, there is intermittent 
light and darkness in the cockpit and 
cabin, due to the reflection of the flash- 
ing light on the overcast. This, of course, 
is not all that might be desired. Some 
scheme similar to that shown in Figure 6 
might be adopted. Elimination of the 
belly and top lights and redesign of tip 
lights and taillights with the flashing 
principle still retained’ would give ade- 
quate coverage, so that the lights could be 
seen from all angles by approaching air- 
craft, and yet would keep the glow effect 
in an overcast condition far enough 
away so that it would not affect too 
greatly the cabin or cockpit. 


Cockpit 


Lighting of the cockpit may. be con- 
sidered under two major classifications. 


GENERAL OR GROUND CHECK 


There is a general need for over-all 
illumination of the cockpit primarily for 
use in checking the controls and the 
instruments prior to takeoff and after 
landing. There may be some use for 
general over-all lighting in en-route 
operation, but it is infrequent, and its 
prime use will be prior to actual flight. 
It is important that the installation of 
over-all lighting satisfy the full sense 


of the definition, that is, illuminate ade_ 
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quately every portion of the cockpit 


‘where any controls, knobs, dials, instru- 


ments, or equipment of similar nature 
are located. Present cockpits have lights 
located at various points which, although 
they may give adequate light within a 
short distance of the source, do not give 
the necessary amount of light to another 
section of the cockpit that might well 
justify a minute inspection prior to opera- 
tion of the aircraft. Further, there is a 
certain amount of paper work in the form 
of charts, records, and logs which the 
crew must fill in or refer to, and adequate 
light must be available for this purpose. 


EN-ROUTE OPERATION 


In en-route operation there are two 
considerations, namely: 


(a). Adequate lighting of the instruments 
at all times. 

(b). Auxiliary or spot lighting for the pur- 
pose of recording data, reading charts, or 
plotting of the course by either the pilot or 
copilot. 


With respect to instrument lighting, it 
is very definitely desired that some form 
of indirect lighting of the instruments be 
accomplished. At present, with the 
dimming type of partial over-all lights 
which throw the light directly on several 
instruments the degree of illumination 
is not the same for each particular instru- 
ment. This is undesirable, because some 
of the instruments then become easier to 
read than others. It is essential that all 
instruments be lighted to the same de- 
gree and that the intensity can be 


Figure 7. 


existing instrument panels 


changed by means of a suitable rheostat 


control to either “full off” or ‘‘full on,” 
or, to any desired degree of illumination 
between the two extreme points. Figure | 
_ 7 shows a tone relationship or an illumina- 


tion relationship between instrument 


* lighting in an existing transport cockpit. 


Figure 8 shows what is desired. It is 
appreciated that the use of individual in- 
strument lighting by means of direct 
methods adds considerable complication 
to the electric system in the cockpit, and 


service experience to date has not been 

very good on the individual elements of | 
~ such installations. 

- lieved ‘that in ‘principle this method is 

~ sound and that efforts to accomplish these 

’ desired results should not be relaxed. 


However, it is be- 


Average lighting relationship of 


used for lighting the instrument panel 
has been the bad reflection on the instru- 
ment-panel glass, and on the cockpit 
windshield as well. Tests conducted 
using a special coating on instrument 
glasses and on the windshield have indi- 
cated that this condition is well along 
toward being corrected. Such an im- 
provement would eliminate one of the 
objections of partial over-all lighting of 
the instruments. 

At the present time many commercial 
cockpits are equipped with an auxiliary 
source of light such as a spotlight. This 
light is for the purpose of controlling a 
spot of light for use by either the pilot or 
copilot, so that accurate reading of 
charts, plotting of course, or other neces- 
sary paper work can be accomplished. 
This may be done either by the pilot or 


Figure 8. Desired even lighting relationship 
of instrument panel 


copilot and should be so designed that 


it does not interfere with the other’s . 


vision in flying the craft. It appears 
relatively simple to shield the source of 
light so that it does not attract the atten- 
tion of the crew member not using it, but 
no satisfactory means has yet been found 
for controlling the illumination of the 
cockpit or glare caused by the reflection 
of the spotlight on the light-colored charts 
or papers being studied or analyzed. 

In order to eliminate some of these 
difficulties of spot lighting as well as to 
improve over-all cockpit lighting, con- 
siderable study has been made with the 
use of fluoréscent lights. This may offer 
very definite advantages and spot sources 
of ultraviolet perhaps can be used for 
lighting charts and records, outlined or 
drawn with fluorescent active material. 
Some experiments have indicated that 
this may give adequate legibility to the 
charts or course maps and still not cause 
undesirable illumination for the member 
of the cockpit crew who is not using the 
chart. It is also believed that by intelli- 
gent positioning of the spotlights they 
could serve a dual purpose of giving both 
adequate over-all light when desired 
and the ultraviolet spot as needed. This 
can be accomplished simply by using an 
ultraviolet filter (as already has been 


accomplished in many places) in con-— 


junction with the main source of light. 


Such a scheme offers the optional use of 


full lighting or a control spot lighting. 
- Still another problem in this considera- 
tion of cockpit lighting has been that of 


having satisfactory illumination within 
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the cockpit and still not adversely affect- 
ing vision outside of the cockpit during 
night operation. At the present during 
night operation and even with the cockpit 
instrument lights at a low level so that 
just the indications are discernible, it 
still takes the pilot a short time to ac- 
climatize his eyes that he can have ade- 
quate night vision when looking out of 
the cockpit. Many studies are being 
made at the present in an effort to im- 
prove this situation such as the use of 
red light which will give good illumina- 
tion to the instruments themselves and 
still not affect the so-called night vision, 
thus permitting the pilot to see equally 
well inside the cockpit and outside of the 
cockpit. 

Although present experiments using 
ultraviolet light for activating fluores- 
cent materials or instruments have not 
proved entirely successful to date, this 


may offer a means of obtaining ade- 


quately lighted instruments without the 
need of complicated indirect-lighting 
means for each individual instrument. 
It must be borne in mind, however, that 
it is very desirable to be able to change 
the degree of brilliancy of the instrument 
lighting dependent upon the particular 
conditions en route. 


Cabin 


Although passenger-cabin lighting has 
improved considerably over that in the 
past, much of the same problem still 
exists as in the cockpit lighting, and that 
is the matter of getting the available 
light in the right places and eliminating 
undesirable glare. With overhead light- 
ing or what has sometimes been re- 
ferred to as dome lighting, bright source 
spots can be reduced materially and 
probably can be eliminated altogether 
by the use of indirect or alcove lights. 


This is very definitely desirable. The 


main light in the cabin is then dependent 


upon reflection from light-colored sur-_ 
This is also” 


faces in the cabin interior. 
advantageous from the point of adequate 
light in the daytime, and much is to be 
gained from this arrangement. Over-all 
lighting at night is primarily for loading 
and unloading of passengers and ground 
operation and has a value at the start 
of the flight to permit the stewardesses 
and passengers to get generally settled 


before the beginning of the flight. In 


addition it is necessary when meals are 


being served. 
In a day airplane or sleeper airplane, 
particularly when the latter does not 


have full partitions, some of the pas- 


sengers may desire to sleep while others _ 


may desire to read or talk with one 
another. 


both the source of light and the projec- 
tion of light to the paper or book being 
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Some means of auxiliary or 
spot lighting, which we have called read- 
ing lights in the past, is necessary. One 

of the biggest objections has been that _ 


OE EERE FOS TS 
\ . . : 


Figure 9. Possibilities for reading lights 


read cause undesirable reflections to 
the individual not using the light. 
Another objection has been that the 
positioning of the source of light has not 
always been made so as to give the most 
efficient utilization of it for the person who 


~ wishes to use it. 


Some suggestions as to possibilities with 
auxiliary or reading lights in the cabin 
are shown in Figure 9. It is appreciated 
that any one of these suggestions does 
not solve all of the difficulties. How- 
ever, it should be pointed out that pas- 
senger business is still to be an important 
source of revenue of the air-transport 
companies for some time to come, and an 
intelligent solution to this problem is 
definitely needed. 

An additional type of lighting required 
in the cabin is that for servicing, or, 
stated in another manner, the furnishing 
of additional light at the crew attendant’s 
quarters so that the attendant’s’ work 
can be accomplished properly. Use of 
lights in some presenf commercial trans- 
ports, although properly shielded at the 
light source, have still been so located 
that they have permitted a considerable 
amount of reflection, which has the 
effect of indirectly lighting a good portion 
of the cabin close to the service quarters. 
This has proved very undesirable to 
those people who are seated close to the 
service quarters. It is appreciated that 
this problem is further complicated, be- 
cause usually at service quarters light- 
covered shiny surfaced materials are 
used. It is believed, however, that 
attention again should be paid to the use 
of over-all or indirect lighting in the 
service quarters when the entire section 
is being used for the serving of food or 
handling of equipment. A_ separate 
source for auxiliary or spot lighting should 
be provided for the use of the atteridant 
to accomplish paper work or other jobs 


that do not require the full utilization 


of the service quarters. 
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It is realized that as airplanes become 
larger separate quarters both for pas- 
senger lounges and the service section 
probably will be used, segregating them 
entirely by means of partitions. This will 
aid in keeping light from disturbing other 
passengers. It is believed, however, that 
the same general principles still apply. 


Ground Servicing 


LOADING AND UNLOADING—PASSENGERS 
AND CARGO 


It is believed that in general a sound 
principle of aircraft design is to develop 
the airplane to-be a self-sufficient unit 
independent as much as possible of 
ground equipment. There are several 
places, however, where it is desirable 
to make exceptions to this rule, particu- 
larly where the weight or complication 
of the equipment on board the airplane 
is necessary only for the job to be done 
on the ground, and therefore becomes a 
handicap toward the efficient operation 
of the airplane in flight. If the equip- 
ment is necessary, however, for flight 
as in the case of a heating system, it then 
becomes desirable, if at all possible, to 
design the system so that it can handle 
the ground problems adequately. 

In the case of lighting, however, for 
loading and unloading of passengers and 
cargo, this does not hold true for the 
operation performed outside of the air- 
plane. If the cabin is lighted adequately 
for operation in flight, there is no need 
for special lights being installed in or at 
the airplane door which would be used 
for the purpose of lighting the platform 
of the loading stand. This latter type 
of light is used only when passengers are 
getting on and off the airplane and un- 
doubtedly would have no use while en 
route. Therefore, it is more practical 
to put the light itself on the passenger 
loading stand. Spotlights or small floods 
(which have been suggested), placed in 
the door or lower portion of the door 
jamb of the airplane and utilized only at 
the time of loading and unloading pas- 
sengers, are unsatisfactory, and a finer 
job can be done when the same lights are 
built into the loading stand. 

_ The same principle applies with respect 
to loading and unloading cargo from the 
door of the airplane to the loading equip- 
ment. The light should be placed on the 
loading equipment, not in the door of the 
airplane or on the door jamb. However, it 
is definitely necessary and desirable that 
adequate light be provided within the 
cargo compartment of the airplane it- 
self, as this is necessary to permit proper 
stowing of cargo. Also to identify and 
read waybills on individual shipments. 
Such lighting cannot be accomplished 
satisfactorily from an outside ground 
source, and can best be done by design 
within the airplane. One point of in- 
terest here is that on passenger loading 
and unloading equipment, lights should 
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CARGO LOADING 
LIGHTING 


PASSENGER LOADING 
LIGHTING 


Figure 10. Cargo-compartment lighting, 
cargo-loading lighting, and passenger-loading 
lighting 


be so low as to light the path adequately 
and yet not have the passenger’s shadow 
blockthe vision of steps and ground or 
loading ramp obstructions. In cargo 
loading and unloading equipment, and 
in the cargo compartments themselves, it 
is desirable that the light source be both 
high and low, that is, in the form of flood 
or indirect lighting, so that adequate 
light will be available so that all ob- 


- structions, steps, and so forth, can be 


seen, in addition to giving adequate light 
at any height for the proper handling 
and stowing of cargo. See Figure 10. 


AIRCRAFT SERVICING 


The same general principles as out- 
lined for loading and unloading opera- 
tions apply to the servicing of airplanes 
at the terminal station. The lighting 
should be accomplished on the ground, 
and the airplane should not be handi- 
capped with the weight of lighting equip- 
ment to satisfy the ground operation. It 
is believed that one of the best methods is 
to incorporate low-powered floodlights 
which in effect would ‘‘bathe” with a 
relatively low illumination those portions 


‘of the airplane normally requiring serv- 
ice. This would be adequate for inspec- | 


tion and simple servicing procedures, but 
not bright enough to cause glare or make 
working about the craft difficult. 
further believed that these lights should 
be of a lower intensity than the lighting 
required for cargo-handling equipment. 
It has been suggested that these lights 
be of the flush type built directly into 
the ramp or apron about the terminal. 


Although this is most desirable from a — 


functional or operating point of view, it 


is appreciated that there are many prob- — 
lems, such as adequate sealing, that must. 

The principle, however, ~ 
is considered as being worthy of further 


be overcome. 


study. 
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Damping Effect of D-C Marine Propulsion 
Motors on Vibrations Produced in Drive 
Shafts by Large Propellers 


BERNARD LITMAN 


ASSOCIATE AIEE 


Synopsis: D-c machines often are employed 
in ship-propulsion drives where maneuvera- 
bility and a wide speed range are required. 
The d-c machine also has the advantage of 
serving as a source of damping if propeller 
pulsation should coincide with the natural 
frequency at some speed. This damping 
force arises because of the fact that any 
change in speed of the motor will cause a 
corresponding change in load current and 
torque. This torque change acts to oppose 
the original speed change, thus providing an 
effective damping force. The necessary 
equations and circuits are developed for 
calculating this damping effect and an illus- 
trative calculation is included with actual 
test values for comparison. 


T IS occasionally necessary to deter- 

mine the magnitude of torsional vi- 
bration in a system running at one of its 
critical speeds. To do so requires a 
knowledge of all the damping sources 
within the system and their magnitudes. 
Typical damping sources are hysteresis 
damping in the shaft and friction and 
viscous damping in the system. If the 
system includes a d-c machine, this will 
also serve as an important damping 
source and limit the vibration magni- 
tudes. An example of such a system is 
an electric ship-propnlsion drive. Here 
the d-c machine is frequently used be- 
cause of its ease of speed control over a 
wide range. However, operation may 
occur at the natural frequency, where 
propeller vibrations may set up abnormal 
stresses in the shafting. If investigation 
shows the damping to be large enough, 


_ the necessity of changing the natural fre- 


Ae a 


quency by an uneconomical redesign of 
the mass-elastic system may be avoided. 

The damping force in a d-c machine is 
similar in behavior to a viscous damping 
force, being proportional to the speed, 
though the origin of this force is some- 
what different. Assume, for example, 
that the speed of the machine has dropped 
below its mean value at some point of its 
vibration cycle. This causes a corre- 


sponding drop in the countervoltage of 


the motor so that a larger load current 
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will tend to flow. This load current and 
the corresponding load torque will tend 
to speed up the motor, thus opposing the 
drop in speed which we have assumed. 
If we neglect the inductance of the arma- 
ture circuit and consider only the resist- 
ance, then torque changes will be in phase 
with and proportional to speed changes, 
so that these torque changes act as a true 
damping torque. When the inductance 
of the armature circuit is considered, we 
no longer have pure damping since the 
current and torque changes are not in 
phase with the speed variation. Thus, 
during part of the cycle the damping 
torque may actually aid the oscillation 
while during the rest of the cycle it op- 
poses the oscillation. The vibrational 
energy imparted by the propeller is ab- 
sorbed partly-by the propeller itself as in 
any case of viscous damping. The re- 
mainder of the energy is absorbed by the 
motor by means of the mechanism de- 
scribed above. The magnitude of vibra- 
tion in the different parts of the system 
will rise to the point where the energy 
absorbed is equal to the energy imparted 
by the propeller. 

Actual solutions are most simply made 
by setting up equivalent electrical cir- 
cuits which have the same differential 
equations as the mechanical system we 
are considering. The source of pulsating 
torque becomes an applied voltage at 
some point in the system. Shaft ele- 
ments become capacitors, masses become 
inductances, and damping elements be- 
come resistances. When the inductance 
of the armature circuit is included, our 
equivalent circuit becomes somewhat 
more elaborate, containing negative re- 
sistance and inductance terms. 

The standard electrical symbols for 
these elements are used in the figures 
which follow. These circuits are solved 


Figure 1. Physical system of two masses and 
connecting shaft ) 
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by using the standard methods of com- 
plex algebra as for any steady-state a-c 
network. The circuit may be solved for 
any operating speed by using the corre- 
sponding value of the applied pulsating 
frequency. The maximum values of 
shaft torque are most conveniently deter- 
mined by first finding the natural speeds 
with damping neglected. These will be 
very near the speeds at which maximum 
torques occur when damping is consid- 
ered. For a more accurate calculation, 
one or two other speeds near this natural 
speed may be checked and a curve 
drawn through these points so as to esti- 
mate the peak. 


The Two-Mass System Without 
Damping 


Refer to Figure 1 for which the follow 
ing symbols apply: 


6,=actual angular position of rotor— 
tadians 

6,, =uniformly moving angular vector which 
would be the position of the rotor if 
there were no torque pulsations and the 
rotor moved uniformly = 

6,‘=6,—6,,=rotor displacement above or 
below mean position 

Similarly for 62. 

J,=moment of inertia—pound-feet squared 
divided by g 

Similarly for I». 

K,=shaft spring constant—foot-pounds per 
radian 


The natural frequency of this system will 
then be given by 


(1) 


This familiar result may be obtained 
from the differential equations or the 
equivalent circuit which we give now. 
In order to determine the effect of torque 
variations, we shall assume the second 
mass to be absorbing the torque trans- 
mitted from the first but doing so non- 
uniformly by having a mean torque T> 
and a smaller superimposed sinusoidal 


Figure 2a (left). Equivalent electric circuit ; 
for two-mass system without damping 


Figure 2b (right). Equivalent circuit with | 
proper values of admittance and susceptance 
at frequency F 
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torque 7’ (hence total torque T=7Z)+ 
T’), while the first mass has supplied to 
it a constant torque 7). 

Let p represent the differential operator 


Taking torques applied to the first 


dt 

mass, we have: 

To—K;(6:—62) =hph1 (2) 
For the second mass 

K;(0;—62) —T =12p762 (3) 


If our absorbed torque were not pulsating 
and the motion were uniform, these 
equations would reduce to 


(4) 
(5) 


By subtraction of these from the first set 
of equations, we have 


: To — K5(61) — 92) =0 
K (61, —92,) — To =0 


(6) 
(7) 


where the primed quantities are angle 
-and torque variations above (or below). 
mean value. It is these quantities in 
which we are interested since they repre- 
sent oscillations or displacements from 
the mean position. 


T1p*0;' + Ks (61' —42') =0 
; Inp?02' — K ;(0;’ —62’) +7" =i) 


Tz ria 9 
Figure 3. Equivalent circuit for two-mass sys- 
‘tem with motor resistance damping in one 


mass 


Figure 2a shows an equivalent circuit 
which by inspection is seen to have the 
_ same differential equations 6 and 7 and 
hence will give the same solution Since 
“we are considering sinusoidal variations 
we can set up Figure 2b with impedances 
and find the response by using the com- 
plex vector notation. 

_ f=frequency of the applied torque T’ 
po, and p§.=‘‘currents” flowing in the cir- 
cuit ; . 


If 7’ is the maximum torque variation, 
then the ‘‘voltage’’ across the capacitor 
is the maximum value of K;(@;—62) or the 
maximum value of shaft torque. If T’ is 
expressed in per unit (that is, as a frac- 
tional part of the mean torque, To), then 
the shaft torque will likewise be in per 
unit. Thus if we obtain a value of 0.5 for 
shaft-torque variation, the actual maxi- 
mum shaft torque (and stress) will be 
1.5 times the normal design value. 

From Figure 2b it is seen that the total 
impedance is 


which will equal zero when the frequency 
is given by 


~ dyn (i4) 
f-5 a \eaede 


This verifies equation 1. 


2 

Re Keakaps 

* Dceter2 
" Re 


P(@;-e5) 


<—_ 


Keg2Eo 
Ra 


T2 


Pe, —> 


2 
Figure 4. Equivalent circuit for two-mass sys- 


tem with motor resistance damping in both 
masses 


Ey =1,Ri +K ey 1Ph1, (11) 


and by subtraction we obtain equations 
in terms of the variation from mean 
values: 


Ky gris’ — K 5 (01 — 02’) = L761" (12) 


4y'Ri+Keoiphi’ =0 (13) 


We may eliminate 7,’ from equations 12 
and 13 and obtain 


It is evident at resonance that the mag- —Kid:Kndiphr’ , 
nitude of the oscillation is infinitely large ; Ri —K,(61'—62') =Tip*6r’ (14) 


hence we must include damping to ob- 
tain the true behavior of the system. 


Inclusion of Resistive Damping 


When we include resistive damping we 
must consider the variation of electrical 
torque within the machines—hence we 
add another set of differential equations to 
our previous set. With reference to 
Figure 1, we have for body number 1: 


For the second machine we assume the 
torque absorbed, Kod¢si2, is made up of a 
mean torque Kodot2, and a sinusoidally 
varying torque Ko¢el2’ (which is the same 
as T’ given in the previous section); and 
that this pulsating load being absorbed 
by the second machine causes the pulsa- 
tions which we are considering. We 
therefore may write for the second motor: 


K,¢yi:—K, (1-02) =p”, (3) Keir ts) —Kobstar tabs Raine 
By ai, Rie Kb b6; (9) and under nonpulsating conditions we 
have: 
where 
i TS (61, —62,) End Ke oi2, = 0 (16) 
Ki¢,=motor-torque constant in pound- 
feet per ampere Hence by subtraction, we obtain: 
K.i¢1=motor counterelectromotive force K,(0;’— 04) —Kz dais 1 = Topo! (17) 


constant in volts per radian per 
second 
F£,=applied line voltage to machine 
number 1 in volts 
R,=machine-armature-circuit resistance 


Since we assume that 7,’ is a known load- 
current variation, we may replace Kodo’ 
by a known torque variation T’ and we 
may now set up the equivalent circuit of 


ne ed Sea: ; Figure 3 whose differential equations are 
4 =machine-armature-circuit current in seen to be the same as equations l4andil7, am 
amperes 


We may write again the equations for uni- 
form (nonpulsating) motion, and obtain 


Kidviy —K5(61,—92) =0 (10) 


Table | 
Propeller Damping Only—See Figure 13 


(2) 
, @ 
(1) Third (3) (4) 
Harmonic 3Kpwpo jolp 


As before, for a given frequency we 
may insert a complex impedance and 
solve for the “‘voltage’’ or torque across 


the “capacitance” or shaft in terms ofthe 


pulsating applied torque T’. We notice 


) 


(9) a 
(10) 


i 


uy 
4 


5 (7) (8) (7)/(8 
() _(6) (5) and (6) in Total Rae erde (9) times 
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a e70) 
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that our circuit now has a resistance term 
which, as might be expected, varies in- 
versely as the actual armature resistance 
R,. Thus with a smaller armature re- 
sistance, a given speed change will result 
in a larger load current and torque varia- 
tion so that the resistance damping term 
in our circuit must increase. 


E 


One might ask why the damping term Figure 6. [Equivalent circuit for ship-pro- 
appears only in the branch of the circuit Tu Ip pulsion drive 
pertaining to machine number 1 and why Fi : ; ; 
Pee eens ciniiar' teem for wAchine igure 5. Physical system for ship-propulsion 
drive Hence 


number 2. The answer lies in the fact 
that we are assuming the load-current 


step further by assuming that it is the 
line voltage EH, whose variation is known 
and that the load current J, does not vary 
directly with E, because we must include 
the damping effects of motor number 2. 

We can then write for machine number 2 
Keab2p)2—t2R2 = Ex (18) 
and in terms of the variation from mean 
values we obviously will have 


K 26262! —i2' Re = E 2’ (19) 


We may now eliminate 7.’ from equations 


17 and 19 and obtain 


#3 K eK ops" 22" 


K,(61' — 62") — R 
2 


——— p62’ —Inp*62’ + 


Kebols" 9 (20) 
R2 


may still resolve them into their harmonic 
components, treat each harmonic sepa- 
rately, and superimpose the responses 
to each harmonic torque pulsation in 
order to obtain the complete solution. 


A Case of Combined Electrical and 
Mechanical Damping 


Before including the effects of the in- 
ductance of the armature circuit we shall 
show how the simplified damping circuits 
already presented may be applied to a 
specific case which will be treated nu- 
merically in the appendix. This is the 
case of the ship-propulsion drive shown 
in Figure 5. The differential equations 
for the motor remain as before but we 
must also. include the damping intro- 
duced by the propeller itself since its 
torque changes with speed changes. 


t we al Km! 8p’) —Kp(02p?—ep,2) =Iph%y" (23) 
* sWm D D\“p Po D Dp 

variation 12°, to have. a known value. complete circuit is not developed here 

Actually this quantity would be difficult nce the damping features of d-c ma- But 

to determine without actual measure- chines are more easily demonstrated with - Mra ; 

ment since it depends not only upon the 4 simple circuit and the sifapler circuits “? 07 =2wp, (wp — wp,) =2wp.p 

A a3 , 

nature of the pulsating load but also can usually be applied to most cases with = 2p P0p (24) 
upon the characteristics of machine 4, fai, degree of accuracy u 

number 2 which is supplying this load. If, as is the case in most systems, the ae 

We, therefore, may carry our analysisa torque pulsations are not sinusoidal, we K,(0m’—0y')—2K pw 9p’ =Ipp%p’ (25) 


Equation 25 has a damping term whose 
coefficient is 2K,w,,, but actually with 
the ship moving forward at constant 
speed, changes in angular speed of the 
propeller will cause larger changes in 
propeller torque than we have antici- 
pated from the ‘‘square of the speed”’ law. 
Thus we can see that the propeller need 
not drop to zero speed in order to have 
zero torque, for if it drops sufficiently it 
will screw freely through the water with- 
out putting out any torque. Hence our 
damping term should be increased, the 
exact amount of the increase depending 
somewhat on the propeller design char- 
acteristics. A fairly close approximation, 
and the one which is generally used is to 
increase the damping by 50 per cent. 
Hence we may rewrite equation 25 thus: 


Ks(O6n’ —9p’) —3K pw f6p’ =Ipp0y’ (26) 


_ We may again set up an equivalent circuit The propeller torque understeady con- 
from equations 14 and 20 and obtain ditions varies nearly as the square of the Combining this with the equation for the 
‘Figure 4. speed. Assuming for the moment that motor (see equation 14), we can set up an 
Now it is apparent that we have are- this holds even when the speed is under- equivalent circuit which can be solved 
sistance term in both branches of our cir- going oscillations, we may write without difficulty for steady-state sinu- 
cuit. This analysis might be carried ZF soidal pulsations. This circuit is shown 
7 further to the ernate source of torque Propeller torque = Kp»? pound-feet in Figure 6. Su 
pulsations. Thus if the load being sup- where w, is given inradians per second. These torque pulsations arise because 
y- plied by machine number 2 were a motor- Then: of the oscillating torque of the propeller 
= driven air compressor, we might add an- as it passes through the varying wake of 
other branch to our circuit to include the Ks(@m—9%) —Kpp*=1ph"%p (21) the ship and the obstructions of the stern 


characteristics of the third machine and 


gy Ei ~ apply our pulsating torque from the air 


(So ied to this branch. This more 


and under nonoscillating conditions: 


Kg Omo—9p:) —K pq? =0 (22) 


Table Il 
pesrele! and Motor Resistance penises ce Fieure 14 


frame. The magnitude of this pulsation 
is a quantity which is practically impos- 
sible of calculation but approximate 


“eee i ae 
: ‘4 (5 ‘ (6) (5) and (6) in ‘ota atio, 
ayes Ba ae ae ; Bee - ee jolm+ Resistance Parallel Impedance (7)/(8) (Rpm/250)? . 
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figures from tests on models and actual 
ships indicate that we may assume the 
torque pulsation to be ten per cent of the 
mean torque of the propeller and in the 
absence of more definite information, this 
is the value that is commonly used. The 
frequency of the pulsation is V times the 
propeller revolutions per second where NV 
is the number of blades in the propeller. 


Pe; —> 


Ki 


Ket 
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NEGATIVE RESISTANCES 


Equivalent circuit when motor in- 
ductance is included 


Figure 7. 


Figure 6 tacitly assumes that the pro- 
pulsion motor is connected to an infinite 
bus, whereas it is actually connected to a 
generator whose effects should be con- 
sidered. This may be done in either of 
two ways: : 


1. Elaborate the equivalent circuit to in- 
clude a branch for the generator. 


2. Make an assumption that the internal 
generated voltage of the generator is con- 
stant. 


This is very nearly true since from Figure 
6 we see that the propeller damping term 
absorbs much of the vibration because it 
is directly in series with the torque pulsa- 
tion, and the remaining pulsations in the 
motor circuit are reduced. Hence the 
speed oscillations which are transmitted 
to the generator are quite small and the 
internal generated voltage may be as- 


sumed as practically constant. We there- 
fore should replace the term R; in Figure 
6 by the total resistance of motor and 
generator armature circuits and we havea 
close approximation to actual conditions. 


The Effect of the Inductance of the 
Armature Circuit 


We may refer again to our two-machine 
system with inductance in each armature 
circuit being considered this time. This 
inductance is principally that of the ma- 
chine itself but should also include that of 
the lines connecting it to the power sup- 


Complete circuit for two motors 
with inductance of both included 


Figure 8. 


ply. We assume as before that machine 
number 1 is on an infinite bus while ma- 
chine number 2is supplyingasystem whose 
line voltage E» is pulsating periodically. 
Considering machine number 1 first we 
may write our torque equation as before: 
Kio —K; Gi —O.) =1,p70, (27) 
Our voltage equation includes an induc- 


—L sat and becomes: 
dt 


E,=i1Rit+Kead,pat+hipa . 


Under steady nonpulsating conditions, 
these equations will reduce to the same 


tive term, 


(28) 


Table Ill. Ship-Propulsion Drive—Tabulated Calculations 


Inductive Case—See Figure 15 
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simpler expressions given in equations 10 
and 11 and by subtraction we obtain | 
equations in terms of the variation from 
mean values, thus: 


Ky dit)! — K(01' — 02’) =1,p76,' (29) 
and 
Ri’ +Kadiphi' +Lipn’ =0 (30) 


Equations 29 and 30 are sufficient for 
setting up an equivalent network but in 
order to do so we must first modify them 
somewhat by adding and subtracting 
certain terms and we thus obtain equa- 
tions 31 and 32 which are seen to be the 
same as the first set of equations. 


Kidi (ir! — p01’) —Kib1 p61’ — 


K,(61' — 09’) =1, p70,’ (31) 
SG IS ; 
di t— R, li,’ + Lip’ — 
| Ai Kea i Ka a 
Kigi(i’— p61’) =0 (32) 


These two equations can be set up into an 
equivalent circuit which is shown in 
Figure 7. Comparison of the circuit with 
equations 31 and 32 shows that the two 
agree. 

The open end of this circuit will be tied 
on to a similar one for machine number 2. 
We see that this circuit is somewhat more 


‘elaborate than our previous circuits and 


has smaller damping because there are 
negative resistance terms as well-as a 
negative inductive term; this latter being 
equivalent to-a capacitance. If we let 
L; approach zero our circuit can be sim- 
plified and will reduce to our previous cir- 
cuits with a single resistive term of mag- 
nitude K,Ki¢i?/Ri as before. On the 
other hand, if we let LZ, approach infinity 
it is seen that all our resistance terms drop | 
out and we have-a circuit with no damp- 
ing at all. 

For machine number 2 we will have a 
similar pair of equations except that the 
terms in the voltage equation will not be 
placed equal to zero but equal to EF,’ 
which is the pulsation in the line voltage 
Ey. Thus we have: 


Ex! = Keohop02' —i2'Re —L pir’ (33) 


K(01' — 62") —Koooie’ =I2p762' (34) 


These can then be expanded into equa- 
tions similar to equations 31 and 32 so 
that an equivalent circuit may be set up. 
Figure 8 shows the complete equivalent 


Figure 9. Equivalent circuit with damping 
considered in one motor only 
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Figure 10. Complete circuit for ship-pro- 
pulsion drive with motor inductance included 


circuit including the branch we have al- 
ready developed for machine number 1. 
If for Ey’ w: use the maximum value 
of the line-voltage pulsation, then the 
“‘voltage’’ across the capacitor will be the 


maximum value of K(@:’—62’) which is . i 


the maximum value of shaft torque. 
Similarly, we can determine the amount 
of load-current variation in both ma- 
chines. 


Other Cases With Inductance 
Included 


From Figure 8 we see that at higher 
frequencies the armature-circuit induct- 
ance will reduce the damping but the 
load-current pulsation, 72’, will also be 
reduced since it must pass through an in- 
ductance. If we wish, we may assume 

_ that it is the load current 7.’ and hence 
the pulsating torque applied to machine 
number 2 which remains constant while 
frequency changes. Such an assumption 
would enable us to see more clearly how 
the damping becomes less effective at 
higher frequencies. The circuit for this 
case is shown in Figure 9. 

We may also set up an equivalent cir- 
cuit for cases of combined electrical and 
mechanical damping as in the ship-pro- 
pulsion drive which was treated by means 
of the simpler circuit, considering arma- 
ture resistance only. By now it is appar- 
ent what form this circuit will take with- 


4 

; out rewriting all the differential equations 
4 and this circuit is shown in Figure 10. 
A This circuit will be used in the appendix 


.. for the sample calculation of an actual 
a system. 


.; 4 Determination of Machine Constants 


A Sarr SPRING CONSTANT K, IN 
; - Foot-PounDSs PER RADIAN 
: 


‘For unit torque of one foot-pound the 
angular twist in radians of a shaft sec- 
tion is given by é 

32X12XL 
ee ee (35) 
E,d* 
L=Length of section—inches ) 
_d=Diameter of section—inches 
- E,=Shear modulus of elasticity—pounds 
_s persquareinch . 


A 


I ms, For steel shafting this may be rewritten: 
a “pao 36 X 10-5L/d*radian per foot-pound | 
MS: Dade HS Sipe BeBe > 2 (36) 
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Figure 11. 


WRe=A+B in pound-feet squared 
}=Roter core length in inches 


With « utumber of shaft sections of differ- 
ent di:meter and length, the formula is 
applied to each in turn and the summation 
>6@ obtained. Then K,=1/20 in foot- 
pounds per radian. 


B. Moment or INERTIA J 


The usual electric machine can be 
broken down into a number of cylindrical 
sections such as: coils, core, spider hub, 
spider arms, end plates, commutator 
bars, commutator V-rings. The moment 
of inertia of any such section may be cal- 
culated if the detail weights and dimen- 
sions are known. Note that the WR? 
must be divided by g—(32.2 feet per sec- 
ond per second) in order to obtain mo- 
ment of inertia J as used in the preced- 
ing equations. ; 

- In the absence of detail drawings of 


for d-c machines 
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the machine a fairly close approximation 
to the WR? may be obtained from a 
knowledge of the rotor diameter and core 
length. This is due to the fact that for a 
given frame size, economical designs gen- 
erally lead to approximately the same 
proportions for the various parts of the 
machine. 

For a given rotor diameter the WR? 
varies directly with the core length so 
that we may write: 


WR?=A+BL (37) 


where A is the WR? for zero length and 
is due to the end plates, end winding,com- 
mutator, and so forth and B is the addi- 
tional WR? per inch of core length. Both 
A and B are functions of the rotor diame- 
ter, varying approximately as the cube of 
the diameter so that we may draw a 
straight-line curve on logarithmic paper. 
This has been done in Figure 11 where the 
variation is shown for a wide range of 
standard d-c machines. For any given 
frame size the maximum and minimum — 
WR? values differ by about +8 per 
cent from ‘the mean value, which is not 
too large a range for approximate calcula- 
tions. 


C. Moror-Torove Constant K¢ IN 
PouND-FEET PER AMPERE 


This may be obtained from the name- 
plate rating of the machine and is given 
by: 


horsepower 5,250 


Ke (38) 


rpm I 
where J is rated armature current in am- 
peres. 

If the machine is not operating at rated 
conditions, the actual operating condi- 
tions should be substituted in the equa- 
tion. This constant is proportional to the — 
field flux and will vary inversely as the 
speed if field control is used but will re- 
main constant if armature-voltage con- . 
trol of speed is used. . . 


D. Moror CoUNTERELECTROMOTIVE 
Force Constant K,¢ IN VOLTS PER 
RADIAN PER SECOND 


This likewise is obtained from the 
name-plate rating and is given by 


EX60 


=——_——_ (39) 
Rpm X27 


Ke 


where £E is the counterelectromotive 
force of the machine. This may be taken 
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Figure 13. Numerical circuit values 


Propeller damping only 


as practically equal to the line voltage or 
for greater accuracy it may be corrected 
for7Rdrop. As with the torque constant, 
the counter electromotive force constant 
is proportional to the field flux. 


E. RBSISTANCE OF MoOTOR-ARMATURE 
Circuir R IN OHMS 


This may be determined from a knowl- 
edge of the conductor size, total conduc- 
tor length, and number of parallel paths 
in the armature and in the series, com- 
mutating, and compensating field wind- 
ings. The resistance of the connecting 
power lines may also be included but in 
most cases where all the equipment is 
located in physical proximity, the re- 
sistance of the lines is not large. 

Where the design details are not avail- 
able, an approximate estimate of the re- 
sistance may be obtained by comparison 
with standard machines. Economical 
designs require that the resistance loss be 
as small as possible and yet that the 
amount of copper used not be excessively 
large. Hence the per cent J?R loss which 
is the same as the per cent voltage drop 
(?R/IE=IR/E) has roughly a constant 
value for a given-size machine. These 
values are plotted in Figure 12 for a wide 

' range of machines and enable the deter- 
mination of the resistance as: 


R=CE/I ohms 


where C is obtained from the curve of 
Figure 12 and # and J are taken from the 
name-plate reading. 

When more accurate Saieutangtis are 
desired, the actual resistance of the 
machine should be obtained, since the 
magnitude of the damping depends prin- 
cipally on the value of fag resistance 
which is used, 


L in Henrys 


_____-The inductance of the armature circuit 
is not capable of accurate calculation 
" since it requires the determination of 
oe magnetic fields in all parts of the circuit. 
_ It is necessary, therefore, to make simpli- 
fying assumptions. We may note, how- 
ever, that it is not necessary to have in- 
Pee: _ ductance values as accurately as. resist- 
| ance values since the inductance enters 
as a secondary term when we wish to use 
~ the more accurate circuit instead of the 

_ simpler resistance damping circuit. 
As we have done for the other con- 


7, 
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ree Inductance of the Armature Circuit 


stants, we may obtain an approximate 
value of inductance without knowing all 
the design details of the machine. This 
is again due to the fact that detail di- 
mensions for a given-size machine fall 
within certain limits, thus fixing the 
machine inductance within limits. For 
example, the inductance of the armature 
coils must be kept below a certain value 
so that the commutating reactance volt- 
age is not excessive. Assuming a fixed 
allowable reactance voltage, we may de- 
termine the factors upon which the induct- 
ance depends and we obtain equation 40. 


ye 100 X volts To Pe 
(Sez) poles X amperes X 
fe) 
100 ) **? 
inches diameter Xinches core 
poles 

length X| ———— 

: circuits 
(40) 


The multiplier of 100 has been chosen 
to include the inductance of the stator 
windings as well as the rotor windings. 


- INCLUDES MOTOR AND 
GENERATOR RESISTANCE 
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Figure 14. Numerical circuit values 


Propeller and motor-resistance damping 


This formula involves constants which 
may be taken from the name-plate read- 
ing and a knowledge of the rotor diame- 
ter and length. Comparison with more 
accurate calculations and with measure- 
ments indicates a fair agreement, and the 
error to be expected is generally less than 
20 per cent. 


Conclusions 


Methods have been presented for de- 
termining the amount of damping present 


Figure 15. Numerical circuit values 


_ Propeller and motor. damping with motor in- 


ductance included 


Litman—D-C Marine Propulsion Motors , 


in d-c machines. From a number of 
cases which have been investigated, it is 
found that the magnitude of this damp- 
ing is quite appreciable even in cases 
where other sources of damping are pres- 
ent. Methods for determining the various 
constants have been included and the 
work of calculation will be found to be 
fairly short. The problem presented in 
the appendix includes calculations for 
several assumptions and a range of speeds, 
whereas only one operating point (at the 
critical speed) need actually be calcu- 
lated. 

The question arises as to whether it is 
necessary to utilize the more elaborate 
inductive circuit. Usually it will be nec- 
essary to do so since it makes an appre- 
ciable difference in the results. A rough 
criterion which may be used is as follows: 


Take the reactance voltage due to the 
armature inductance L, at the critical fre- 
quency F, and full-load current J. If this 
is less than three per cent of the rated ma- 
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PROPELLER DAMPING 
ONLY 


PROPELLER, RESISTANCE, 
AND INDUCTANCE DAMPING 


DOUBLE AMPLITUDE OF TORSIONAL VIBRATION 
AS A PER UNIT OF FULL-LOAD TORQUE. 


100 200 
PROPELLER RPM 


ea Oe 


Figure 16. Comparative plot of calculated 
and test values of vibration amplitude, ship- — 
propulsion drive 


a ee 3 


chine voltage the simplified circuit may be 
used with fair accuracy. If it is any larger, 
the more elaborate circuit must be used in ~— 
order to obtain satisfactory results. : 


In order to determine the relative 
damping contribution of the propeller . 
andthe propulsion motor for an actual 
installation, sample calculations are pre- 
sented in the appendix for such an instal- 
lation. This drive was on board the 
Coast Guard cutter Naugatuck and os- 
cillographic records of electrical and me- 
chanical pulsations were taken. Torque 
pulsations in the shaft were recorded — 
with a torsional strain gauge mounted on 
a calibrated section of the drive shaft. 
The cutter is driven by a single-screw _ 
three-bladed propeller. The motor is a | 
500-volt d-e machine rated 800 horse- _ 
power at 250 rpm and is powered by two | 
400-kw generators. 

It is apparent from the comparative 
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Speed-Control System for an Avircraft 


Cabin-Supercharger Drive 


F. W. GODSEY, JR. 
MEMBER AIEE 
Synopsis: Cabin supercharging is becom- 


ing extremely important as flight ceilings 
for military aircraft are extended upward. 
Many different schemes have been worked 
out for using main-engine power to drive 
variable-speed blowers at speeds which will 
maintain the desired air-flow and cabin pres- 
sure at various altitudes. Two fundamental 
problems are 


1. Providing a variable-ratio transmission be- 
tween the engine and the blower. 


2. Controlling the blower speed to maintain the 
required air delivery. 


In some cases a third problem arises because 
the point of air delivery is at a considerable 
distance from the engine, necessitating 
either a long transmission of power or the 
use of long air ducts. Requirements for 
remote supercharger drives of moderate 
power may be met by means of a variable- 
voltage electric coupling. By using suitable 
motor characteristics the air delivery of a 


Paper 45-3, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 22-26, 1945. Manuscript submitted June 16, 
1944; made available for printing November 2, 
1944. 
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and Manufacturing Company, East Pittsburgh, 
Pa. J. D. Miner, Jr., is engineering manager of 
the aviation engineering department and O. C. 
WALLEY is design engineer with the Westinghouse 
Company in Lima, Ohio. 


plot of Figure 16 that only the complete 


equivalent circuit will give a fair approach 
to actual results. Considering the pro- 
peller damping alone leads to far too large 
a pulsation. On the other hand, consid- 
ering only the resistance of the motor 


leads to far too large a damping force in 


the motor. The complete circuit gives a 
much better approach to actual condi- 


- tions but it, too, deviates from the experi- 
~ mental curve due principally to the fact 


coe tear pulsations and propeller 


3 - lified laws we e have postulated for them. 


we 


Appendix 


=10.9 X 105 foot-pounds 
‘s per radian 
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blower connected to such an electric coup- 
ling can be controlled by a simple regulator 
designed to vary current in proportion to 
voltage. Requirements for the electric 
equipment are developed, and laboratory 
tests on a nine-horsepower model are pre- 
sented to demonstrate that the equipment 
meets the specified performance. 


IRCRAFT cabin-supercharger de- 

vices are required to deliver an in- 
creasing volume of air as the altitude in- 
creases. It usually is desired to maintain 
outside pressure up to 8,000 feet; to main- 
tain the pressure equivalent of 8,000 feet 
from 8,000 to 30,000 feet; and then to let 
the cabin pressure decrease at higher alti- 
tudes to maintain safe pressure differen- 
tials. A certain minimum air delivery is 
necessary to meet the oxygen require- 
ments of the crew, so that the usual 
conditions of operation will be a constant 
weight of air flowing from the blower 
each minute, cabin pressure fixed at the 
pressure equivalent to 8,000 feet, and in- 
let pressure varying according to alti- 
tude. A variable-speed centrifugal blower 
provides a suitable source of air delivery 
but requires a means of coupling it to the 
main engine to permit operation of the 
blower. at the speed corresponding to 


altitude requirements, regardless of the 
speed at which the engine may be operat- 
ing. 


General Requirements 


This paper presents an all-electric 
approach to the problem and is based 
entirely upon specifications for blower 
input issued by Wright Field as shown in 
Figure 1. An electric coupling is used 
which consists of a d-c generator driving 
a d-c motor. This arrangement permits 
any desired location of the blower. The 
principal purpose of this paper is to in- 
vestigate the possibility of devising a 
suitable method of speed control to main- 
tain automatically the desired rate of 
mass air delivery. 

It will be noted from Figure 1 that the 
required power range is approximately 
ten to one, and the required speed range 
is approximately the square root of ten 
to one. The drive takes power from a 
standard high-speed engine take-off and 
must operate over a generator speed range 
of 5,000 to 10,000 rpm. By specification 
the electric coupling must be entirely 
independent of the 24-volt bus on the air- 
plane. 

A variable- voltage d-c generator driv- 
ing a separately excited motor would 
offer a practical and flexible system of 
speed control, if some source of motor 
excitation were available. Investigation 
is necessary, therefore, to determine 
whether some simple method of speed con- 
trol can be worked out using shunt, com- 
pound, or series excitation for the motor 
and either variable or constant voltage 
from the generator. A further object of 
the investigation is to determine whether 


Critical ey 
10. 9x 105 ae ac ro xio( 222, 222) 
G 670 14,400 


“ae wibeations per second 


which is 256 rpm for the third harmonic 
pulsation of the'three-bladed propeller. 


,250 
Kpe eee: 9 pound-feet per am- 
250 1,300 hers 
500 X60 


—— =19.1 volts per radian per 
second 


Keb 750 XOe 
K,=Propeller torque constant for use in 
circuit of Figure 6 


et mm ad =24.5 pound-feet per 

(wpo) (26.2)? (radian per second)? 

R=0.01109 ohm at 75 degrees centigrade 
—from design details 


K 
na =22,200 pound-feet per radian per 
second—tresistive damping constant 


Inductance = L=4.77X10~4 henry 


In making the calculations, the propeller- 
torque pulsation has been assumed at six 
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per cent of the mean torque rather than the 
more commonly assumed value of ten per 
cent, since it is more nearly correct in this 
case. A verification of this is obtained by © 
employing the equivalent circuit to calcu- — 
late the armature’ load-current variation at 
the critical speed. This amounts to five 
per cent of rated current and checks rather 
closely with experimental values obtained 
by an oscillographic test. : 
The last column in Tables I, II, and III 


_ gives the vibration in per unit of full-load | 


torque pulsation. Actually in plotting — 
these results we assume a six per cent 
torque pulsation. - 
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the specified speed control may be ac- 
complished simply by controlling the 
relation between speed and torque or 
whether a pressure-sensitive device must 
be used to control speed in order to ob- 
tain the specified speed for each altitude. 


Motor Characteristics 


Specifications of horsepower and speed 
versus altitude as given in Figure 1 may 
be converted into a speed-torque curve 
to facilitate investigation of motor per- 
formance requirements. The speed- 
torque curve is plotted in Figure 2 and 
proves to be a straight line which may be 
expressed as 


n=2,100 T (1) 


where represents speed in rpm and 7 
represents torque in pound-feet. 

The internal torque which must be 
developed by the motor will be consider- 
ably more than the value indicated by 
equation 1 because of friction, windage, 
and rotational iron loss. An approxi- 


SPEED AND HORSEPOWER — PER CENT 


0 10,000 
ALTITUDE — FEET 


20,000 30,000 


- Figure 1. Specification of speed and horse- 
power versus altitude for the input to the 
blower of the supercharger 


100 per cent speed =10,000 rpm 
100 per cent horsepower =9 horsepower 


mate expression for the internal torque 
would be : 


n=1,700 T (2) 


In this expression the losses in torque have 
been assumed proportional to speed; 
_ that is, brush and bearing friction at 
standstill and also the nonlinear com- 
ponents of windage and iron loss have 
been neglected. 5a 

- When other conditions remain con- 
stant, the torque required to drive a 


centrifugal blower varies with the square 
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passing through the origin. 


of the speed of the impeller. A series of 
speed—torque curves for the blower has 
been added to Figure 2 for each 5,000 
feet of altitude. These curves are con- 
structed easily by selecting the appro- 
priate speeds from Figure 1, and setting 
the torque proportional to the square of 
the speed through the same speed—torque 
points on Figure 2. _ It will be observed 
that a motor having a speed—-torque 
curve meeting the specified values will 
operate the blower at the correct speeds, 
because the intersections of the speed— 
torque curves are single-valued and at 
low speeds motor torque is always greater 
than the blower torque. : 
Perhaps this explanation needs em- 
phasis. If the motor can be made to 
provide the speed—torque relation shown 
in Figure 2, it will operate at the speci- 


SPEED —RPM 


(e) \ 2 &} 4 5 
TORQUE — FOOT- POUNDS 


Figure 2. The specifications of Figure 1 con- 
verted to a conventional speed-torque curve 


Superimposed are the speed—torque curves of 
the blower for each 5,000 feet of altitude and 
also test points obtained with the model 
equipment 
O—Test points 
A—Specified speed—torque curve with 15 per 
cent speed band 


fication speed and only at this speed at 
any altitude within the range covered by 
the specification, and no other altitude- 
sensitive control is required. 

The proposal that a motor be designed 
with deliberate intent to have speed in- 
crease with increasing torque is startling 
to a motor designer. A motor with only 
a slight rising: characteristic may hunt 
violently on a load having appreciable 
inertia, and here it is proposed that the 
speed increase directly with torque. 


The curves of Figure 2 are reassuring, 


however; no instability will result from 
any straight-line speed-torque curve 
It remains 
then to devise some way to produce the 
unconventional speed—torque curve re- 
quired. : 

A d-c motor responds only to voltage, 
current, and flux, and the desired motor 
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performance must be expressed in terms 
of these quantities. The fundamental 
equations for speed and torque are 


e=nko (3) 


where ¢ equals counterelectromotive force, 
n equals rpm, ¢ equals flux per pole in 
kilolines, and 


oles is 


k=conductors - ——— 5 
circuits 60 


T =7.03kblq (5) 


where J, equals armature amperes, and ~ 


T equal torque in pound-feet. 
By substitution 
e=1.192 k47Jq: 104 (6) 


Equation 6 gives the relations between 
induced voltage, flux, and armature 
current for any motor operating on the 
assumed speed-torque curve in equation 
2. A preliminary study of these relations 
may be made by assuming voltage, flux, 
and current to be held constant in turn 
as shown in Table f. 


Table |. Range of e, ¢, and 1, From Minimum 
to Maximum Altitude 


e ¢ I, 
Constant ....... A/ 10:04 petvesciee 10'to f= 
Peto n/ LO eR avin Constant —v.....- 1 to ~/10 
fot Oe eee 1to V/10 


Analysis of Table I indicates that the 
generator will be of the same size for all 
three arrangements; that is, the maxi- 
mum output is ten times the minimum 
output, if the increase is all in current 
equally, divided between current and 
voltage, or all in voltage. This is a 
natural consequence of the fact i’ at the 
load on the generator is completely in- 
dependent of generator spee? However, 
this condition does not obtain for the 
motor. If cooling considerations are 


neglected, the motor would be about 
three times as large for constant voltage — 


as it would for either constant flux or 
constant current. A  constant-voltage 
motor would have to deliver max’ aum 


power with less than 30 per cent of its 2 


maximum flux capacity being utilized. 


Also, a constant-voltage system would re- 


quire two regulators: the first to main- 


tain constant voltage, and the second to 
keep the flux in the motor in inverse pro- ~ 
portion to the armature current. Need- 
less to say, the flux regulator would bea 
difficult instrument to devise. 5 a 
Constant-flux operation with voltage — 
directly proportional to current results in 
a motor of reasonable weight but involves — 
some difficult control problems. Again, 
two regulators would be required: one 


to hold field current constant regardless. 


of voltage, and the second to vary voltage _ 
in proportion to current. The field wind- _ 


a Tee Se 
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ing would be likely to overheat at low 
speeds, since field losses would remain at 
full value while ventilation would fall off 
rapidly. 

Constant-current operation with volt- 
age varying over a ten-to-one range ap- 
pears somewhat more practical, although 
it also presents a difficult ventilation 
problem at low speed, since the copper 
losses remain as high at minimum speed 
as they are at maximum output. Ex- 
amination of equation 6 indicates that 
for constant-current operation the flux 
must vary as the square root of the 
voltage. This condition may be ap- 
proached over a limited range by careful 
design of the magnetic circuit, by using 
shunt excitation, and by using pole-face 
windings to prevent field distortion 
under load. The regulation problem 


“ would be simple, as a standard voltage 


regulator could be used by replacing the 
potential coil with a current coil. 

From these considerations it appears 
that the ideal condition is a compromise 
approaching the constant-current condi- 
tion but with some change in current 
with load to reduce the range df voltage 
required and to reduce copper losses at 
low speeds. Further examination of 
equation 6 will show that, if the relation 
between current and voltage is of the 


% form: 


‘[=I,+Ae (7) 


_the relation of flux and voltage will be 


= é 
3. 2a s 
$= 192 k2(I, + Ae) 8) 
This is a promising equation, since, if 
Ae is small compared to J,, the flux will 
be proportional to the square root of the 


- voltage (as before) for small values of 


+ 


_ equation 6 is very simple; 


voltage but will approach a saturation 
value as e approaches infinity. A voltage 


regulator to meet the requirements of 
it requires a 
current coil to balance the spring forces 


at current J, and a differential potential 


™ 


coil to bias the regulator, so that each 
increment in voltage requires a propor- 
_ tional increment in current for equilib- 
rium. 

Before one proceeds to the actual de- 


_ sign of a motor, equation 6 must be modi- 


fied to include brush drop, armature- 


circuit resistance drop, and shunt-field, 
amperes. 


‘The armature current becomes 
V—(1.0+ Rela) 


eae £10) 


1,192 k?p?-10* 


zee V is terminal voltage, Ry is the 


4 resistance of the entire armature circuit, 
and the brush potential drop is assumed 

Ee . constant at one volt. : 

The total line current is ; 


Se (10) 


eels line current and Ri is the 
of the shunt Geld: 


At this point it is necessary to make a 
tentative motor design and then to deter- 
mine whether operation within the speci- 
fied limits will be possible by means of a 
regulator working to equation 7. For 
the model designed to meet the speci- 
fications of Figure 1, a four-pole motor 
with provisions for generous pole-face 
windings was selected. Accurate com- 
pensation of armature ampere turns is 
used to prevent field distortion. The 
armature has 82 conductors and two cir- 
cuits, so that k is 2.74-10~4. The total 
resistance of the armature circuit is 
0.013 ohm. Curvature was introduced 
into the saturation characteristic of the 
motor at low excitations by notching the 
backs of the poles to provide thin sec- 
tions of restricted area. These thin sec- 
tions saturate at low values of flux and 
then behave like an increasing air-gap 
length at higher values of flux. The ac- 
tual saturation curve is plotted in Figure 
3, and it will be noted that the curve does 
not deviate greatly from a square curve. 
The hot-field resistance is ten ohms. 

Various values of V may be assumed, 
and corresponding values of ¢ taken from 
curve 1 of Figure 3. Equations 9 and 
10 are then used to find the relation be- 
tween V and J,;. This relation has been 
plotted as curve 3 of Figure 3. It will 
be noted that this curve is not linear; 
the actual Shape varies with the shape of 
the saturation curve and may be modified 
considerably by slight changes in this 
curve. Over the principal operating 
range, however, the relation of I, and V 
is reasonably close to the linear curve: 


T,,=140+0.75 V (11) 


shown as curve 2 on Figure 3. 

It is obvious that very careful precau- 
tions must be taken in the design and con- 
struction of the motor to minimize the 
effects of residual voltage, as otherwise, 
the performance of the system will differ 
widely between ascending and descend- 
ing tests. 

A nine-horsepower motor was built to 
these specifications and tested with a 
regulator which controlled current and 
speed per the test points shown in Figure 
3. Speed-versus-voltage readings are 
shown in Figure 3, and speed-versus- 
torque readings are shown in Figure 2. 
The test points are well within specifica- 
tion limits except for the relatively un- 
important points at the extreme low end 
of the speed range. 


/ 


Generator Characteristics 


No special characteristics are necessary 
for the generator insofar as meeting the 


- requirements of the regulating system. 


Any generator capable of delivering the 
required range of voltage and the required 
range of current will be satisfactory so 
long as it meets general specifications 
for aircraft. generators. For the model 
built and tested for this investigation 
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the stacking was lengthened on a 5,000- 
rpm 30-volt generator, so as to provide 
a maximum output of 50 volts at 185 
amperes. The generator is compen- 
sated fully to provide good commutation 
over a wide range of output at any speed 
from 5,000 to 10,000 rpm. A four-pole 
design with 51 commutator bars pro- 
vides a very conservative value of volts 
per bar for high-altitude operation. Aside 
from voltage rating, the generator is of 
conventional design.!? 


Regulator 


A schematic diagram of the regulator 
is.shown in Figure 4 and a photograph 
of the regulator in Figure 6. The basic 


AMPERES KILOLINES 


0 10 20 30 40 50 
VOLTS 


Figure 3 


1—Motor saturation curve, flux versus volts 


2—Test volt-ampere curve for regulator, 


|, =140+0.75V 
3—Calculated volt-ampere curve for regulator, 
pea +0.013],) 
8.956210 § 10 


4—Test speed—voltage curve, revolutions per 
minute versus test voltage 


principle of the regulator is very simple. 
The operating coils consist of 


1. A heavy coil of a few turns carrying the 
entire line current. 


2. A differential-potential coil carrying ~ 
current in proportion to system voltage. ~ 


This regulator will adjust the generator 
field until sufficient current flows, so that: 
the algebraic sum of the ampere turns 
in the current coil and the opposing 
ampere turns in the potential coil will 
produce enough flux to balance the regu- 
lator spring. Each time the regulator 
acts to increase the current, it does so by 
raising the system voltage. With in- 
creasing voltage it takes higher and 
higher values of current to DhoGitees equilib- 
rium. 

A decrease in torque, such as is pro- 
duced by an increase in altitude, tends to 
reduce the current drawn by the motor in 
proportion to the reduction in torque 
required to operate the blower. The 
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regulator, however, cannot permit a 
decrease in current; instead it operates 
to raise the excitation on the generator. 
The increased system voltage increases 


Figure 4. A quarter section of the magnetic 
circuit of the motor 


Inset shows the restricted pole section which 
produces the desired saturation characteristics 


speed of the blower, and the increased 
_speed increases the torque. This action 
continues, until both current and voltage 
have increased to a new equilibrium 
point for the regulator; at the new operat- 
ing point, horsepower, torque, and speed 
will have all increased to maintain the 
- original air delivery in pounds per minute. 


SS REGULATOR 
r aq 
= BUCKING 


Figure 5. Schematic diagram of the electric 
coupling system 


Two refinements are necessary to make 
- the regulator entirely satisfactory. In 
the first place, a shunt-wound generator 
never would build up voltage with a low- 
resistance motor across its terminals. 
' For this reason, a starting contactor is 
provided which will open the motor cir- 
cuit until the generator has built up to a 
low voltage. During starting the current 
regulator necessarily acts as a current 
_ limiter, preventing currents in excess of 
_ the regulator setting by inserting the 
control resistance in the generator-field 
-circiit. The drop in voltage will cause 
- the starting contactor to open, and the 
system will cycle several times as the 


not harmful in any way, as the line cur- 
rent is practically zero at the instant the 

contactor opens, and the only effect is to 
increase the time required for accelera- 
tion to, full speed. A series coil is pro- 
vided to hold the contactor in at low 
_-voltages. 
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blower motor comes up to speed. This is — 


The second device which must be added 
to the basic regulator is a voltage-limiting 


device which acts to prevent the voltage 


from exceeding about 55 volts. This 
device is necessary because the system 
tends to be self-destructive in the event 
of loss of load for any reason. The device 
acts on the armature of the regulator as 
soon as the calibration voltage is reached 
and destroys regulator equilibrium in such 
a way as to make it regulate for 55 volts. 
Since the motor is shunt wound, motor 
speed is limited to a value only slightly 


Figure 6. The generator 
(left) and motor (right) 
of the electric coupling 


Figure 7. The regulator which controls the 
relation of current to voltage 


The voltage-limiting device may be seen to the 
back and right of the main regulator | 


over the maximum rated speed of 10,000 
rpm. 


Conclusions 


It has been demonstrated that it is. 


possible to design a motor with character- 
istics such as will result in a speed—torque 
curve with torque directly proportional 
to speed over an appreciable range of 
output, when the motor is operated from 
a system having voltage and current 


control of the form J=7,+AV. It also” 


has been shown that a motor with such a 
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speed-torque curve will meet the re- 
quirements of specifications intended to 
assure a constant rate of mass air delivery 
at any altitude between 8,000 and 30,000 
feet when used with a centrifugal blower 
operating to supercharge an airplane 
cabin. A simple regulator to control 


current and voltage has been described. 

A model has been built and tested, and 
found to meet the specified speed—torque 
requirements within narrow limits. It 
was found during the tests that the steep- 
ness of the speed-torque curve could be 


adjusted readily by changing the ratio 
of current-coil ampere turns to potential- 
coil ampere turns and that the entire 
power-output level could be raised or 
lowered by adjusting the spring tension 
on the regulator. No tests were made of 
actual altitude performance. 

The chief difficulties with the system 
appear to lie in the accuracy required of 
the motor characteristics, particularly 
in regard to control of the magnetic cir- 
cuit. Elimination of residual effects re- 
quires careful selection of magnetic 
materials and elaborate annealing; the 
accuracy usually built into a regulator 
must, to a lesser degree, be built into 
the motor, since the motor characteristics 
form an important part of the regulating 
system. Some minor difficulties also 
may arise from temperature effects, but 
these do not appear important so long 
as the permissible speed variation is’ 15 
per cent. 

The speed-limiting action which takes 
place at maximum altitude appears in 
line with recent proposals to allow cabin 
pressure to decrease at altitudes above | 
30,000 feet to lessen danger to personnel _ 
in the event of rupture of the airplane 
cabin. ie 

The project was a very interestingit 
experiment; its future possibilities must ‘a 
be exploited by the experimental section _ 
of the Army Air Forces at Wright Field, 
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HE development of the Montreal 
Terminal of the Canadian National 


Railways, which was started in 1931 and © 


lay dormant all during the depression 
years, was revived as an unemployment 
relief measure and continued as a wartime 
measure in 1939. The project consisted 
of centralizing the four passenger sta- 
tions, the construction ofa new station, 


_ and the alteration of existing freight yards 


and facilities. 

The Canadian National Railways’ 
facilities at Montreal are a combination 
of those of the Grand Trunk Railway and 
Canadian Northern Railway, both of 
which, together with the Canadian Gov- 
ernment Railways, were combined to form 
the Canadian National Railways System 
The use of Bonaventure 
station, the old and outmoded terminal of 
the Grand Trunk Railway and Canadian 
Government Railways, for many years 
had been the cause of congestion and, 
owing to the numerous grade crossings of 
city streets involved, had been a source of 
serious city complaints. 

During its construction, the only way 
the Canadian Northern Railway could 
enter Montreal for its eastern terminus 
was by way of a three-mile double-track 
tunnel under Mount Royal, terminating 
in a passenger station at Lagauchetiere 
Street, adjacent to the. uptown retail 


_ business district of the city. Having to 


operate through this long tunnel, the 


Canadian Northern Railway was forced 


to electrify its lines for a distance of about 


ten miles, including the tunnel, and one 
of the then (1914) modern and popular 
"systems, namely 2,400-volt d-c, was 
adopted. Six 1,000-horsepower locomo- 
tive units were built by the General 
Electric and the Canadian General Elec- 
tric companies and eight multiple-unit 
car equipments were provided, two of 


which were subsequently installed. 


After an exhaustive study just prior — 


930, it was decided to develop the new 
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inal on an enlargement of the origi-. 


nal Canadian Northern station site. 
This now comprises 14 passenger- and 
three express-station tracks, of which the 
four through tracks in the center have 
platforms long enough to accommodate 
20-car trains. These station tracks con- 
nect with the double track of the Mount 
Royal Tunnel on the north and with six 
main tracks, tapering down to two, on a 
viaduct extending southward to the 
Victoria Bridge. The station building 
is centrally located in relation to the plat- 
forms, reducing to the minimum the dis- 
tance which passengers must cover in 
boarding or leaving trains. The plat- 
forms are of car floor height and are 
served by two broad stairways and an 
escalator leading directly on to the center 
line through the station concourse, im- 
mediately above. The subtrack area, 
extending throughout the station area, 
provides the express, baggage, mail, and 
customs facilities and is accessible by mo- 
tor or truck directly from Lagauchetiere 
Street, one of the main thoroughfares. 


Paper 45-10, recommended by the AIEE com- 
mittee on land transportation for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945. Manuscript sub- 
mitted October 25, 1944; made available for 
printing November 20, 1944. 


R. G. Gace is chief electrical engineer, Canadian 


' National Railways, Montreal, Quebec, Canada. 


Electric locomotives and trolley feeder breakers 
were manufactured by the English Electric Com- 
pany, London, England, and purchased from the 
Montreal Harbour Commission. Glass-bulb recti- 
fiers and rectifier transformers were supplied by 
the Hewittic Electric Company Ltd., Hersham 
(Walton-on-Thames) Surrey, England, through the 
Northern Electric Company at Montreal. Over- 
head trolley fittings were supplied by the Ohio 
Brass Company, Mansfield, whose engineers were 
also consulted in the design and application. 


Signal equipment for the Montreal area was pur- 
chased from the Union Switch and Signal Com- 


_ pany, Pittsburgh, Pa., who are also responsible for 


the detail engineering and construction. Signal 
equipment for the St. Lambert area was purchased 
from the General Railway Signal Company, 
Rochester, N. Y., who are also responsible for the 
detail engineering and construction. 


All of the above work was carried out by the chief 


engineer of the Canadian National Railways, under 
the immediate supervision of the chief electrical 
engineer and his staff. 


Gage—Electrification and Signaling 


feeding it. 


Access to the station proper by taxi and 
private automobile is from two plazas 
located on the north and south sides, con- 
necting directly to the adjacent streets. 
Direct access for pedestrians is by means 
of stairs and escalators at both the east 
and west sides from Dorchester Street. 
The two upper floors of the station build- 
ing are occupied by the railway operating 
staff. 

As will be gathered, the entire station 
area is below the adjoining street levels, 
primarily on account of the elevation of 
the tracks in the Mount Royal Tunnel 
which is also the elevation of the track 
on Victoria Bridge leading across the 
St. Lawrence River. The tracks be- 
tween these two points are constructed on 
a viaduct, thereby securing grade separa- 
tion of all intervening city streets. The 
entire project has been laid out in such a 
way that the overhead rights for office 
buildings, hotel, auditorium, and so 
forth may be built without interfering 
with any of the existing structures as 
provision has been made for the necessary 
supporting foundations for such buildings. 
It is felt well within the realm of possi- 
bility that, with the normal growth of 
Montreal, this terminal area will develop 
in a similar manner to that of Grand 
Central Terminal in New York. 


Electrification 


Power for the Montreal Terminal is 
purchased from the Quebec Hydro Com- 
mission at three phase, 12,000 volts, 
being received from two independent 
substations which, together with six 
other substations, are connected to the 
66,000-volt ring of the power distribu- 
tion system. The two supply lines 
terminate in a railway transformer sub- 
station, located below the tracks in the 
station area, each line having capacity 
to carry the total terminal load of ap- 
proximately 6,000 kva. The main cir- 
cuit breakers on each of these supply 
cables are equipped with an automatic 
change-over device ensuring the con- 
tinuity of service in case of trouble aris- 
ing in the cable itself or in the substation 
This 12,000-volt supply is 
stepped down to 4,000 volts, three phase 
for general distributions; 208/120 volts, 
three phase, four wire for general lighting 
and car charging purposes; and 575 volts, 
three phase for station elevators, fan 
motors, pumps, and so forth. Two in- 
dependent three-phase 4,000-volt circuits 
are run in conduit from this substation to 
the central control tower at the Lachine 
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Canal lift bridge to supply energy for the 
operation of the lift bridge over the canal 
and for the terminal signaling. 

The feature of the power system for the 
terminal which is of special interest is the 
use of glass-bulb mercury-arc rectifiers 
for supplying the 2,400-volt direct cur- 
rent for traction. Although these are 
used to a considerable extent for traction 
purposes in England and in other parts 
of the Commonwealth, it is their first use 
in Canada and probably any place in 
2,400-volt service. 

Two independent 12,000-volt three- 
phase circuits are run from the trans- 
former station and, protected by main 
circuit breakers connected with two 
2,156-kva 12,000/2,200-volt 3- to 12- 
phase rectifier transformers. Each trans- 
former feeds a bank of four glass-bulb 
rectifiers whose capacity under normal 
rating is 1,500 kw per bank and 3,000 kw 
on a five-minute peak rating. The 12 
phases in each transformer are con- 
nected in two three-phase groups joined 
at their neutral points by an interphase 
transformer; these two six-phase groups 
are in turn connected together at their 
neutral points by a third interphase 
transformer. The rectifiers are operated 
in pairs connected in parallel across six 
phases. Bulbs A and B are connected 
to the six phases comprising group one 
and bulbs C and D to the six phases com- 
prising group two. Each bank is pro- 
tected by a 2,400-volt d-c breaker with 
a normal time lag set to take care of the 

normal operating short-period peak loads 

but with a very high-speed setting for 
reverse current, protecting against re- 
verse flow between banks in case of a 
backfire in the bulb. 

The chief reasons for the selection of 
glass-bulb rectifiers instead of the more 
familiar steel-tank type were the de- 
cidedly lower cost to install; a much 

, better delivery date under wartime 
conditions; the advantage of having the 

“installed capacity in eight equal units 
instead of two; the elimination of all 
vacuum and cooling auxiliaries; and the 
excellent reported record in service on 
British railways. 

The rectifiers consist of vacuum-sealed 
glass bulbs fitted with six operating an- 
odes, each protected with a fuse, two 
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Figure 1. General terminal layout 
showing the extent of the electrifica- 
tion and signaling 
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exciting anodes, and an auxiliary auto- 
matic-starting anode. A pool of mer- 
cury covers the cathode located in the 
base of the bulb. The bulbs are mounted 
in steel cabinets with open grille doors 
for purposes of ventilation and are cooled 
by a fan located immediately beneath 
the bulb and connected so that its speed 
increases with the tota! current in the 
rectifier. The life of the tubes, as in- 
dicated by the records in other railway 
installations, is a matter of years. In- 
dividual failures, of course, occur as a 
result of defective workmanship or ma- 
terial as in all types of equipment. 

The rectifier is started by energizing 
the 120-volt auxiliary circuit, which oper- 
ates a magnetic contactor whose function 
is to cause a flexible contact to dip into 
the mercury pool and, when withdrawn, 
to strike an arc. This arc energizes the 
exciting circuit and maintains continu- 
ous arcing on the exciter electrodes 
which in turn is automatically trans- 
ferred to the load anodes upon the appli- 
cation of load. Inasmuch as the rectifier 
has a permanent vacuum, no preliminary 
time is required for auxiliaries and the 
rectifier can take on its load immediately 
upon demand. It can, therefore, be 
thrown on or off the line from remote con- 
trol points, or could be controlled by a 
time switch if desired. By the use of a 
large number of anodes in multiple, 24 in 
this case, and the reduction of current 
concentration on the anodes, backfiring 
is eliminated, or at least none has taken 
place to date. 

The transformers are of the oil-in- 
sulated self-cooled type, 3-to-12 phase, 
housing the interphase transformers, the 
auxiliary starting transformer, and a 
choke in the main rectifier circuit which 
controls the cooling-fan speed in propor- 
tion to the load. 

The rectifier station is designed for 
remote control and to be operated without 
continuous attendance. The rectifier 
banks can be put on or off the line inde- 
pendently from manually operated re- 
mote-control points from the substation 
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Figure 2. Rectifier station showing the two 

banks of rectifiers, one on each side of the 

center aisle, with three of the trolley section 
breakers in the far end 


or at the interlocking control tower at 
the Lachine Canal. 

In-order to overcome interference with 
telegraph and telephone communications, 
corrective equipment was installed con- 
sisting of a coil of 30 turns and 1.115 
millihenries inductance in the negative 
return and four tuned shunts between 
the positive and negative to eliminate 
the 360, 720, 1,080, and 1,440 frequencies. 


The rectifiers are operated without inter- 


ference with existing communication cir- 
cuits. 

In addition to the mercury-arc rectifier 
station, direct current is supplied from a 
motor generator substation originally in- 
stalled by the Canadian Northern Rail- 
way in 1918. This station consists of 
two three-unit sets composed of a 12,000- 


volt synchronous motor and two 1,200- - 


volt 1,500 kw d-c generators connected 
in series. This station is being held as a 
reserve and will, undoubtedly, be re- 
placed by modern rectifiers when the 
electrification is extended. 

The catenary system throughout the 
terminal consists of steel bridges spanning 
the main line tracks spaced on an average 
of 180 feet apart, carrying copper con- 


ductors of approximately 800,000 circular — 


mils equivalent copper conductivity per 


track, made up of a Copperweld and cop- — 


per main messenger, copper auxiliary 
messenger, and two bronze grooved trol- 
ley wires. The trolley system is divided 
into 12 sections, each provided with a 
feeder breaker. Seven of these breakers, 
with an auxiliary for emergency use, are 
installed in the rectifier substation, and 


_ the balance in the switching room of the | 


interlocking tower at the canal. All the 


breakers are remotely controlled by push- 


button switches mounted on the signal 


control panel in the operating tower. — 


The signal levermen, under the direction 


of the train controller, are thus able to — 
a, <* 
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Interior of rectifier cubicle 


Figure 3. 


energize or de-energize any trolley section 
as called for by the exigencies of the serv- 
ice. They also control the rectifier sta- 
tion, putting either or both banks on or 
off the line as required. 


There are no special engineering fea- - 


tures in the overhead system. It con- 
forms to recognized good practice for 
heavy-duty electrification. Owing to the 
steel shortage under war conditions, the 
catenary bridges are lacking in uniformity. 
At first they were designed and fabricated 
from new material, then from second- 
hand bridge steel removed from railway 
bridges and, finally, from creosoted tim- 
ber when steel became unprocurable. 

The additional. electric locomotives 
necessary for an enlarged electrical opera- 
tion, together with the feeder breakers 
for the 12 trolley sections, were obtained 
from the Montreal Harbour Commission 
as a result of their termination of elec- 
trical operation. The electrical char- 
acteristics of the Harbour installation 
were by design the same as those of the 
original Canadian Northern installation, 
so that it would be possible for the 
- Canadian Northern to operate on the 
- Harbour trackage in the interchange 
service. — 

Throughout the electrified zone, one 
rail of each track is bonded for propul- 
sion return currents and the several re- 
turn rails in parallel tracks are cross 
bonded together for conductivity. Ow- 
ing to the use of direct current for pro- 
_ pulsion, it was necessary to install a-c 
signal track circuits. Complications in 
e layout in some of the tracks, as well 
ir cost, made it desirable to avoid the 


oe 
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use of impedance bonds as frequently 
used with signal systems on electrified 
lines. This bonded return rail is used 
as a common rail for both signaling and 
traction, the other rail being insulated 
and retained for signaling. 

A new coachyard was built at Point 
St. Charles consisting of 32 tracks, 19 of 
which were electrified, lighted, and 
equipped with battery-charging, vacuum, 
and steam-heating facilities. The over- 
head consists of the lightest type of 
street-railway construction with the trol- 
ley carried from single cross messengers 
spaced at 80-foot centers. Thirty- 
three-foot 85-pound scrap rails, with the 
ends embedded about five feet in con- 
crete, are used as the trolley supports. 
The stresses in the trolley wires, as well as 
in the cross spans, are taken care of by 
dead-end guying. On each alternate 
support in the longitudinal rows, and 
staggered as between rows, is mounted 
a 6,000-lumen 20-ampere series lamp for 
lighting the yard. The lamps are sup- 
ported in a hoop-type. bracket mounted 
on the top of the trolley supporting poles 
giving a height above rail of about 28 feet. 
The lamps are fitted with symmetric 
refractors and are arranged in four regu- 
lated circuits. Very satisfactory and 
uniform lighting throughout the yard 
area has been obtained. 

A rather novel feature in this yard is 
the arrangement of the car-charging facili- 
ties. The constant-potential system is 
used, supplemented by portable chargers 
to take care of the occasional car re- 
quiring special attention, such as those 
fitted with Edison batteries requiring a 
higher charging voltage. 

Owing to the large variations in the 
total car-charging load, the usual practice 
of having two car-charging generator 
sets, with which at least one relatively 
large set would be running with a very 
light load for a considerable portion of the 
day, it was decided to install 16 500- 
ampere 50-volt motor generator sets 
located on the midway through the center 
of the platforms and at the approximate 
center of the loads. Owing to the rela- 
tively narrow platforms, these sets were 
mounted in small houses about 15 feet 
above the platforms, thus permitting the 
ordinary use of platform trucks necessary 
in the servicing of trains. 

The houses, which also accommodate 


Figure 4. Control 

panel of the St. 

Lambert interlocker 

showing signal but- 

tons in the tracks | 

and switch levers be- 
low 
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the regulating equipment, are accessible 
through a trap door in the floor. Win- 
dows provide ventilation in the summer 
and heat generated by the sets them- 
selves provides the necessary heat in 
winter. The wiring for each platform is 
the three-wire return-loop system with 
the operating coils of the voltage regulator 
connected across, thus maintaining a 
constant potential at all charging outlets. 
Each generator is protected by a current 
regulator, a fuse, and a reverse-current 
relay. There is also a magnetic starter 
with start-stop push-button control at 
the base of each house support. A series 
relay is connected to the d-c side which 
serves to automatically stop the set when 
the last car is taken off charge. This 
relay also makes it necessary to have at 
least one car on the circuit before the 
motor generator set will run. 


Signaling 


The signaled area is divided into two 
parts, that on the south or east side of 
the St. Lawrence River—comprising two 
main tracks with connections to a large 
freight yard at Southwark—extends from 
St. Lambert for four route miles eastward 
and represents 108 controlled functions; 
the balance on the north or west side of 
the river extends from the west end of 
Turcot freight yard through the station 
area into the Mount Royal Tunnel and 
includes main tracks varying from two 
to six and their connections to the 17 
station tracks. This latter installation 
covers about eight route miles and com- 
prises 607 controlled functions. The 
former, which is controlled from the tower 
at St. Lambert, is what is known as wire- 
controlled relay interlocking and is di- 
vided into four zones. Inasmuch as this 
territory is not electrified, but is in close 
proximity to electrified lines, two-rail a-c 
track circuits are used. The Montreal 
side consists of relay interlocking laid 
out in ten zones, each of which is con- 
nected with the operating tower at the 
Lachine Canal lift bridge by means of 
polar code control. As all of this area 
is electrified, single-rail a-c track circuits 
are used throughout. 

All main-line tracks throughout the 
aforementioned entire areas are provided 
with signals for movements in both direc- 
tions and trains are governed by signal 
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_two-unit, low, ground type. 


indication only. All relay racks and 
panels were wired in the factory before 
shipment and all relays are of the plug-in 
type which permits replacement without 
interfering with the permanent wiring 
and with minimum interruption to the 
service. 

All signals are of the searchlight type 
using ten-watt ten-volt precision-based 
lamps, giving a strong parallel light beam 
which is clearly seen in bright daylight. 
This signal consists of a relay mechanism 
carrying three small colored screens on its 
armature, so arranged to show green with 
one polarity on the relay, yellow on the 
opposite polarity, and red when the relay 
is de-energized. The signal also includes 
a well-designed lens system producing a 
well-defined light beam. ‘The signals at 
St. Lambert are of the standard inter- 
locking type mounted on high ground 
masts or bridges for main-track move- 
ments and single-light dwarf signals for 
inferior-track movements, whereas all 
signals on the Montreal side are of the 
The color 
aspects as shown by the signals are the 
usual: green—‘‘proceed”’; yellow—‘‘pro- 
ceed, expecting to find the next signal at 
stop”; and red—‘‘stop.”” On the Mon- 
treal side, and at some points on the St. 
Lambert side, an aspect of red over yellow 
is displayed with the meaning to ‘‘pro- 
ceed expecting to find the immediate 
block occupied.” This means that an 


‘ engineer accepting a red over yellow 


signal moves upon his own responsibility. 


' This signal is necessary in terminal opera- 


tion to enable locomotives to enter a block 
to connect with a train either in switching 
or in engine-changing operation. Dwarf, 
that is, low ground-type, signals are used 
in the Montreal interlocker throughout in 
order to utilize the trackage to the fullest 
extent and also to enable the signal to be 
located at the point at which it governs. 


The use of the low signals at Montreal 


also very greatly simplifies construction 


by separating the signals from inter-— 
ference with the electrified overhead 


system. 
The interlocking machine Hy St. Lam- 
bert is made of a black-on-white lami- 


_nated-plastic panel with the tracks milled 
_. out, showing a permanently white track 


diagram on a black background. All the 
switches are equipped with point in- 
dicators, which correspond to the opera- 
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Operating panel and track dia- 


Figure 5. 
gram of Montreal interlocker showing the 
switch and signal push-turn buttons on the 


panel. Those in the triangular portions con- 
trol the arc rectifiers and the trolley-feeder- 
section breakers 


tion of switch points in the track and offer 
a continuous broad white line, indicating 
the route which has been set up for a 
train movement. Signals are shown by 
illuminated push buttons located in the 
track where the signal ‘is located. A 
green light in this button indicates that 
the signal is in the “‘proceed’’ position. 
The switches are controlled by small key 
switches located on the panel directly be- 
low the function. _ Miniature lamps 
located in each track section show by a red 
light the position of all trains throughout 
the interlocked area. 

The Montreal interlocking machine, 
owing to the number of functions con- 
trolled by it, consists’ of an operating 
panel and a track diagram. The operat- 
ing panel is of the desk type with an in- 
clined top, similar to the control panel 
in many a-c power stations. The switches 
and signals are controlled by miniature 
push-and-turn type switches on the panel, 
located in convenient groups in relation 
to the functions controlled and as shown 
on the track diagram, The track dia- 
gram is a large elevated vertical panel 
on which is painted in colors the various 
track circuits throughout the controlled 
area. Each track section is fitted with a 
lamp which shows by a red light when the 
track is occupied. Signal locations are 
indicated by lamps adjacent to the track 
governed which, when lighted with a 
green light, show that the signal is in the 
“proceed” position. All signal lights are 
put out when passed by a train and the 
red track-occupancy lamp goes out as soon 
as a train passes the immediate track 
section. It will thus be seen that the 


progress of a train throughout the inter- 
locked territory can easily be followed by 


the train controller. This is very dif- 
ferent from former times. Now, regard- 
less of the distance a train is from the 
tower, or of the weather conditions pre- 
vailing along the track, the controller is 
continuously informed as to the position 
of all trains in his territory. 

In two respects the Montreal installa- 


j 7 
Gage—Electrification and Signaling 


u 


tion is of particular interest to the engi- 
neering profession. The first is the area 
over which the control of the track 
switches and signals is centralized in this 
one machine. This perhaps is unique at 
the present moment, as the ten controlled 
zones comprising the interlocker would 
formerly have been controlled by perhaps 
five or six independent interlockers. The 
second point, and one which made this 
centralization of control possible, is the © 
use of a high-speed code connecting the 
control machine with a bungalow or con- 
trol point in each of the ten zones. The 
coding is performed over a set of six 
wires, three of which are reserved for the 
outgoing control code and three for the 
incoming indication code. The code it- 
self consists of a series of d-c pulses, in 
which two line wires are alternately 
energized and de-energized. During the 
energized periods the line circuit may be 
of either positive or negative polarity. 
Only two wires are used during coding, 
the three wires being used to determine 
the polarity of the line circuit. 

When the signalman depresses a 
switch or signal-control button on the 
control panel, he initiates a control code, 
which, after passing through the proper 
interlocking relay group, passes over the 
control-code line circuit to a control-re- 
ception panel in the zone bungalow, then 
to the function-control relays and finally 
to the wayside relays and apparatus, that 
is, to the switch-point operating mecha- 
nism or signal. When the function has 


‘operated in accordance with the code sent 


out from the control tower, the comple- 
tion of such operation initiates a cor- 
responding indication code which runs 
through corresponding relay groups and 
over the indication-line circuit, back to 
the control machine in the case of a 
switch-point operation, and to the track 
diagram in the case of a signal operation, 
thus, by means of indication lamps, in- 
forming the signalman that his instruc- 
tion has been completed. This code is 
unique in the speed with which it oper- 
ates, namely 35 pulses per second. 

The fact that the entire Montreal 
Terminal area has been equipped with 
signals so that trains may run in either 
direction on all the main tracks and that 
train operation is entirely by signal in- 
dication, without the use of train orders, 
has resulted in a very great reduction in 
freight-train delays. .The operation of 
the terminal since the opening of the | 
Central Station in July 1943 would in- 
dicate that the centralizing of signal con- _ 
trol over a relatively large terminal area _ 
is feasible and economical, and that the 
combination of the duties of signalmen 
in controlling the movements of trains, 
as well as controlling by remote opera- 
tion the trolley-feeder switches of the 
electrified zones, is also practicable, and 
that the men readily learn and appreciate 
the functions of the equipment which they ; 
are asked to control. ye 
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ITH today’s centralized control and 

supervision of power systems, it is 
essential that the man at the controls 
knows what is going on at all outlying 
interconnection points. 
Telemetering equipment keeps him in- 
formed of load changes, transfer of power 
from one system to another, variations in 
voltage, and all other values that are 
necessary for efficient operation. 

No one system of telemetering can 
meet all requirements. The speed of in- 
dication, accuracy, number of separate 
channels available, dependability, ease of 
totalizing, freedom from interference, the 
availability and need of repair parts, and 
the initial cost, as well as maintenance 
cost, are factors that determine the de- 
sign of any system of remote metering. 
A résumé of the telemetering practice up 
to 1941 will be found in the report of the 
joint committee of the AIEE committee 
on atttomatic stations and the AIEE com- 
mittee on instruments and measurements, 
published in October 1941. That report 
also contains an excellent bibliography 
on telemetering systems and methods. 

When the Department of Lighting of 
the City of Seattle wanted a telemetering 
system which would operate over a car- 
rier-current channel they were unable to 
locate such a system that would give 
them continuous and instantaneous read- 
ings. They felt that, for their purposes, 
an impulse system which provided read- 
ings at regular intervals was not the an- 
swer to their problem, Furthermore, 
they wanted a system that would permit 
several readings simultaneously over a 
single set of conductors. It was this need 
that led to the development of a modu- 


lated-frequency system of carrier tele- 


metering. 
The telemetering system meet de- 
scribed was designed to give continuous 


and almost instantaneous readings which 


are independent of supply voltage and are 


not affected by wide variations in remote- 


line characteristics. It was designed to 
operate with a high degree of depend- 
ability during emergencies, to permit a 
large number of channels on one pair of 
conductors, to give yey fast response, 
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and to incorporate certain other desirable 
features. 

The transmitter generates its own car- 
rier frequency making it unnecessary to 
provide a separate carrier-current system. 
Standard radio receiver tubes are used 
throughout and all parts subject to wear 
or breakdown are easily replaceable stand- 
ard radio parts. 


General 


The block diagram, Figure 4, illustrates 
the principle of operation and this will be 
described briefly. In the telemeter trans- 
mitter is incorporated the primary in- 
strument, such as a wattmeter, which 
determines the values to be transmitted. 
This primary instrument controls the 
frequencies of two high-frequency oscilla- 
tors whose outputs are converted into a 
single beat frequency. The beat fre- 
quency, which varies with the magnitude 


‘of the quantity being measured, is ampli- 


fied and transmitted over the line, 
whether it be a transmission line or a tele- 
phone line. Normally, capacitive cou- 
pling is used with a transmission line 
whereas inductive coupling, with a band- 
pass filter to separate the carrier fre- 
quencies from the voice frequencies, is 
used with a telephone line. Only tele- 
phone-line applications will be described 
here. 

At the receiving point the incoming 
signal from the line is amplified and then 
mixed with the output of a local oscillator 
of constant frequency, This converter 
stage is followed by a low-pass filter 
which attenuates all but the beat* fre- 
quency. The current at this beat fre- 
quency is then amplified and fed into a 
frequency meter, of which the final indi- 
cating instrument is a part. 


Transmitter 


The schematic diagram of the tele- 
meter transmitter is shown in Figure 6. 
The primary instrument actuates two 
variable capacitors, C; and C:, which, in 
turn, simultaneously control the fre- 
quencies of the two oscillators. The 
variable capacitors form part of the ca- 
pacitance of the frequency-determining 
resonant circuit of each oscillator. 

The greatest difficulty with instru- 
ments of this type that have been tried in 
the past has been that a variable capaci- 
tor on the shaft of the primary instrument 
develops a torque of its own that varies 
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with the potential applied to it. A vari- 
able inductance develops a somewhat 
similar torque due to current through it. 
This destroys the calibration of the in- 
strument and makes a reliable system im- 
possible, unless counter measures are 
taken. 

An analysis of the torque developed by 
a variable capacitor with a voltage across 
its plates shows the following to be true: 
two conductors separated by an insulator 
tend to move toward each other when a 
difference of potential exists between 
them. With parallel-plane conductors of 
infinite area, this force is perpendicular 


: 
iC 


Figure 1. Front view of the assembled tele- 


meter transmitter 


The two wrought-iron tanks at the bottom — 
house the oscillatory circuits 


Figure 2. Telemeter receiver — 


The indicating instrument is not shown. 


\ 
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to the planes of the conductors. In a ro- 
tary variable air capacitor having two 
identical semicircular parallel fixed plates 
with a single semicircular rotor midway 
between them, a difference of potential 
causes several forces which are listed be- 
low. Figure 5 illustrates these forces and 
also shows the manner in which the two 
capacitors are formed by the stationary 
plates and damping disk of the primary 
instrument. 


1. Forces between the rotor and upper 
stator which are balanced by forces between 
the rotor and lower stator. These forces, 
which are not shown on Figure 5, are parallel 
to the shaft and do not tend to rotate it. 


2. Forces between the stator plates and 
the extended parts of the rotor, shaft, and 
so forth, which are symmetrical about the 
axis. These forces, shown as A1, Ao, A3, and 
Ay, are radial and do not tend to produce 
rotation. 


3. Forces between the diametrical edge of 
the rotor and the stators when the rotor is 
not fully meshed. These forces, shown as 
B,, Bo, B3, and By, are tangential and tend 
to turn the rotor in a direction that will mesh 
it deeper between the plates of the stator. 


Thus, the only rotary electrostatic 
force is due to edge effect so that, with 
plates so shaped that the edge exposure 
is constant with any angle of rotation, 
the torque produced is dependent only 
on difference of potential and is entirely 
independent of angular position except 
near zero mesit and full mesh, Through- 
out practically the whole angle of rota- 
tion, the torque may be kept constant 
with constant applied potential. Cur- 
rents flow radially and so do not produce 
any torque. 

Two variable capacitors having a com- 
mon rotor are incorporated in the trans- 
mitting instrument in such a manner that 
increasing the mesh of one capacitor de- 


damping disk passes between them. The 
four plates are identical and have the 
same voltage applied between each plate 
and the rotor, thus neutralizing any 
torque which is produced. 


Figure 4. Block 
diagram of the modu- 
lated-frequency  sys- / 
tem of telemetering 


\ 


Since the two capacitors formed by the 
plates and damping disk are of small ca- 
pacitance, the oscillator frequencies must 
be high in order to obtain the desired 
frequency change with a given angle of 
rotation of the instrument shaft. A fast 
response to changes in measured values 
is obtained since no mechanical connec- 
tion is made to the shaft and all torques 
due to electrostatic forces are eliminated 
through cancellation. 

Various oscillator frequencies can be 
used and, in the case of several metering 
sets operating over a common line, the 
frequencies must be separated sufficiently 
in order to provide the required number 
of channels. A remote-metering arrange- 
ment using typical oscillator frequencies 
will be described. 


One of the variable capacitors de- 


creases the mesh of the other. At the 
time that one capacitor is at maximum 
mesh the other is at minimum mesh so 
that the two oscillator frequencies ap- 
proach or recede from each other with ro- 
tation of the common rotor. The two 
capacitors have a common rotor which is 
formed by the damping disk of the watt- 
“meter. Each of the two stators consists 
of two parallel aluminum plates spaced 
0.083 inch apart and mounted so the 
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Figure-3. Indicating instruments at the receiv- 
ing end of six telemetering systems 


scribed herein is in an oscillator circuit 
arranged to generate 50,000 cycles per 
second at minimum mesh of the capacitor 
plates and 49,500 cycles per second at 
maximum mesh. The other variable ca- 
pacitor is in an oscillator circuit which 
generates 60,000 cycles per second at 
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Feeteee / ELECTROSTATIC 
5 COUPLING 
MENT Ne 
\ foSCILLATOR 
60,000 TO 
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maximum mesh and 60,500 cycles per 
second at minimum mesh. At the time 
one capacitor is at maximum mesh the 
other is at minimum mesh so that the 
two oscillator frequencies approach or re- 


TRANSMITTER 


10,000 TO I!l,000 CPS 
OUTPUT 


OSCILLATOR VOLTAGE 
9900 CPS REGULATOR 


STATOR PLATES ee 


Figure 5. Electrostatic forces in two rotary 
variable air capacitors, each having two iden- 
tical semicircular parallel fixed plates 


A single semicircular rotor midway between 
the fixed plates is common to both capacitors 


cede from each other with rotation of the 
transmitting instrument shaft. The os- 
cillator tubes are A and B in Figure 6. 


In order to insure an accuracy ‘of two - 


per cent, the maximum frequency varia- 
tion of each of the three oscillators used in 
the system cannot vary more than two 
thirds of one per cent, assuming zero 
error in other components. Investigation 


showed that electron-coupled oscillators, 


tuned by a combination of positive- and 
negative-temperature-coefficient ceramic 
fixed capacitors plus a very small variable 
capacitor, have excellent stability over 
long periods of ‘time. 
cuits used in this system of telemetering 
are stabilized in thismanner. Theamount 
of negative-temperature-coefficient capaci- 
tor capacitance necessary to compensate 
for the coil and positive-temperature- 
coefficient capacitors in the set as de- 
scribed here was 10.71 per cent of the to- 
tal capacity. Coils and mountings were 
developed that repeated their tempera- 
ture-frequency characteristics faithfully. 

The two voltages which are generated 
by the oscillators are fed into a converter 
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tube (tube C in Figure 6) where the dif- 
ference or beat frequency, which varies 
between 10,000 and 11,000 cycles per 
second, is produced. 

The output of the converter is fed into 
a low-pass filter which attenuates the 
high frequencies and all harmonics and 


amplified by the audio amplifier (tube 
C) which feeds the frequency meter. In- 
corporated as a part of the frequency 
meter is the final indicating instrument. 
Its pointer is at the left end of the scale 
with 100-cycle input and at the right end 
of the scale with 1,100-cycle input. 


Schematic diagram of the tele- 
meter transmitter 


Figure 6. 


passes only the beat frequency to an 
amplifier which is arranged in push-pull. 
In Figure 6 the amplifier tubes are D and 
JB 

The amplifier feeds the line through an 
inductive coupling unit (7;) which has 
laminated phenolic-sheet insulation be- 
tween the primary and secondary wind- 
ings and is capable of withstanding the 
highest voltage exposure of the line. A 
single-stage low-pass filter with a cutoff 
frequency of 4,500 cycles per second pre- 
vents the carrier power from entering the 
telephone instrument circuit where it 
would be wasted. This filter is not shown 
in Figure 6. 


Receiver 


The schematic diagram of the telemeter 
receiver is shown in Figure 7. At the re- 
ceiving point the telephone line connects 
to a coupling unit similar to that at the 
transmitter. Voice frequencies are passed 
on to the telephone unit and the carrier 
frequency goes to the metering receiver. 

The receiver consists of one 10,000 to 
11,000-cycle amplifier stage, local os- 
cillator, detector, low-pass filter, audio 
amplifier, frequency meter with indicat- 
ing instrument, and a voltage regulator. 
The high-frequency amplifier stage (tube 
A and associated circuits) is fixed in fre- 

‘quency and is adjusted to 10,490 cycles 
per second. This frequency is approxi- 
mately the geometric mean between 10,000 
and 11,000 cycles per second. The 
local oscillator (tube F) has a constant 


output frequency of 9,900 cycles per 


second. The oscillator output and the 


high-frequency output are fed into the 


converter stage (tube B) where a beat 
frequency is produced. This beat fre- 
quency varies between 100 and 1,100 


_cycles per second. The high frequencies 


and all harmonics are eliminated by the 


low-pass filter which follows the converter 
stage. The output of the low-pass filter 
(100 to 1,100 cycles per second) is then 
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The frequency meter consists of two 
triode tubes, D and E, connected in se- 
ries; that is, the plate of E is connected 
to the positive line, its cathode is con- 
nected to the plate of the other triode, D, 
and the other cathode is connected to the 
negative line. A fixed capacitor is 
shunted across the plate and cathode of 
each tube. These capacitors are shown 
as C3and C,, The grids in normal opera- 


tion are biased beyond cutoff so that no . 


plate current flows except that due to a-c 
grid excitation. At the time one grid is 
made more positive, the other is made 
more negative so that both tubes cannot 
conduct at the same time. Both tubes 
may be nonconducting at once but con- 
duction is alternate. When either tube 
becomes conducting, it discharges the ca- 
pacitor across its plate-cathode circuit 
and charges the capatitor which is con- 
nected across the nonconducting tube. 
When the grid polarities change, the op- 


INPUT 


voltage and wave form within wide limits- 

The frequency meter and oscillator in 
the receiver are supplied from an elec- 
tronic voltage regulator which is of a type 
frequently used and will not be described 
here. The neon-glow tube, J, and vacuum 
tubes G and H with their associated cir- 
cuits comprise the voltage regulator. 
The actual output potential remains con- 
stant at 80 volts with the line voltage 
between 100 and 130. 

Zero current in the indicating instru- 
ment puts the pointer off scale to the left. 
Such a condition indicates that the d-c 
power supply is off at the receiver or that 
the frequency-meter tubes have failed. 
If the transmitter power is off, or if the 
line is in trouble so that no carrier cur- 
rent is received, the bias is removed from 
the frequency-meter tubes and the indi- 
cating instrument goes off scale on the 
upper end. In this case the current is 
limited by degenerative resistors in the 
cathodes of the frequency-meter tubes. 
If the indicating instrument pointer is on 
its scale, the observer knows that none 
of the troubles just mentioned are being 
experienced. 

Totalizing at the transmitter may be 
accomplished by a multiple-wound cur- | 
rent transformer in the a-c circuits to the © 
wattmeter. Totalizing at the receivers 
may be done in the frequency-meter out- 
put circuits by adding the direct current 
in a lead common to several instruments. 
Strip chart recording d-c milliammeters 
are available for continuous records at 
the receiving point. 

Six complete sets of this system of tele- 
metering are now in continuous service 
and have been for the past few years. 
The experience thus gained definitely 
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posite capacitors charge and discharge. 
A d-c milliammeter in series with the d-c 
supply shows the average current used to 
charge the capacitors. With a constant 
‘direct voltage each charge requires a 
definite current for a definite time. The 
time of discharge and charge is shorter 
than the period of one input alternation 
at the highest frequency used and there- 
fore the d-c milliammeter reading is a 
definite indication of the number of 
charges per second. The number of 
charges is controlled by the input fre- 
quency and is independent of the input 
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Figure 7. Schematic diagram of the telemeter 
receiver 


' 
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indicates that the equipment has met the 
requirements expected of it. It provides 
almost instantaneous indications with 
standard accuracy. It permits a large — 
number of readings to be transmitted 
over a single circuit and it is a simple 
matter to totalize readings from several 
transmitters. It is dependable and free 
from interference. It has proved easy to 
maintain at a minimum of expense. 
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Grounding of Circuits on Self-Propelled 


Vehicles 


D. D. EWING 


FELLOW AIEE 


OME years ago a prominent member 
of a group of engineers, who at that 
time called themselves ‘‘efficiency”’ engi- 
neers, had for a pet slogan the expression 
“whatever is, is wrong.’ For the present 
purpose any objections to this saying 
from the standpoint of syntax will be 
passed by but it has been observed that 
methods and procedures that for years 
have been refined in the crucible of prac- 
tice usually have survived because they 
_do have merit. Nevertheless the field of 
technology is anything but a quiescent 
one and it is desirable, therefore, that 
long existing methods, procedures, and 
standards be subject to constant scrutiny 
in the light of new developments. 
For over 50 years the electric circuits 
and equipment on board electric railway 


cars have been in process of development: 


and many of the electrical features of de- 

sign and construction have long been 

pretty well standardized. For a similar 

period of time the electric circuits on 

automobiles have been undergoing a simi- 

lar procedure and with a similar end re- 

sult. At the turn of the century many 

enthusiastic electrical engineers believed 

that “‘the last stand”’ of the steam engine, 

namely, the steam locomotive, was about 

to be wiped out. Apparently these en- 

thusiasts did not take into account all 

of the economic and technical factors. 

i Steam-railroad electrification did not 

proceed apace and there developed much 

individuality indesign. Standardization, 

‘therefore, is not as well developed as it is 

'. in the previously mentioned self-pro- 

‘pelled vehicles. In more recent years 

the trolley bus has come to stay, it ap- 

fs pears, and the ‘‘streamliner’’ train de- 

velopment with Diesel-electric motive 

_ power is making another assault on the 
“last stand.” 

In heavy railroad service interchange- 
ability of ‘equipment comes high in the 
| list of the ‘‘must’’ requirements. <A 
' _ number of engineers have, for some years, 
been feeling that there should be a new 

scrutiny of existing electric-circuit and 

equipment standards and practices with 

- the objective of setting up standards and 

_ recommended practices which, at least 

in the heavy transportation field, will 

further equipment interchangeability and 

promote efficient maintenance and repair 
methods and practices. 

A few years ago a Suit aimittes of the 

“committee on land transportation of the 
Institute was appointed to study this 
problem, A report was formulated but 
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the war and other causes prevented the 
report from receiving any attention ex- 
cept in the committee on land transpor- 
tation. With the postwar period loom- 
ing up in the near future and with new 
transportation developments in the offing 
this appears to be an opportune time to 
discuss the problem again. . 

This paper is largely abstracted from 
the report of the subcommittee and the 
writer is indebted to the members of the 
subcommittee and the general committee 
for many of the ideas here presented. 
It is not expected that all engineers in- 
terested in the subject will agree with 
everything stated here. Frankly, it is 
hoped that they will not and that this 
paper will serve as a target to bring out 
constructive criticism and also new view- 
points so that in the end there may be 
some clarification and also some crystalli- 
zation of the ideas now extant on the sub- 
ject. 

An analysis of the problems originally 
assigned to the subcommittee indicated 
that three topics were involved: 


1. Grounding of circuits on vehicles. 


2. Current leakage in self-propelled rubber- 
tired vehicles. 


38. Static charges on vehicles. 
The third topic is not necessarily re- 
lated to the other two. Also, the second 


and third topics, while pertinent, are of 
secondary importance from the stand- 


- point of the main objective of this paper 


which deals with the electric circuits on 
board self-propelled vehicles. The first 
question of importance is, ‘‘What is the 
present state of the art?” 


Present State of the Art 


CrrcuIT GROUNDING 


A study of the National Electrical Code 
and other safety regulations with refer- 
ence to circuit grounding indicates that 
inside circuits are grounded to limit the 
voltage which may be impressed on a 
circuit by exposure to lightning; or by 
exposure to, or conflict with, higher volt- 
age lines; or to limit the maximum po- 
tential to ground which may result from 
the normal operating voltage. ; 

These limitations, which grounding is 
supposed to impose, are sought primarily 
in an endeavor ‘to reduce the hazards 
from fire and electric shock or burn. A 
secondary objective is to minimize the 
hazards to service; for example, service 
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interruptions Also, circuits may be 
grounded to facilitate trouble indication 
and location, to provide for more accurate 
and reliable circuit protection, and, i 
some cases, to simplify the circuit layout 
and to allow a more economical construc- 
tion. 

The circuits which are used in self- 


propelled vehicles may be classified 
rather arbitrarily. as: 
(a). Single-conductor cireuits with 


“ground” returns. In a vehicle the ground 
return is a path through the locomotive or 
bus frame from the motors to the power 
source. In the ordinary electric-railway 
distribution system the track rails and 
ground form the ground return to the 
power supply. 


(b). Two-conductor circuits with both con- 
ductors insulated. 


(c). Two-conductor circuits with one con- 
ductor grounded. The ‘‘ground’’ may be 
at one point or at several points. It may 
be a ‘‘dead” or solid ground, a ground 
through a resistance, a fuse or a protective 
relay of some sort, or through a combination 
of these components. 


As used here the term ‘‘vehicles” in- 
cludes electric locomotives, .steam-elec- 
tric locomotives, Diesel-electric locomo- 
tives, storage-battery locomotives, street- 
cars, electric motorcars, trolley busses, 
gas-electric busses, Diesel-electric .busses 
and gas busses, and automobiles used in 
public transportation service. Also, the 
foregoing classification covers only d-c 
and single-phase a-c circuits. 

In the selection of the proper circuit 


for a given service the engineer does not 


always have a free choice. For example, 
the power circuits of electric motorcars 
and locomotives which operate on rails 
and receive their power from an outside 
source ordinarily must use the class (a) 
circuit. Similarly, for practical reasons, 
the main circuits in a trolley bus must 
belong to class (0). 

The choice is not so restricted, however, 
for the following circuits: 


1. Traction motor circuits on steam- 
electric, Diesel-electric, and conversion-type 
electric locomotives. 


2. Main power circuits on gas-electric and 
Diesel-electric busses and trucks. 


3. Starting, lighting, and other auxiliary 
services on busses, trucks, and automobiles. 


4. Auxiliary circuits on electric motorcars, 
locomotives, and trolley busses. 


5. Electric circuits on railroad passenger 
cars. 


This lack of restriction has resulted in a 
considerable diversity of opinion among 
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age in the trolley bus. 


engineers with a corresponding diversity 


of practice among equipment users. One 
user insists that all low-voltage circuits 
on self-propelled vehicles shall be un- 
grounded and another desires that his 
auxiliary equipment use the “ground- 
return” type of circuit. Many railroad 
passenger cars are lighted with a d-c 
axle-type generator and storage-battery 
system, other cars use three-phase 220- 
volt power service to operate their air 
conditioning apparatus. There is a dis- 
cernible trend toward the use of even 
higher-voltage three-phase systems. 

Common questions which arise are: 
Should the main power circuit on a Diesel- 
electric or gas-electric bus or locomotive 
be grounded or kept well insulated? If 
grounded, should the ground be a solid 
ground or a resistance ground? Should 
the circuit be grounded through a fuse or 
a relay? Should control, lighting, and 
other auxiliary services use grounded or 
ungrounded circuits? 

These questions cannot be answered 
haphazardly. Often there is more than 
one good answer to a question. At any 
tate, the evidence available indicates 
that circuit design for self-propelled 
vehicles at present is not a universally 
standardized procedure. 

In the selection of the proper circuit, 
the engineer should be guided by such 
considerations as safety, technical require- 
ments, economy in first cost, and con- 
tinuity of operation. Mostly the choice 
is, perforce, a compromise. 

The outstanding advantages of the 
single-conductor ground-return system 
are simplicity of circuit layout, low first 
cost, and the quick detection and ease of 
location of faults. Its disadvantages 
are the lack of constancy in circuit resist- 
ance and the fact that a fault on the single 
conductor may render the circuit inop- 
erative at some time when operation of 
some sortis absolutely necessary. Circuit- 
resistance variations are caused by loose 
rivets, bolts, joints, and so forth, in the 
mechanical parts. These poor contacts 
may result in burning and corrosion of the 
metal frames and’ leakage through bear- 
ings may cause serious bearing trouble. 

In automotive equipment this circuit 
is used almost universally and the ap- 


paratus and accessories necessary in its 


application are highly developed and 
‘very economical in cost. 

The system of employing two insulated 
conductors has the advantage of making 
possible a high degree of circuit insulation 
and isolation. It is practically the only 
choice for all circuits fed by trolley volt- 
Circuit resistance 
is easy to maintain at a constant level 


and the likelihood of failure is less since 


there must be a fault on each line before 


complete circuit failure can occur. 
_ This advantage becomes a real disadvan- 
tage, however, when the matters of fault 


eticatieD pad nahn are considered. 
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to be a trend toward its increased use 
in the better class of vehicles. In some 
services, where a common return wire is 
used, the insulated circuit is at a disad- 
vantage as compared with the ground- 
return circuit. This is notably true in the 
case of certain control and signal circuits 
where an opening in the common return 
wire might cause false indications or false 
operation. 

Circuits of the third class (those with 
two conductors, one of which is grounded) 
have a wide field of application, poten- 
tially at least. They are high in first cost 
and maintenance but provide current 
paths of constant resistance and a ready 
means of fault indication and location. 
Such circuits appear to be particularly 
applicable to the traction motor circuits 
on a-c and Diesel-electric locomotives and, 
in general, wherever a circuit path of 
high integrity is required. 

The preceding discussion applies only 
to d-c and single-phase services. 

The heavy power demands on modern 
railway trains have resulted in the installa- 
tion of three-phase generating units on 
some trains. Voltages up to 220 volts are 
in use and higher voltages have been given 
some consideration. The circuits used 
require a minimum of three conductors. 
As the 220-volt three-phase circuits used 
for supplying the air conditioning appara- 
tus on some railway passenger cars must 
be operated from the standby power 
services in the yards, grounding of the 
circuits on the cars is not feasible because 
of the possibility of neutral or other 
grounds on standby services. Where the 
220 volts is transformed within the car 
to some lower voltage for lighting or 
other low-voltage service it seems to be 
customary to ground one side of the low- 
voltage service. 


CURRENT LEAKAGE IN SELF-PROPELLED 
RUBBER-TIRED VEHICLES 


A number of years ago, when someone 
took some ‘streetcars off the tracks and 
mounted them on wheels suitable for 
operation over street pavements, a new 
sort of trouble developed. People on 
the street sometimes received severe elec- 
tric shocks when they stepped aboard 
the new ‘‘trackless trolleys.” Circuit 
insulation which never gave any trouble 
in the old single-conductor ground-return 
streetcar circuits developed electrical 
leaks. The early equipment was adapted 
streetcar equipment and was not suitable 
for use on a vehicle where the body could 
not be solidly grounded. Considerable in- 
vestigation was done on this problem by 
equipment users and manufacturers as 
well as by the American Transit Engi- 
neering Association and its predecessor 
organization. It was found that if all cir- 


cuits, power and auxiliary, were very 


carefully insulated from the bus body, 
“hot” body trouble was no longer a 
major worry. Busses gave little or no 


trouble from current leakage when insu- 
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lated to meet specifications® calling for the 
following minimum insulation resistances: 


1. Power circuits (without 
motors) in parallel with other 


CINCHILS RRR) ae a ead 8 megohms 
2. Individual motors......... 10 megohms 
3. Assembled control appa- 

ratus 


5 megohms 


One operator tries to maintain at all 
times the bus-body-to-trolley resistance 
greater than three megohms. 

Procedures for the mitigation of cur- 
rent leakage troubles have also included, 
in some cases, the use of insulated steps, 
door handles, stanchions, and grab 
handles, 

All in all, the problems that arise from 
current leakage are so well in hand that 
the subject would not have been dis- 
cussed here were it not for the fact that 
current leakage is often blamed for 
shocks that have a very different cause; 
namely, static charges. 


STATIC CHARGES ~ 


In modern busses and automobiles 


static charges have been the source of no. 


little trouble under certain atmospheric 
conditions. Present-day upholstery ma- 
terials and modes in wearing apparel have 
combined to accentuate the difficulty. 

' The electron theory has afforded the 
physicists an easy explanation of the ac- 
cumulation of static charges. These 
charges are often spoken of as frictional 


electricity although friction itself seems — 


to have little to do with the matter. 
When two dissimilar materials such as 
wool and rubber or silk and glass are 
pressed tightly together or are rubbed 
together some of the electrons stray from 
one material to the other. 
electrons will stray from the wool to the 
rubber leaving the wool positively charged 
and the rubber with a negative charge. 
When silk and glass come in contact some 
electrons leave the glass and go to the 
silk so that the glass becomes positively 
charged and the silk negative. Charges 
so produced are common causes of trouble 
in printing presses, grain elevators, textile 
elevators, textile mills, 
gasoline filling stations, and so forth. 

As far as vehicles are concerned, two 


types of trouble are encountered. These. 


may be arbitrarily designated as ‘‘inside”’ 
and ‘‘outside”’ troubles. 


The modern seat cushion with a mohair | 


or woolen-cloth cover and a rubber- 
cushion filling becomes really quite an 
ideal electrostatic generator when some- 


one with rubber-soled shoes sits on the — 


cushion. The passenger’s body rapidly 
acquires a positive charge by conduction 
from the seat cushion if the air is dry 
enough to prevent leakage of the charge. 


When the passenger touches the signal ‘4 
button to indicate his stopping place, he 


receives a shock which he is quite likely 
to attribute to the signal circuit. The 


shock is identical to the one the passenger — 
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For example, 


moving belts, 


would receive in his own home if, after 
walking over a woolen carpet or waxed 
floor, he should happen to touch a metal 
object. Other causes of ‘“‘inside”’ shock 
are scuffing of feet on rubber floor mat- 
tings and sliding on rubber-fabric seat 
coverings. These shocks are not in them- 
selves dangerous but they may cause 
passengers to injure themselves in some 
other way. There seems to be no easy 
way of mitigating this trouble. Proper 
combinations in upholstery and the cov- 
ering of all metal objects easily accessible 
to passengers afford some relief. For- 
tunately, meteorological conditions are 
only occasionally favorable to the pro- 
duction of static charges. 

“Outside’ shocks are those received 
by persons standing on the pavement and 
touching the vehicle body, The bus body 
is insulated from the earth by rubber 
tires and in some cases by the paving, as, 
for instance, dry concrete or asphalt. 
A charge may accumulate on the vehicle 
body by the body moving through the air 
or as a result of the wheels running over 
dry pavement. As the bus body is a 
_rather large capacitor, a charge of con- 
siderable magnitude may be collected. 
When a person who is standing on the 
ground touches the car body there is a 
discharge which may produce quite a 
shock. These charges are never bother- 
some except in dry, frosty weather or at 
times when both air and pavement are 
very dry. Busses running on gravel 
roads have very little trouble with them. 
They are worst on asphalt-covered streets 
and with new or cleanly washed tires. 
Dirty tires help conduct the accumu- 
lated charges to earth. This process can 
be furthered by painting the inner sides 
of the tires with some form of conducting 
paint. Recent improvements in the way 
of “conducting” tires undoubtedly will be 
available after the war. Keeping the 
wheels perfectly aligned so as to avoid the 
slippage of rubber over asphalt is helpful. 
Some companies use drag chains or some 
_ similar devices during periods when static 
is troublesome. Some simple means of 
discharging the static charges as fast as 
they are developed is needed. Possibly 
the development of new surfacing mate- 
rials will be hastened by the war effort. 
In any event the problem is a complex 
one and needs much further study. 


Conclusions 


Giving due consideration to matters of 
economy, circuit requirements from a 
power standpoint, and to the reasons 
underlying circuit grounding, the follow- 
ing conclusions may be drawn: 


1. All circuits on trolley busses which 
operate at trolley potential must be of the 
two-conductor type with all wires and 
‘apparatus well insulated from the bus body 
and other parts accessible to passengers or 
street traffic. 
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2. All low-voltage circuits on stnall busses 
and automobiles used in passenger service 
may be of the one-insulated-conductor 
ground-return type. 


3. All circuits carrying small currents at 
low voltages (6 to 32 volts) which are 
thoroughly isolated from possible exposure 
to, or conflict with, higher voltages and 
which are accessible in any way to pas- 
sengers or street traffic may be of the one- 
insulated-conductor ground-return type. 


4. Ground-return circuits should not be 
used on trucks or other vehicles carrying 
gasoline, oil, or other highly inflammable or 
explosive materials. 


5. All so-called “‘ground-return’”’ circuits, 
where there is possibility of a loose me- 
chanical joint in part of the return circuit, 
should have the return of bare copper con- 
ductors electrically connected to the me- 
chanical parts at a number of points. 


6. Allinternal circuits carrying heavy cur- 
rents at both low and high voltages (starter- 
motor circuits on automobiles and small 
busses excepted) may be of the two- 
insulated-conductor type with one con- 
ductor grounded. The two conductors here 
serve as a guarantee of circuit integrity and 
the ground connection is of assistance in 
fault indication and location, keeps static 
charges drained off, and otherwise assists 
in protecting apparatus and service. This 
classification is not intended to include 
circuits which are fed from an external 
source such as a trolley.wire or third rail. 


7. All circuits on rail vehicles connected 
to external sources of power such as trolley 
wires and third rails are necessarily of the 
one-conductor-with-ground-return type or 
of the two-conductor-with-one-conductor- 
grounded type. ; 


8. Control and signal circuits using a com- 
mon return wire may have this common 
return grounded on car or truck frames at 
a number of points whenever other circuit 
conditions are such as to permit grounding. 
The grounding of the common return will 
tend to reduce false indications or operations 
in case of return-wire breakage. 


9. Three-phase 220-volt circuits used on 
railroad cars to supply air-conditioning 
equipment should not be grounded. How- 
ever, the structural parts of the cars should 
be solidly grounded. 


10. Alla-c and d-c circuits on railroad cars 
with voltage ratings of 64 to 120 volts should 
be of the insulated-conductor type. If an 
a-c circuit is fed through a transformer 
from a higher-voltage circuit then the 
lower-voltage circuit should have one con- 
ductor grounded. Also, if such a circuit is 
exposed to static from belts or moving air 
streams, one side of the circuit should be 
grounded. é 


It does not seem feasible to make a 
complete classification of all the circuits 
used in vehicular service and categorically 
state that such and such circuits should 
always be grounded and certain others 
should not be. The safety, economic, 
and technical factors are somewhat dif- 
ferent in the different transportation 
fields, and these factors should be given 
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some weight in the consideration of any 
recommendations relative to standardi- 
zation. 


Recommendation 


Standards in some of the operating 
fields have been set up by the American 
Association of Railroads, in others by the 
Society of Automotive Engineers, and in 
still others by the American Transit Asso- 
ciation. In those fields where these sev- 
eral associations have what for conven- 
ience may be called primary jurisdiction, 
the standardization problems have on the 
whole been cared for promptly and effec- 
tively. Under present conditions there 
is a considerable amount of overlapping. 
For example, the power equipment on a 
Diesel-electric locomotive from one view- 
point may be considered as just over- 
grown Diesel-electric bus equipment. The 
question arises as to who shall set up the 
needed equipment standards in such a 
case? Shall they be set up by manufac- 
turer’s associations, by professional en- 
gineering groups, or associations of oper- 
ating companies? The question is a diffi- 
cult one. Obviously some things belong 
in one place and some in another. In this 
case it is possible that better end results 
will be produced if the work is done by 
joint committees working under the 
sponsorship of a professional engineering 
group. It would seem to be a proper rec- 
ommendation, therefore, that the Institute 
act as sponsor in this instance and set up 
the necessary mechanism for working 
out the desired standards and recom- 
mended practices. 
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Determination of Transient Shaft Torques 
in Turbine Generators by Means of the 
Electrical—Mechanical Analogy 


G. D. MeCANN 


MEMBER AIEE 


Synopsis: A brief description is given of the 
mechanical-transients analyzer and its ap- 
plication to the determination of the shaft 
torques in turbine generators during tran- 
sient disturbances, such as electric short 
circuits and synchronizing out of phase. 
This device employs the principle of the 
electrical-mechanical analogy with analo- 


' gous electric circuits to represent a given 


-mechanical system and special electric cir- 
cuits for producing the desired transient 
excitation functions. With the analyzer a 
detailed study has been made of the shaft 
torques that can occur in turbogenerators 
with mechanical systems having both one 
and two modes of vibration. The relative 
severity of various types of faults has been 
determined together with the effect of ex- 
ternal system or fault resistance and genera- 
tor loading. Short circuits produce rotor 
air-gap torques containing damped uni- 


directional, fundamental electrical fre- 
quency, and second-harmonic frequency 
components. In the practical range of 


machine design, the fundamental-frequency 
component has the dominant effect on the re- 
sulting transient shaft torques for the more 
severe types of disturbances. The types of 
short circuits studied include three-phase, 
line-to-line, single-line-to-ground, and dou- 
ble-line-to-ground faults from no load and 
full load and with varying amounts of ex- 
ternal resistance. It was found that for 
short circuits at no load with no external re- 
sistance a line-to-line fault results in the most 
severe shaft torques. For faults with low ex- 
ternal resistance (of the order of one per cent 
per phase), a double-line-to-ground fault 
_produces the highest shaft torques which for 
mechanical systems of low natural frequency 
may exceed the torques produced by a line- 
to-line fault with zero resistance. However, 
for values of external resistance as high as 
the’ machine subtransient reactance, the 
shaft torques are lower than with zero re- 
sistance. The most severe fault torques 
are produced by line-to-line short circuits 
from full load with no external impedance. 
Synchronization at angles greater than 30 
degrees can produce transient shaft torques 
which in some cases are more severe than 
those resulting from short circuits. 


HE determination of transient shaft 
torques in turbogenerators during short 
circuit or synchronization out of phase is 
representative of a large group of prob- 
lems encountered in the design of me- 


chanical or electromechanical apparatus. 


Stated in general terms, the problem is to 
determine the transient response of a physi- 


re cal begetem to a ce aes applied excita- 
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ASSOCIATE AIEE 


. is not the only one possible. 
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tion. In a large majority of the cases 
which arise, the motion of the system can 
be specified, with sufficient accuracy, by a 
set of linear constant-coefficient differen- 
tial equations. The solution of these 
equations, by classical or operational 
methods, is well known and does not pre- 
sent any difficulties of a theoretical nature. 
However, if the system being studied con- 
tains two or more degrees of freedom and 
the suddenly applied excitation is at all 
complicated, the work involved in the 


Table 1. Electrical-Mechanical Analogy 

Used With Mechanical-Transients Analyzer 

for the Study of Turbine-Generator Shaft- 
Torque Problems 


Inertia-Inductance Torque—Voltage Analogy 


Inertia (J) Inductance (L) 
T=I1 “ 

Spring constant (K) Capacitance (C) 

T =K Xangular displacement V= : = 2 Sidt 

T=K0=K fwdt 

Velocity damping (G) Resistance (R) 

T =Gw 


V=Ri 


numerical solution of the equations of mo- 
tion soon becomes prohibitive. Under 
these conditions it becomes highly desir- 
able to seek other means of solution. Sev- 
eral methods are available. These include 
mechanical calculators, such as the differ- 
ential analyzer, measurements on full- 
scale models, or some equivalent dy- 
namic system. This may be a simplified 
equivalent mechanical system or its analo- 
gous electric circuits. 

The method of the electrical-mechani- 
cal analogy is particularly well suited for 
solving problems of this nature. The 
analogy between electric and mechanical 
systems has been well known for many 
years! and is based on the identity in the 
form of the differential equations repre- 
senting the two systems. The particular 
analogy used in this paper is given in 
Table I. This is classified as the inertia— 
inductance torque—voltage analogy. This 
For example, 
the dual of the afore-mentioned circuit 
may be used in which inertia and capaci- 
tance are araionous quantities, and torque 
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may be analogous to current. The in- 
ertia-inductance analogy and its dual rep- 
resent the two possible analogies between 
the physical constants of the electric and 
mechanical systems for each of which 
there is an infinite number of possible 
analogies between the electrical and me- 
chanical variables. For example, in the 
inertia—-inductance analogy torque may be 
analogous to voltage, rate of change of 
voltage, and so forth; while in the inertia— 
capacitance analogy torque may be analo- 
gous to current, rate of change of cyrrent, 
and so forth. The significance of these 
analogies is discussed in greater detail in 
reference 2. 

It is evident from the foregoing dis- 
cussion that the complex cumbersome 
mechanical system may be replaced by its 
analogous electric circuit consisting of 
simple inductors, capacitors, and resistors. 
The required excitation is applied to the 
analogous electric system by means of 
special electric circuits, and the transient 
response is measured directly as voltages 
and currents. This method has the ad- 
vantages of simplicity, low cost, and 
flexibility. A new device, the mechanical- 
transients analyzer, has been developed? 
for solving a wide range of transient vibra- 
tion problems by this means. 


Nature of the Transient 
Short-Circuit Torque Problem 


When a generator is suddenly short- 
circuited or synchronized out of phase, a 
transient torque consisting of unidirec- 
tional and alternating components sud- 
denly is impressed on the generator rotor. 
Each component of this torque decays ex- 
ponentially to a value determined by the 
steady-state terminal conditions of the ma- 
chine. In the case of a salient-pole gener- 
ator, there is an infinite series of alternat- 
ing components at harmonic electrical 
frequencies; whereas, for the turbe- 
generator, the only alternating torques of 
appreciable magnitude are those at funda- 
mental and second-harmonic electrical 
frequencies. Equations for the calcula- 
tion of these torques for a turbogenerator 


under various terminal conditions are 


given in a companion paper.’ A simpli- 
fied form of the rotor air-gap torque for 
turbogenerators is illustrated by the fol- 
lowing equation: 


T,=Ae “4 Be—" sin wt— Ce sin Qut (1) 


A typical turbogenerator on which 
these electrical torques are impressed is. 
shown by the tandem unit at the top of 
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. shafts. 


- fault and other system conditions. 


EXCITATION CIRCUIT 


60 ™ COMP. 


FOR SHORT CIRCUIT TORQUES 


ANALOGOUS ELECTRIC CIRCUIT 
FOR MECH. SYSTEM 


Figure 1. Simplified 
circuit diagrams of 
the mechanical-tran- 
sients analyzer as 
“used for determin- 
ing turbine-generator 
shaft torques 


SYNCHRONOUS SWITCHES TO 


REMOVE ENERGY 


60 \% SINE COMP. 


60% COS. COMP. 


FOR SYNCHRONIZING TORQUES 


Figure 3A. The mechanical constants of 


_ this system are the inertias of the gener- 


ator and turbine rotors (1, Jz, J3), the 
spring constants of the generator and tur- 
bine shafts (2), Ro) and equivalent velocity- 
damping factors, resulting largely from 
hysteresis loss in the shaft materials and 
energy absorption in couplings, bearings, 
and fits. Asa result of the suddenly im- 
pressed rotor air-gap torque (7;) the me- 
chanical system will oscillate at forced and 
natural frequencies producing abnormal 
torques in the generator and turbine 
A knowledge of the peak shaft 
‘torques resulting from these oscillations is 
desirable in the design of the shafts and 
their associated couplings and keyways. 
The equations of motion for the me- 
chanical system, for the generator load 
torque 7; with no mechanical damping 
assumed, are the following: 


T;- AT, =]h6i+hi(1— 2) é 
0=hi(62—A1) + 1282+ Ro (02— 0s) (2) 
O = k2(03— 02) +1565 


The angular displacements (©) of the 
respective rotors are measured from the 
average position of the rotors at ¢=0; 
that is, the constant velocity of rotation 
does not appear in the equations. The 
‘quantity AT; is the change in load due to 
the terminal fault on the machine. The 
change in load depends on the type of 
It is 
usually assumed that this change in load 


takes place instantly on occurrence of the 
- fault. The actual torque on each shaft is 


a | preceding equations plus the initial torque 


set 


then the torque as determined from the 
on the shaft at :=0. 


Analogous Electric System 


A simplified circuit diagram of the 


_ mechanical-transients analyzer as used for 


the solution of the foregoing problem is 
shown in Figure 1. The two principal 
parts of the analyzer are the excitation cir- 


; cuits, which produce the voltages propor- 


AS: 
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tional to the components of T,, and the 


/ 


SYN. SWITCH TO PERIODICALLY 
APPLY EXCITATION FUNCTIONS 


analogous electric circuits representing the 
mechanical system. The equations of 
the analogous electric circuit in terms of 
the loop charges, qi, g2, and gs, are as fol- 
lows: 


1 
E,-— AE,=Ligt+ Gc (q1— @2) 
1 


1 
0= CG (g2—q1) +Le2ge+ 
: (3) 


1 
Ac — 4s) 


0=Z (a) +Lele | 
where H, is a voltage whose components 
are analogous to the components of T; and 
AE, is analogous to the change in load 
AT,. A comparison of equations 2 and 3 
shows immediately the similarity of the 
equations of motion of the two systems, 


which is the basis of the analogy. 


The voltage E, is generated in the resis- 
tor r connected across the terminals of 
the analogous circuit. The various com- 
ponents of E, are produced as follows. 
The unidirectional or d-c component re- 


sults from the discharge of a capacitor. 


through a resistor. The capacitor shown 
in the d-c circuit is charged by a constant- 
voltage source and is then discharged 
through a portion of r when the rotating 
switch closes. The capacitor recharges 
during the time the switch is open and the 
cycle is repeated when the switch again 
closes. By driving the switches at syn- 
chronous speed, the voltages may be 
viewed as a standing image on the screen 
of a cathode-ray oscillograph. This is a 
method that was developed for studying 
transients in electric power systems. The 
alternating components of torque are 
generated in a similar manner, except that 
the capacitors are discharged through an 
inductor and resistor in series. The result- 
ing oscillatory current will be a damped 
sinusoidal wave, and the voltage drop 
across 7 will be analogous to the damped 
sinusoidal components in T;. By adjust- 
ing the capacitance, inductance, and re- 


sistance in this circuit, any desired fre- - 
quency and damping may be obtained. | 


Components of opposite polarity are ob- 
tained by discharging through the lower 
| 
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section of ry. When it is desired to obtain 
a damped cosine function of time, the re- 
sistor r is replaced by a small inductor (see 
lower half of Figure 1). The voltage 
across this inductor will be a cosine func- 
tion provided its losses are low. However, 
it is always possible to balance out the 
inphase component of the inductor by an 
inphase component of opposite polarity. 

It is necessary that the currents in the 
analogous circuit produce no appreciable 
voltage across the coupling resistor r or 
coupling inductor. The current in the ex- 
citation circuits must be very large com- 
pared to the current in the analogous cir- 
cuit that flows through r.. This condition 
will be satisfied provided the coupling im- 
pedance is at all times small compared to 
the impedance looking in at the terminals 
of the analogous circuit. Since the analo- 
gous circuit always contains a slight 
amount of resistance, which represents the 
damping of the mechanical system, it is 
possible to make + sufficiently small so 
that the foregoing conditions are satisfied, 
even though the analogous circuit may be 
resonant at the frequency of the excita- 
tion circuit. This has been proved experi- 
mentally by measuring the voltage drop 
across r as the analogous circuit was made 
to approach resonance. 

As discussed in detail in reference 2, 
special inductors were developed for the 
analogous circuits of the mechanical-tran- 
sients analyzer so that the circuits provide 
damping as low as that found in practical 
mechanical systems. These coils have a 
Q in excess of 100 in the range of 200 to 
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APPROXIMATE SINGLE 
COMPONENT 


EE eal 


2nd. HARMONIC OF 
ELECTRIG TORQUE 


SHAFT TORQUE 
MECH. FREQ. =53 G.RS. 


24.3 RU. 


Tm 


60% COMPONENT OF 


SHAFT 
ELECTRIC TORQUE | Eee: 


MECH. FREQ.=60 C.RS. 


Figure 2. Mechanical-transients-analyzer os- 
_ cillograms of rotor air-gap torques and result- 


ing ‘shaft torques on single-frequency turbo- 
generator unit for line-to-line short circuit 
from no load 


R.=1 per cent per phase : 
h=1; l=0.16; K=1.54X104 
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1,000 cycles per second, which corresponds 
to an amplitude decay factor of less than 
three per cent per cycle. An illustration 
of the effect of Q on the crest per unit 
torque is illustrated by Figure 5. It 
should be noted that the peak torque is 
changed by only 8.5 per cent with a Q 
variation of 100 to 50 (respective decre- 
ments three and seven per cent) in the 
region of resonance and that the-effect of 
the Q change is entirely negligible in the 
practical range of mechanical-system fre- 
quency. 

The required relationships between the 
dynamic constants of the mechanical sys- 
tem and the electrical constants of the 
analogue are given in reference 2. 


AND FUNDAMENTAL 
Ereernic TORQUE COMPONENTS 


TURBINE SHAFT TORQUE 


ROTOR Twax=55 
TURBINE Tyax=89 


ROTOR SHAFT TORQUE RPTOR ANDO TURBINE 


SHAFT TORQUES. FUNDA> 
MENTAL RESONANCE 
A. Three-phase short circuit from no load 
with no external resistance 


ELECTRIC TORQUE 


ELECTRIC SYNCHRONIZING 
TORQUE 


Tmax? 3-5. Tmax? 6.) 


ROTOR SHAFT TORQUE : 
GEN. SHAFT TORQUE 


Tmax? 3.0 ae Twax= 50 


TURBINE SHAFT TORQUE TURBINE SHAFT TORQUE 


C. Synchronizing 90 
degrees out of phase 


B. Three-phase short’ 
circuit from no load 


System reactance 


 R,=Xq" per phase 
X;=Xa" 
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Mechanical Systems and Types of 
Disturbances Studied 


The wide variation of possible mechani- 
cal-system constants and types of short 
circuits and synchronizing torques makes 
it impractical to present a completely 
comprehensive analysis of this problem. 
However, general conclusions can be 
drawn with regard to certain factors, such 
as the relative severity of various types of 
faults and the effect of external impedance 
and generator load. With these as a basis 
the mechanical-transients analyzer pro- 
vides a ready means of studying a given 
unit for the particular system condition 
under which it is to operate. 

Two types of units were chosen for de- 
tailed study, a single-frequency unit con- 
sisting of a generator and one turbine ele- 
ment and a double-frequency unit with a 
generator and two turbine elements. The 
dynamic mechanical systems and their 
analogous electric circuits for the me- 
chanical-transients analyzer are shown in 
Figures 2 and 3A. The same generator 
was assumed for both units. Its electrical 
constants are listed at the bottom of 
Table II, which also gives the equations 
for the types of short circuits and syn- 
chronizing torques studied. The deriva- 
tion of these equations is presented in a 
companion paper.* The electrical con- 
stants of the assumed machine result in 
air-gap torques which are representative 
of the upper range of severity. 


Typical Torque Oscillograms 


In Figures 2 to 4 are shown typical 


oscillograms of the rotor air-gap torques — 


and the resulting shaft torques obtained 
with the mechanical-transients analyzer. 
Figures 2 and 3 apply to the two units 
chosen for detailed study. Figure 4 illus- 
trates the use of the analyzer for more 
complex problems. In this system two 
generators are driven by a geared turbine. 
The generator being short-circuited has 
salient poles, and the air-gap torque con- 
sists of a damped unidirectional compo- 
nent and a series of damped sinusoidal com- 
ponents of fundamental and harmonic 
electrical frequencies. However, the ef- 
fects of all components above the fourth 
harmonic are negligible. The equation 
for the air-gap torque as used with the 
analyzer is given in the caption of Figure 


Torque-Frequency Curves 


For the two units chosen for detailed’ 
study fixed relationships between the vari- 
ous inertia constants were assumed and the 
effect of varying the shaft spring constants 
determined. In this way curves were ob- 
tained of the maximum shaft torques re- 
sulting from each type of disturbance. 
Such curves provide a complete analysis of 
the dynamic mechanical system of a single- 
frequency unit, because for such a system 
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Figure 4. Typical gear-driven-generator prob- 
lem 


Three-phase short circuit on salient-pole gen- 
erator from no load with no external resistance 
T,=€ ** (6.2 sin wt +4.65 sin 3wt)— 

€ (2.13 sin Qut+1.95 sin 4wt)+1.9e"* 
Fundamental frequency is 25 cycles per second 


Ip=11 K,=1.065 X104 
1=0.965 K,=3.72X104 
Is=1.45 K3;=18,22X104 


1,=2.52 


the torques resulting from a given dis- 
turbance are a function only of the me- 
chanical-system frequency and the ratio of 
the two inertia constants. The resulting 
crest torque for a given system frequency 
is directly proportional to the ratio 
In/(,+J2). Thus for a given electrical 
torque, the crest-torque curves for the 
single-frequency unit studied (Figures 
5 and 7) therefore can be applied to any 
other single-frequency unit by proper ad- 
justment of the torque magnitudes. How- 
ever, for the double-frequency unit the 
larger number of system elements makes it 


impractical to present a general analysis’ 


of all possible systems. For this case it 
was found that the more important con- 
clusions can be illustrated by a single set 
of curves of crest torque plotted as a func- 
tion of the dominant one of the two sys- 
tem frequencies: that is, the frequency 
containing most of the mechanical energy. 
The curves for this unit were obtained by 


varying the spring constant of only one» 
For — 


shaft (the generator-turbine shaft). 
this condition the less important system 
frequency ranged between 12,and 22 cycles 


per second. Crest-torque curves as ob-— 


tained in this manner are given in Figures 
6 and 8. 
magnitudes of the crest torques shown on 
these curves do not apply to all designs, 
since absolute magnitude is a function of 
the relation between the various inertia 
constants. 

Although as shown by the curves the 
practical design range should place the 
dominant natural frequency appreciably 
below 60-cycle resonance (usual design 
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It should be realized that the — 


practice 2.5 to 6.5 times normal), data for 
several of the curves show the crest torque 
through resonance with the 120-cycle com- 
ponent of the electrical excitation torques. 
This illustrates the very high crest mag- 
nitudes that might be built up if the 


expected that the line-to-line fault would 
produce the most severe shaft torque, 
since it has both the highest d-c and 60- 
cycle components of the air-gap torque. 
In the practical range of system fre- 
quencies the effect of its larger negative 


Table II. Equations for Rotor Air-Gap Short Circuit and Synchronizing Torques as Used for 
Transient-Shaft-Torque Study 


Type of Disturbance 


Per Unit Rotor Air-Gap Torque 


Short Circuits From No-Load Rated Voltage 
No external impedance: 


"Three=phase deecmicvins + aieiece1sepeieienelrerciete rele 1.54€-7-9t-+- 10, 3€ -10¢ sin wi 

[ie tO-lifte cele tele e cis losis «dew legs mislialeia’scaieiatevat 2.07€-6.2t-+ 10. 4€—6-9¢ sin wt—5.18€-5-7 sin 2wt 

WinestO- CTOUNG eters auch’ ic. «.c'e\e eis sleiRierelansraisicte.® 1. 88€-7.0¢+-9  50€ -8-3! sin wi—4.75€—5-2t sin Qwt 

One per cent per phase external resistance (R-) —zero external reactance: 

THTES=plrase void aos) 0,s0:'soe sna) efeneidel sole seiuromnen 2.60€ —15¢+4- 10. 3€ —48¢ sin wt 

Gane SCORING sate Chote. crete sisi a: esere) trerstarevataleteverelete 1.58€-5-4¢4 1 03€ -78t+-10, 4€ —46¢ sin wi—5.18€-5-7t sin Qwt 
MOREE Patote ean CBIR tialer asses <olin''s i Breguet jersey sie/« 2.61€ t+ 10. 4€-46t sin wi— 5 .18€-5-7¢ sin Qwt 

Weie-tO-eTOUNG 14. cc eee cearcion e ciee da sle lamers 2.55€-9-38¢4-9  50€ -62¢ sin wt —4.75€5-2t sin 2wt 

Double-line-to-ground............¢.eee000% 3.16€ t+-10. 4€ -48¢ sin wt—1.39€-9-% sin 2wit 


External resistance = Xq” per phase—zero external reactance: 


SEHYCE PHASE Lacs siete ttaiev eis Gare re yensi oleieveyeietetenerexsce 5.19(€ 40 — 


Synchronizing Torque at Rated Voltage 


€—440t) + 5 19€ —400t sin wt 


Three phase 90 degrees out of phase........... 5.16+5.16 sin wt—5,16 cos wt 


System reactance Xs= Xq” 


Per Unit Electric-Machine Constants 


Xq” Xa’ Xd Xe Xo 
0.097...0.152...1.17...0.096...0.0177.. 


natural frequencies were allowed to ap- 
proach resonance with the excitation fre- 
quencies. 


Short Circuits at No Load— 
No External Impedance 


Figure 5 gives the crest torque on the 
single-frequency unit resulting from three 
types of fault at no-load rated voltage and 
with no external impedance. Figure 6 
gives the effect of the various components 
of the electrical excitation torque for a 
line-to-line fault on the double-frequency 
unit. As shown by Table II, it would be 
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Figure 5. Curves’ of shaft torque as a function 


of mechanical-system frequency for short cir- 
cuits on single-frequency unit from no load 
and with no external resistance 


54 TRANSACTIONS 


T do ” 
0.055 actonal ...6.65 second....0.0048.. 


T do Ri Re Ra 
.0.025...0.00105 


120-cycle component should not be im- 
portant. This is borne out by the solu- 
tions. As illustrated in Figure 6, the 60- 
cycle component of the rotor air-gap 
torque has the dominant effect upon the 
crest shaft torque, except at the lower 
range of mechanical-system frequencies. 
Although the variation of crest shaft 
torque is not very great for the three types 
of faults (see Figure 5), the line-to-line 
fault gives the most severe condition when 
no external impedance is present. 


Effect of External Resistance 


The presence of external-system react- 
ance decreases the magnitude of the fault 
currents and, therefore, the rotor air-gap 
torque. However, the addition of external 
resistance without increasing the react- 
ance (which may occur for certain types 
of faults with appreciable resistance) can 
increase some components of the air-gap 
torque The effect of external resistance 
on the rotor air-gap torques is shown on 
Table II. It increases the crest magni- 
tude of the d-c component, increases 
rapidly the damping of the 60-cycle com- 
ponent, and increases more slowly the 
damping of the d-c component. This can 
readily be seen by comparison of the elec- 
trical-torque oscillograms in Figures 2 and 
3A. Also (as shown by Table I of refer- 
ence 3), the relative magnitude of the more 
highly damped of the two decrement fac- 
tors of the d-c component is increased so 
that a less accurate representation is ob- 
tainable with only one equivalent decre- 
ment factor. However, this latter factor 
is not important for small values of ex- 
ternal resistance. Representative solu- 
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tions (see Figure 2) were obtained, using 
the two forms of the d-c component listed 
in Table II for a line-to-line fault with one 
per cent per phase external resistance. No 
appreciable difference was found in the re- 
sulting shaft torques. 

Since the addition of external resistance 
increases the magnitude of the d-c com- 
ponent of electrical torque, it might be 
thought that such a condition will produce 
more severe shaft torques at the lower sys- 
tem frequencies where the d-c component 
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Figure 6. Curves of shaft torque as function of 

dominant mechanical-system frequency when 

spring constant of generator shaft on double- 
frequency unit is varied 


Line-to-line faults from no load 
h=1; I, =1;=0.821; K.= 1.09104 


has its greatest effect. This was found to 
be true for low values of external resist- 
ance. Torque data were obtained for 
all types of faults having a per phase ex- 
ternal resistance of one per cent. These 
showed that in all cases the double-line-to- 
ground fault is most severe since (see 
Table II) it has the largest d-c component 
Typical crest-torque curves for this case 
are given in Figure 6. Figures 7 and 8 
present a comparison of the most severe 
types of fault with varying amounts of ex- 
ternal resistance. As shown, the double- 
line-to-ground fault with one per cent 
external resistance can produce slightly. 


greater crest torques at the lower range- 


of system frequency but rapidly drops 
below the line-to-line fault curves for 
no external resistance as 60-cycle reso- 
nance is approached. 

To show that the further increase of the 
d-c component with greater amounts of ex- 
ternal resistance is more than offset by in- 


creased damping, torque curves were ob- _ 


tained for the case of a three-phase fault 


with the per phase external resistance — 


equal to (Xq”). These are shown in 
Figures 7 and 8. For this case the re- 
sistance is sufficiently large to affect “ma- 


terially the fault currents ant machine 
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Figure 7. Shaft-torque—mechanical-frequency 
curves for single-frequency turbogenerator 


time constants so that the equations of 
reference 3 do not apply. The electrical 
torque for this case was calculated directly 
from fundamental machine equations.® 
A solution for this case is shown in Figure 
3B. The 60-cycle component of the elec- 
trical torque is negligible, and the d-c 
component is the difference of two ex- 
ponentials (see Table IT). 


Short Circuits From Full Load 


The transient rotor air-gap torques for 
short circuits from load are of the same 
form as those from no load (7;) with the 
addition of a transient term (AT,) to rep- 
resent the rapid dropping of part of the 
load (see equation 2). The total shaft 


- torque is the transient response torque to 


these excitation functions as determined 
with the mechanical-transients analyzer 
plus the initial steady-state load torque. 
The transient-torque components (T;) are 
very nearly proportional to the square of 
the voltage behind subtransient react- 
ance. For this machine at unity power 
factor these components are only about 
one per cent higher than for short circuits 
from no load. The most severe shaft 
torques for this machine are produced by a 
short circuit from unity power factor at 
full load. It is difficult to determine in 
general the form of the component repre- 


senting dropping of load, since this is — 


affected by such factors as electric-system 
conditions and fault impedance. To sim- 
plify this problem it was assumed that the 
load is suddenly dropped. Total load was 
assumed to be dropped for three-phase and 
double-line-to-ground faults and half load 


- for line-to-line and single-line-to-ground 
_ faults. 


Both turbine elements of the 
double-frequency unit were assumed to 


have equal outputs so that the turbine- 


turbine shaft carries half the steady-state 


load. For the foregoing assumptions the 
- most severe shaft torques are produced by 
- Jine-to-line faults from full load with no 


ee 


external resistance. Curves for the crest 
torques resulting from such a fault are 
shown in Figures 7 and 8. These are 
about one per unit higher than the corre- 
sponding fault from no load, showing that 
the effect of the negative component rep- 
resenting dropping of load is not very 
great and a more detailed treatment of 
the manner of dropping load is not too im- 
portant. 

It might be thought that a high-re- 
sistance fault from full load could be more 
severe if the external resistance is high 
enough actually to increase the machine 
load. Then the added load-changing 
component will be positive. However, 
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Figure 8. Shaft-torque—dominant-mechanical- 
frequency curves for, double-frequency turbo- 
. generator 


h=1; =|; 03621; K,=1.09X 104 


Figures 7 and 8 show that except at very 
low values of the mechanical-system fre- 
quency the system response to the other 
rotor-air-gap-torque components (7;) will 
be so low that the net effect cannot be as 
severe as the case of a line-to-line fault 
with no external resistance, since the 
(AT;) term has only a small effect on the 
net shaft torques. At the lower range of 
mechanical-system frequencies the differ- 
ence between the torques produced under 
these two conditions will be small. In 
general the most severe case is a line-to- 


line short circuit from full-load unity 


power factor with no external resistance. 


Time to Crest Shaft Torque 


The time required for the shaft torque 
to reach its crest is of some importance if 
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greater than the minimum circuit-breaker 
interrupting time. Under this condition 
full crest torque might not be reached. As 
would be expected for systems of this 
nature, the time to crest torque is rela- 
tively short at low system frequencies and 
increases as resonance with an excitation 
frequency is approached. This effect is 
shown by the shaft-torque oscillograms of 
Figures 2 and 3A, which also show the de- 
crease of time to crest as the decrement of 
the rotor air-gap torque is increased. 
Curves of time to crest torque are given in 
Figure 9, which further illustrate these ef- 
fects. If there were no damping in the 
mechanical system, the maximum time to 
crest would be infinite, assuming infinite 
duration for the fault. However, as 
shown by Figure 9, the maximum time to 
crest is about eight cycles of 60-cycle fre- 
quency if the mechanical system has 60- 
cycle resonance. For natural frequencies 
below 50 cycles, the time to crest is below 
three cycles of 60-cycle frequency so that 
the full crest torque in general should be 
used for all considerations. 


Synchronizing Out of Phase 


In Figure 2 of reference 3 is presented 
an analysis of the crest’ synchronizing 
torque as a function of system reactance 
and angle of synchronization. For a given 
value of system reactance, the crest-syn- 
chronizing-torque increase is roughly pro- 
portional to angle of synchronization, 
being about 12 per unit at an angle of 90 
degrees for a system reactance (X;= 
Xq"). It increases with decreasing Xs. 
For a synchronizing angle of 30. degrees, it 
is also about 12 per unit when X,=0. 
Shaft torques for synchronization 90 de- 
grees out of phase with X,=Xq”" are 
shown in Figures 7 and 8. This provides 
a fair basis for the more severe synchroniz- 
ing torques that normally might be ex- 
pected. The resulting shaft torques are as 
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Figure 9. Curves showing time to crest shaft 
torque as a function of turbogenerator me- 
chanical-system frequency 
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Use of Dielectric-Absorption Tests in 
Drying Out Large Generators 


H. C. MARCROFT 


ASSOCIATE AIEE 


IELECTRIC absorption is the name 

commonly given to the effect which 
takes place in electrical insulation when 
it is subjected to a direct potential, with 
reference particularly to the manner in 
which the resulting charging current into 
the insulation decreases with time. The 
time rate of change and the magnitude of 
the observed current are indications of 
the amount of absorbed moisture (among 
other things) existing in the insulation 
of large generators, which apparatus 
affords a practical application of the 
dielectric absorption phenomenon. A 
newly wound generator or a generator 
long idle contains moisture in the insula- 
tion which should be removed before full 
operating voltage is applied to the wind- 
ing insulation.! The method of using 
the dielectric absorption effect to deter- 
-mine the state of dryness of large gen- 
erators is presented as a new means of 
measurement and one better adapted to 
giving more information than methods 
previously used. 


Dielectric Absorption 


When a direct potential is suddenly 
applied to a generator armature winding, 
the current flowing into the winding will 
have three components :? 


1. A capacitance current, resulting from 


severe as and in some cases more severe ; 


than the worst type of short-circuit dis- 
turbance. | ; 


Conclusions _ 


The development of the mechanical- 
transients analyzer provides a ready means 
for accurate and detailed study of turbine- 
generator shaft torques produced by such 
transient disturbances as short circuits and 
synchronizing out of phase. Although 
these disturbances are infrequent in their 
- occurrence, they should be considered in 

the design of the apparatus. The de- 
_tailed analysis presented here enables the 
determination of the most severe types of 
_ disturbance to be used as a basis for the 
study of individual units. It also shows 
the importance of co-ordinating the me- 
_ chanical design of both turbine and gener- 
_ ator. For instance the torque-frequency 
-curves show that an increase in shaft 
‘stiffness in all cases increases the shaft 
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the capacitance of the winding to the gen- 
erator core. 


2. Dielectric-absorption current, continu- 
ing much longer in time than the capacitance 
current and having a characteristic di- 
minishing value. F 


8. Leakagecurrent, the final constant value 
reached at infinite time. 


It is the dielectric-absorption current 
(2) which gives the information which is 
useful in diagnosing instillation, because 
the shape of the dielectric-absorption 
current-time curve is influenced by the 
following factors: 


Moisture in or over the insulation. 
Nature or type of insulation. 
Machine rating, voltage, and speed. 
Temperature of the insulation. 
Cleanliness of the insulation. 
Previous charges in the dielectric. 
Test-voltage value. 


cae OM cy Soar 


Of these factors, all’ but moisture are 
known or can be controlled, so that the 
dielectric-absorption curve may be used 
to indicate the relative amount of mois- 
ture in the dielectric. 

Paper 45-9, recommended by the AIEE committee 
on power generation for presentation at the AIEE 
winter technical meeting, New York, N. Y., 


January 22-26, 1945. Manuscript submitted July 
25,1944; made available for printing November 17, 


* 1944. 


H. C. Marcrort is a test engineer, Pennsylvania 
Water and Power Company, Baltimore, Md. 


torques. Thus, simply increasing shaft 
diameter need not necessarily provide a 
decrease in maximum shaft stress, and an 
accurate determination of the results re- 
quires a co-ordinated analysis. 
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Marcroft—Dielectric-A bsorption Tests 


In testing a machine, the direct test 
voltage is applied to the winding suddenly 
and at a constant voltage. The elapsed 
time is recorded as the current readings 
are being taken. It has been found by 
experience that readings taken at 15- 
second intervals for the first minute, half- 
minute intervals for the second minute, 
and minute intervals for the remaining 
time up to ten minutes give the neces- 
sary data for a charge curve. If, at the 
end of ten minutes, the generator is sud- 
denly connected to ground through the 
current instrument, a discharge current 
will flow, lesser in magnitude than the 
charge curve by the amount of the steady- 
leakage current; or in other words, the 
difference in the charge and discharge 
currents represents the leakage current, 
which is equal to the charge current at 
infinite time. In practice, the current 
and voltage readings are expressed in 
megohms. 

It is necessary to have a steady supply 
of direct current in order to run a di- 
electric-absorption curve because the 
relatively large capacitance of the gen- 
erator winding is able to store a sufficient 
electrical charge so that the normal 
commercial voltage fluctuations will re- 
sult in the test current surging and even 
reversing. Some method must, therefore, 
be used to smooth the supply voltage. 
The curves which are discussed here 
were obtained by using a special testing 
set employing small dry cells as the volt- 


age supply. The resulting curves are ' 


consequently very smooth. 

The data taken on a test made on a 
nominally dry 10,000-kva turbogenerator 
are shown in Figure 1. The effect of 
dielectric absorption is shown in the 
decline of the charging current. 
at ten minutes time, the current is seen 
to be diminishing at a noticeable rate. 
It is this effect which has been neglected 
so often in previous practice in which 
short-time tests are made, frequently 
lasting less than 30 seconds. Such short- 
time tests result in values which are 
unreliable, since the tests are discontinued 
at a time when the resistance indication 
is changing with time at a fast rate. This 
effect is not sufficiently noticeable at the 
time of test because the scales of instru- 
ments usually used become crowded at 
increasing resistance values. In the case 
of instruments with manually generated 
power, the personal element of tiring of 
the operator frequently dictates the 
shorter test. 

The first absorption test made on the 


generator of Figure 1 was at a potential 


of 500 volts, shown in curve 1. The 
discharge of this absorbed charge is 


indicated by curve 2. This sequence of © 
tests was followed immediately by a 
charge test at 1,000 volts (curve 3), and 

the discharge of this charge (curve 4), 


which followed immediately. 


: The difference between the charge and Ta 
discharge curves is shown by the dotted _ 
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Table I. Drying Generator Winding Showing 
Increase in Slope Factor 


Generator A—13.3 Kv, 31,000 Kva, Three 
Phase, 60 Cycle 


Test Temp, Slope Drying 
No. Cc Factor Time, Hrs 
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line in both cases and is approximately 
the final leakage current for the 500-volt 
test. For the 1,000-volt test, the dotted 
curve is not a true leakage value because 
the charge curve 3 has a lower value, and 
the discharge curve 4 has a higher value 
than would be the case if the test had been 
made on a winding not having an ab- 
sorbed charge still remaining in the 
dielectric. Error in insulation-resistance 
measurements is introduced when the 
meastirements are made on a generator 
insulation which is not completely dis- 
charged. On a large generator, the dis- 
charge time has been found to be an hour 
or more to drain a 500-volt charge of 
ten-minutes duration. The discharge 
time is not proportional to the charge 
voltage but increases faster than the 
voltage, within limits observed in these 
recorded tests. 


MICROAMPERES 


MINUTES 


Figure 1. Charge and discharge curves at 500 


| ‘and 1,000 volts on a 10,000-kva 1,800-rpm 


13.3-kv 60-cycle three-phase generator 


1. Charge at 500 volts 
9.- Discharge of run 1 
3. Charge at 1,000 volts 
‘4, Discharge of run 3 < 
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Both positive and negative charges 
can exist at the same time in a generator 
insulation. One interesting example of 
this effect was demonstrated on a di- 
electric-absorption test in which a charge 
of positive polarity was followed imme- 
diately by a shorter charge of negative 
polarity. When the generator was 
grounded and the discharge current was 
being observed, the negative charge was 
found to leave the generator first followed 
by the positive charge. The meter indi- 
eated a definite and rather abrupt re- 
versal of current during the discharge. 


Moisture Effects 


The amount of absorbed moisture in 
the generator insulation will affect the 
number of leakage paths containing free 
ions; the resistance is lower for the 
greater number of such paths. When 
this moisture is driven out of the insula- 
tion, as it is on a dry-out run, the number 
of leakage paths is greatly reduced and 
the leakage resistance becomes greater. 
At the same time, the effect of the ions 
being held bound on the boundaries of 
the surfaces separating dissimilar insulat- 
ing substances is made apparent. The 
effect may be likened to the charging of 
many small capacitors joined together 
by countless ties of very high resistance. 
The charges which these capacitors take 
are recoverable by grounding the gen- 
erator winding, in which case they will 
flow in the opposite direction to that 
of the charge. Interfacial polarization‘ is 
the term often used to describe the condi- 
tion of the insulation containing charges 
resulting from applied voltage across the 
insulation. 

The degree of dryness of the insulation 
is reflected in the shape of the dielectric- 
absorption charging-current curve taken 
over a period of time. 


Effect of Test Voltage 


Moisture in insulation decreases its 
resistance on d-c measurements. The 
apparent resistance of hygroscopic in- 
sulation containing water decreases with 
an increase in the test voltage used. This 
was noticeable to a certain extent on 
dielectric-absorption tests made on a 
number of large generators. The mecha- 
nism by which this change in re- 
sistance occurs is explained by a theory, 
confirmed by experiments, given by S. 
Evershed’ in 1913. He calls this effect 
‘“endosmosis.’’ According to this theory, 
the water in insulation which causes 
leakage paths is a very minute fraction 
of the water in the insulation. Under 
increasing voltage stress, the so-called 


dormant water is forced out of the cross . 


channels and into the direct resistance 
paths, enlarging the conducting water 
films and thus lowering the resistance. 


The practical difficulty in using this effect 


on tests is the requirement of a large 
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Figure 2. Insulation-resistance-time curves for 
generator A—31 ,000 kva, 13.3 kv, 60 cycle, 
109 rpm 
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Cold, before dryout 4 
2. Drying run started, 15 hours, 58 degrees 


centigrade 

3. Drying continued, 27 hours, 76 degrees 
centigrade 

4. Drying continued, 39 hours, 75 degrees 
centigrade 

5. Drying continued, 51 hours, 75 degrees 
centigrade : 

6. Drying continued, 63 hours, 75 degrees 
centigrade 

7. Drying continued, 75 hours, 75 degrees © 
centigrade 

8. Drying ended, 87 hours, 75 degrees 
centigrade 


9. Cold, after dryout, 35.7 degreescentigrade 


voltage range of d-c supply having a very 
steady voltage and being sufficiently 
portable. The testing time and especially 
the time consumed in discharging the 
insulation is often prohibitive. 


Use of Dielectric-Absorption Curves 


The steepness of the rise of the re- 
sistance curve with time indicates the 
relative amount of moisture present in 
the insulation. However, all generator 


insulations do not have the same curves. 


For example, some generators are wound 


with coils having the end turns treated 


with a conducting paint to control the 


corona which otherwise might exist in 


the end-turn spaces. Such a machine 
has a lower and flatter absorption curve 
than a generator without end-turn corona 
control treatment. The larger and slower- 
speed generators have more coils and 
lower resistance than smaller high-speed 
machines yet the shapes of the absorption 
curves would be the’same, all other things 
being unchanged. This is a fortunate cir- 
cumstance as it puts the dielectric-ab- 
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sorption tests in a position of usefulness 
that power factor testing enjoys by virtue 
of indicating the result in the form of a 
ratio between two measured quantities. 

In the case of the dielectric-absorption 
curves of megohms versus time, the slope 
of the curve may be indicated by the 
difference in megohms between the ten- 
minute and one-minute readings divided 
by the one-minute reading. This value 
has been called ‘‘slope factor’ and is 
independent of the size of the generator 
winding. 


Rio me Ri 


1 


Slope factor = 


A succession of these tests made periodi- 
cally throughout a drying-out run will 
indicate the progress being made by the 
increase in the value of slope factor. 


Drying Tests 


The drying-out progress of a 31,000- 
kva three-phase 60-cycle hydro generator 
(generator A) is shown in Figure 2. 
This machine has mica-tape insulation 
throughout the entire coil, the coil-end 
connections, and pole leads or group leads. 
The tie cords on the coils are linen but 
on the end connections and phase-col- 
lector busses they are fiber glass. This 
generator was out of service two months 
during which time moisture was ab- 
sorbed. There is no resistance varnish 
used on these coils. The curves show the 
resistance of the insulation for 500 volts 
impressed and for a charging time of ten 
minutes. The corresponding values of 
temperature of the insulation and slope 
factor, as the drying run progressed, are 
given in Table I. The slope factor in- 
creased from 0.22 at the start to 1.44 at 
the end of drying run which was of 87 
hours’ duration. A value of 1.25 slope 
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Figure 3. One-minute and ten-minute oe 


sistance values during drying run on genera- 
tor A 


58 TRANSACTIONS 


factor has been arbitrarily set as a satis- 
factory dry value for this class of genera- 
tor at 75 degrees centigrade approxi- 
mately. The increase in slope factor to 
1.88 after the generator had cooled is 
caused principally by the fact that the 


Figure 4. One-min- 200 
ute resistance-tem- 
perature curves for 
six large water-wheel 


on a number of large 13.3-kv hydro 
generators for the purpose of comparing 
the resistance-temperature curves over 
a period of time. 

In order to minimize the effect of 
humidity, all tests were made only after 


generators showing 


changes in resistance 


between 1938 and 


1940 


lines, 
tests 
Heavy lines, 1940 
“tests 


MEGOHMS 


Light 1938 


resistance-temperature curves for one- 
minute and ten-minute values do not 
have the same slope. 

The two curves of Figure 3 show the 
one-minute and ten-minute resistance 
values obtained from Figure 2 during 
the dryout time of 87 hours. The diver- 
gence of the twocurves indicates graphi- 
cally the increasing drying of the insula- 
tion. Obviously, the slope factor will 
continue to rise beyond the end of the 
curve with further drying. A generator 
of this type in steady service will have a 
value of slope factor in the order of two 
or three at 60 degrees centigrade. 

Sufficient outage time was not avail- 
able to allow the continuation of the dry- 
out curves to a steady state at this time. 
However, the drying was continued be- 
yond the time at which the ohmmeter 
method indicated the machine to be dry, 
that is, when two successive insulation 
readings are constant with a drying period 
between readings. This was also true of 


other generators which were tested. 


In Tables II and III are shown the 
results obtained in drying two additional 
generators of the same characteristics and 
rating as generator A of Table I. The 
course of drying of a 37,500-kva 25-cycle 
single-phase 13.3-kv hydro generator is 
shown in Table IV, in which the drying 
run was of 97 hours’ duration. This was 
the initial dry-out following the erection 
of the machine. Similar curves are ob- 
tained on these machines as for generator 
A, Figures 2 and 8. For reasons dis- 
cussed in the following heading, constant 


temperature should be maintained during © 


a dry-out run. 
Temperature Effects 

There is a marked temperature effect 
on generator-insulation resistance as may 


be seen from Figures 4 and 5. Tests were 
made at 500 volts in 1938 and in 1940 
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the generators had been carrying a good 
load for at least two weeks prior to the 
tests. The first test point was always at 
the highest temperature and, as the 
generator cooled, the points at lower 
temperature were obtained. This pro- 
cedure usually required 24 hours for a 
test. 

Temperature of the insulation was 
obtained from the embedded resistance 
detectors; the average of the six was 
used for the nominal temperature. It 
is desirable to raise the generator tem- 
perature considerably above the tempera- 


Table Il. Drying Generator Winding Showing 


Increase in Slope Factor 


Generator B—13.3 Kv, 31,000 Kva, Three 
Phase, 60 Cycle 
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Table Ill. Drying Generator Winding Showing 


Increase in Slope Factor 
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ture of the first test point in order to allow 
the temperature gradient of the insula- 
tion to become a minimum for the first 
test point. 

Figure 4 gives the values obtained from 
the dielectric-absorption curves at one 


The generator number is shown on 
each curve. Generators A, B, C, and E 
are made by one manufacturer; genera- 
tors G and F are made by another manu- 
facturer. There is a noticeable difference 
in the two machines in the slopes of the 


ANN eH i Figure 5. Ten-min- 
iN ute resistance—tem- 

eee NS Ess perature curves for 
pe j ~e same conditions as 
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in Figure 4 
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minute time; Figure 5 gives the values 
from the dielectric-absorption curves at 
ten minutes time. 

The heavy curves are the tests made 
in 1940; the lighter curves are for the 
1938 tests. 


Table IV. Drying Generator Winding Show- 


ing Increase in Slope Factor 


Generator D—13.3 Kv, 37,500 Kva, One 
Phase, 25 Cycle 


= ——<—<— 


Drying 
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Table V. Slope-Factor Values for Dry Gen- 
erators in Daily Operation 


These Values Are Obtained From Figures 4 
and 5, 1940 Tests 
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Slope Factor 
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temperature curves. Both kinds of gen- 
erators have mica insulation as the slot 
insulation. The difference in the shape 
and magnitude of the curves is caused by 
the different manner of insulating the 
coil sections by the two manufacturers. 

Table V gives the slope factors of these 
machines at 60 degrees centigrade and 
75 degrees centigrade for generators in 
daily operation under normal load. 

These figures are therefore typical for 
nominally dry generators. The 1940 
curves of Figures 4 and 5 were used for 
data in Table V. The slope factor gener- 
ally increases with decreased temperature, 
caused by the ten-minute value of re- 
sistance increasing at a faster rate than 
the one-minute value. 

From these results, it is evident that 
at a temperature of 60 degrees centigrade, 
slope factor values of over 2.0 may be 
regularly obtained from generators with 
mica-tape insulation and no end-section 
corona treatment. Generators F and G 
have the end sections protected with 
varnished cambric, which apparently has 
lower resistance than the other generators, 
and which is reflected in the slope factor 
figures. This class of winding would 
appear to be dry with a slope factor value 
of 0.50 or more. 
sirable to know the type of the coil 
insulation in applying the method of 
dielectric-absorption curves to the dryout 
tests, in cases where the slope factor is of 
the lower order. 

The temperature-resistance curves 
(Figure 5) show that generators of 
different manufacture (and consequently 
a certain difference in insulation) have 
temperature curves which may differ 
in slope. There is even in some cases a 
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Thus it becomes de- 


change of slope in these curves for the 
same machine from year to year. Gen- 
erators A, B, C, F, G are three-phase, 
31,111-kva machines; generator E is a 
one-phase, 35,000-kva machine. All of 
these generators have closed ventilation. 
Generator G has had some trouble with 
oil film on the winding, which may ex- 
plain the lowered resistance for the 1940 
test. Not enough is yet known of the 
yearly changes of resistance-temperature 
curves to say definitely what the reason 
is. The indication is that humidity is 
probably responsible in most cases. 

The slopes of the temperature curves 
of Figure 5 lie anywhere between the 
extremes of eight degrees to 33.5 degrees. 
centigrade to double the resistance. 
The former applies to generator G and 
the latter to generator B. 


Divided-Winding Tests 


The foregoing tests were all made with 
the whole winding connected together 
and energized between winding and 
ground. On generators A and C, di- 
electric-absorption curves were made 
later with the winding separated into the 
three phases, so that by energizing one 
phase at a time, with the other two 
grounded, an indication of interphase- 
insulation resistance was obtained. These 
values are given in Table VI. 

The values of slope factor for tests 
between phase windings are not neces- 
sarily the same as for the entire winding 
tocore. The leakage paths are very differ- 
ent and depend not only upon the coil- 
insulation material but also upon addi- 
tional materials such as cording of various 
types and supporting blocks. Also, the 
kind of varnish used on the end-coil 
sections becomes very important whereas 
this has much less effect on the measure- 
ment of resistance between the total 


Table VI. Slope-Factor Values for Tests Be- 
tween Phase Windings 
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winding and the core. For the purpose of 
determining the dryness of a generator, 
the dielectric-absorption curve of the 
total winding to the core is the one best 
adapted to the purpose. Where a gen- 
erator winding is suspected of being 
damaged, a test between phases may be 
employed to determine whether or not 
all phases have deteriorated equally. A 
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high-voltage d-c absorption test should 
prove of more value in such a case than 
the low-voltage test because of the possi- 
bility of finding concentrated faults more 
readily by high leakage current.® 


Conclusion 


The use of dielectric-absorption curves 
in drying out large generators is an 
improvement over previous practices. 
More information is obtained by these 
curves than ¢an be gained from spot 


Figure 6. Generator-insulation-test table 


readings which are taken at short charg- 
ing times. The record of the dry-out 
run has been put on an exact basis. The 
condition of a generator with respect to 
moisture can be expressed in terms of 
‘slope factor. Dielectric-absorption curves 
taken periodically during a drying run 
will give the data necessary to observe 
the progress of the moisture removal as 
indicated by the rise in slope factor. It 
is desirable that constant temperature 
be maintained throughout the run. 

The vatue of the slope factor will vary 
over a considerable range depending upon 
the type of insulation and its treatment. 

The accumulation of temperature— 
resistance curves, at ten-minute time, 


over a period of years, should provide a 


good indication of changes in or over the 
insulation of the generator winding. 
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Appendix. Description of Insula- 
tion-Test Table 


General Construction 


The table is constructed of fir wood and 
measures 19 by 40 inches by 32 inches high, 
including wheels. The posts are two by two 
inches, bolted to the frame. Rubber-tired 
truck casters (four-inch) are bolted to iron 
plates across the ends. The sheathing is 
1/,-inch bakelite which also carries the guard 
and ground terminals (left side). The wood 
is finished with several coats of varnish. 
The table is shown in Figures 6 and 7. 


Batteries 


The support for the 35 batteries of 45 
volts each (Burgess 53808) consists of seven 
trays of white pine boiled in paraffin for four 
hours. The ends of the trays can be seen 
in Figure 6. The bottom board is three- 
quarter-inch stock and its ends rest on the 
table cross members. Each board has one 
side and two end pieces to hold the batteries 
in place. A strip of tin is laid between the 
trays and the cross-rails which becomes part 
of the guard circuit. 

The battery voltage (1,500 volts) is 
broken up into sections to avoid drain when 
not in use and for safety. Each tray be- 
comes a group (235 volts) separated by 
six switches. The switch mounting board 
is boiled in paraffin and is guarded at the 
point of attachment to the corner posts by 
tin strips. At the left end of this board, a 
metal box is attached, which contains three 
batteries (Burgess 5540). Each three-volt 
tap is brought out to a point on a rotary 
switch on the top panel for voltage adjust- 
ment. Nine steps are available to take care 
of any voltage adjustment. The ‘‘5308” bat- 
teries have taps at 22.5 volts. 


Charge-Discharge Switch 


The main ‘‘charge-discharge’’ switch is 
built from a Trumbull 38211/. 500-volt 30- 
ampere switch. The slate base and fiber 
crosspiece on the blades were discarded, 
and the metal parts were mounted on three 
“condensite” blocks which were mounted on 
an iron V frame. This was done for several 
reasons: 


1. The separation between blades carrying op- 
posite potentials was increased. 


2. Condensite is a much better insulator than slate 
and fiber. .. 
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Figure 7. Wiring diagram for generator- 


insulation-test table 
4 


3. The frame of one-fourth by one-inch strap iron 
could be bent so that the throw from charge to 
discharge position was short and easily done. 


4. The iron framework made possible an ideal 
guard circuit between switch elements. The handle 
of the switch extends through the top condensite 
panel which is slotted for that purpose. Figure 6 
shows this switch mounted under the left corner of 
the table. 


Voltage Change 


Three voltage taps are provided at 500, 
1,000, and 1,500 volts. Selection is made 
by plugging into one of three jacks (Westing- 
house 591496 and 591497), mounted on a 
one-half-inch condensite block attached in- 
side the corner posts on the right end. This 
block is also guarded at the attachment loca- 
tion by tin strips. The plug, and two dum- 
mies, are shown in the figure. The plugs 
do not touch the outside sheathing as they 
appear to do in the figure. 


Meter 


The milliammeter is made by Rawson 
and has three ranges—0.4, 0.04, and 0.004 
milliamperes full scale. A reversing switch 
and by-pass push button are used in con- 
nection with the meter; these are mounted 
on the condensite panel at the left. 

The meter also makes an excellent high- 
resistance voltmeter for checking the bat- 
teries when used with a standard ten-meg- 
ohm resistor. The batteries should not be 
checked with an ordinary voltmeter as such 
procedure depletes the battery faster than 
testing would do. 

Wiring 

The wiring is shown in Figure 7 and is 
done with benchboard wire. Wiring 
support blocks are of bakelite and guarded 
with tin strips under the blocks. A fuse 
block is provided in the negative battery 
lead to guard against internal trouble. An- 
other fuse is located in the positive lead to 
guard against external faults. This fuse is 
rated 1,000 volts, one-sixteenth ampere, and 
is sufficient for tests at 500 volts; tests at 
higher voltages generally require a larger 
rating for large generator testing. The pro- 
tective resistor of 2,870 ohms limits a pos- 
sible short-circuit current to a reasonable 
value. , 

The high-voltage cable lead is single- 
conductor number 4 “supetservice’’ flexible 
rubber-covered and is 25 feet long. 
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Improving Stability by Rapid Closing of 
Bus-Tie Switches 


EDWARD W. KIMBARK 


MEMBER AIEE 


APID opening of circuit breakers on ° 


faulted lines has been recognized for 
many years as one of the most effective 
ways of improving power-system sta- 
bility. Rapid opening followed by rapid 
reclosing has been used more recently 
and gives further improvement in stabil- 
ity if the fault is transitory. Rapid 
closing of normally open breakers offers 
yet another means of improving stabil- 
ity—a means which has never been put 
into, practice, so far as the author is 
aware, but which promises to have a field 
of usefulness. 

This paper presents the results of cal- 
culations of the power limit of a particu- 
lar two-machine power system, both with 
the proposed switching scheme and, for 
comparison, with various other switching 
schemes which are in common use. 

Figure 1, which is reprinted from an 
AIEE committee report! published in 
1937, shows the effect of the presence or 
absence of high-voltage bussing at the 
ends of a double-circuit line over which 
power is being transmitted from a hydro- 
electric station to a large receiving sys- 
tem when a two-wire-to-ground fault 
occurs near the sending end of one cir- 
cuit and is cleared by simultaneous open- 
ing of the breakers at both ends of that 
circuit. Two. curves of power limit 
versus fault duration are drawn in this 
figure: curve A for the transmissionsystem 
without high-voltage busses, curve B for 
the system with high-voltage busses. 
High-voltage bussing is detrimental to 
stability as long as the fault is on the line 
because the fault then pulls down the 
voltage of both circuits instead of only 


- one and thus impairs their capacity to 


oa 


transfer power. After clearing of the 
fault, however, the bussing is beneficial 
because it lowers the reactance between 
generators by connecting two banks of 
transformers in parallel at each end of 
the remaining transmission circuit. With 
slow clearing of the fault, the detri- 
mental effect of bussing during the fault 
predominates over the beneficial effect 
after clearing the fault. With rapid 


_ clearing, the opposite is true. As a result, 
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curve B is below curve A at long fault 
durations and is above curve A at short 
durations. The curves cross at a fault 
duration of about 0.15 second (nine cycles 
on the basis of 60 cycles per second), 
which is the time of clearing if standard 
eight-cycle circuit breakers and one- 
cycle relays are used. 

The thought naturally occurs: Inas- 
much as high-voltage bussing is detri- 
mental during the fault but beneficial 
after the fault, why not use bus-tie 
switches which are normally open but 
which 
opening of the breakers which disconnect 
the faulted line? The same protective 
relays which open each line circuit 
breaker could be used to close the nearby 
bus-tie switch. 

When such switching is used on the 
power system of Figure 1, the calculated 
power limit as a function of fault duration 
is as shown by curve C of Figure 2. 
Curves A and B are the same in Figure 2 
as in Figure 1 except that they have 
been recalculated using voltages behind 
transient reactance at each end of 1.00 
unit instead of some higher value. 

If the fault is cleared instantly, the 
power limit does not depend on whether 
the bus-tie switches are open or closed 
before and during the fault, but it does 
depend on the position of these switches 
after clearing the fault. Therefore, curve 
C intersects curve B at zero fault dura- 
tion because both curves represent 
switching schemes*in which the bus-tie 
switches are closed after clearing of the 
fault. However, if the fault persists a 
long while, the power limit is deter- 
mined chiefly by conditions during the 
fault and very little by conditions after 
clearing. Therefore, curve C approaches 
curve A as the fault duration increases 
since both curves represent switching 
schemes in which the bus-tie switches 
are open during the fault. At inter- 
mediate values of clearing time curve C 
is above both curves A and B, showing 
that the power limit has been raised by 
closing the bus-tie switches simultane- 
ously with the opening of the line break- 
ers. The increase in power limit over 
that obtainable with the better of the 
first two arrangements (bus ties always 
open or always closed) is greatest for 
clearing times in the neighborhood of 
those afforded by modern high-speed 
relays and breakers. With 0.15-second 
(nine-cycle) clearing the power limit is 
increased from 0.87 to 0.98 per unit—an 
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close simultaneously with the , 


‘fault current. 


increase of 12 or 13 per cent over the 
first-named value. With 0.10-second 
(six-cycle) clearing the power limit is 
increased from 0.98 to 1.05 per unit— 
an increase of seven per cent. The im- 
provement attainable in this case through 
rapid closing of bus-tie switches in con- 
junction with eight-cycle breakers is just 
equal to the improvement attainable 
through replacing eight-cycle breakers 
with five-cycle breakers. 

The transient power limits calculated 
for 0.10-second, 0.15-second, and 0.20- 
second clearing of a two-wire-to-ground 
fault are listed in Table I for the three 
kinds of switching which have been con- 


POWER 


1.0 


ce) 0.2 
DURATION OF FAULT —SECONDS © 


0.4 0.6 0.8 


Figure 1. Effect of bussing arrangement on 
stability limits; double line-to-ground fault 
at sending end (reprinted from reference 1) 


A—Low-voltage bussing 

B—High-voltage bussing 

System reactance shown in per cent; inertia 

constant H=kilowatt-seconds per kilovolt- 
ampere 


sidered already (A, B, C) and for other 
kinds of switching (D to N) which are 
to be considered subsequently. The 
steady-state power limit for the final 
circuit condition is also tabulated for 
each kind of switching. 


Rapid Reclosing 


It is interesting to compare the im- 


provement in stability obtainable through — 


the use of rapidly closed ties with that 
obtainable through rapid reclosing of the 
line breakers. Curves D and E, Figure 3, 


‘show calculated power limit versus fault 


duration if the breakers are closed 0.25 
second (15 cycles) after interrupting 
This value of dead time 
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Table 1. Comparison of Power Limits for Various Kinds of Switching 


‘Two-Wire-to-Ground Fault at Sending End of One Line of the Power System of Figure 1- 


——<——= 


ee 


No. of 


Transient Power Limit in Steady-State 
Per Unit if Clearing Time Power Limit 


High-Volt- Kind of Switching of First Breaker Is: of Final 
age Switch- Condition 
Curve ing Stations Line Breakers Tie Switches 0.10 Sec 0.15 Sec 0.20Sec (Per Unit) 
y Always open......... Ont eon Une oan Osreina..0.4 0.93 
PB Na aelelats n« Bais cist Opened _ simulta- Always closed........ OND Share Ol Sates Otters 1.09 
C neously.......... Initially open; close 
when line break- 
CLSIOMEM) cen aeletoneye ais VOD epee O98 cere Ons creratere 1.09 
D ; 
Biviaciicies PAO RAING Opened _ simulta- 
F neously and re- Always open......... O98) 0150 S00 oie O85 \< ote res 1.25 
closed 0.25 sec Always closed........ 1 OO eyes. Os SSxrerereO 20 Cdieucistere 1.25 
HACE ite cciaticee Initially open; close 
when line break- 
CFS OPEN 6 arcssieve bldiesej2 L208 sect O29 9)esctens OO he cameron 1.25 
G 
H SCG CH atevetstels Opened sequen- 
7 tially, receiving 
end 0.30 sec Always open......... Qn Siete OA optrere Onl eeaensrste 0.93 
after sending Always closed........ O78. e Ore Oncs cOcOd seiesteleis09 
Gilt len aouaroteoda Initially open; close 
when adjacent 
line breakers open...0.85....0.80....0.76...... 1.09 
TESA OUIO Diane aise Opened _simulta- 
neously... 2. .ie0:. Initially open; close 
0.05 sec after line 
breakers open.........eee-% OnGA vce escatels apn eee 1.09 
K } ert OO Setetekrers Opened  simiulta- Always closed........ 1.6045 5220.92 e078 20 ic. 2 1.17 
L NEOUSLY: < 62%0,< op sieve Initially open; close 
3 when adjacent 
line breakers open...1.12....1.03....0.94...... b BY 
a eee ean er Opened simulta- (Always closed........ slpa Wie Se SUC aes Pant eer ta 1.25 
N neously........- | Initially open, then 
Closed). bcs: ¢crsteteein ane Le 2 i600 1209 5.5/0). 99 eateetne 1.25 


(15 cycles) is obtained with breakers 
which interrupt in five cycles and reclose 
in 20 cycles after the instant of closing 
the trip circuit; however, the same 
value of dead time has been assumed for 
all values of clearing time. Curve D 
is for the case of the tie switches always 
open, curve £ for the tie switches always 
closed. 

Curve D lies considerably above curve 
A, particularly at short fault durations, 
because of the effect of reclosure; at long 
fault durations, however, D approaches 
A. Curve E lies above curve B for the 
same reason, though the difference be- 
tween £ and B is less than the difference 
between D and A. However, neither 
D nor E lies much above B at the usual 
clearing times. At 0.10-second fault dura- 
tion D coincides with B, and £ is only 
0.02 per unit above B. At 0.15-second 
fault duration D is only 0.03 above B, 
and £ is only 0.02 above B. These 
results are in general agreement with 
conclusions previously reached by others,” 
to the effect that rapid reclosing is of 
little benefit after two-wire-to-ground or 
three-phase faults on a_ sectionalized 
double-circuit line, especially if the 
generators have low inertia for the 
amount of power transmitted (as is true 


of hydroelectric generators with little 


local load). 

Curve D is below curve C at all values 
of fault duration and E£ is below C except 
for fault durations less than four cycles. 
Accordingly, rapid reclosing of the line 
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POWER LIMIT IN PER UNIT 


breakers is less effective than rapid clos- 
ing of the bus-tie switches unless the 
fault can be cleared with extreme rapidity 
(requiring three-cycle or faster breakers). 

The assumption of a shorter dead time 
than 0.25 second (15 cycles) would raise 
curves D and E£, especially at short 
fault durations. If the dead time is 


0 0.1 0.2 0.3 0.4 0.5 
FAULT DURATION IN SECONDS 
Figure 2. Effect of the rapid closing of bus-tie 
switches on stability of the power system of 
Figure 1 


A—Bus-tie switches always open 

B—Bus-tie switches always closed 

C—Bus-tie switches initially open but close 
simultaneously with opening of line breakers 
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decreased too much, however, the fault 
arc is likely to restrike when the line 
breakers reclose. The dead time should 
be about 10 or 12 cycles at 138 kv and 
longer at higher voltages. Therefore 
the possibility of raising the power limit 
by faster reclosing has decided limits. 
Zero dead time (if such were possible) 
would raise curve E at zero fault duration 
to the transient power limit 1.39, which 
considerably exceeds the steady-state 
power limit of 1.25, but curve E would 
still approach curve B rapidly as the 
fault duration increased. The steep 
slope at short fault durations of curves 
such as E& for rapid reclosing as com- 
pared with the slope of curves such as B 
for, no reclosing, has been pointed out 
previously.? 

The use of rapid closing of bus-tie 
switches followed by reclosing of the 
line breakers 0.25 second later gives a 
slightly higher power limit than does the 
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ie] » OW 0.2 03 0.4 Os 
FAULT DURATION IN SECONDS 
Figure 3. Effect of the rapid reclosing of the. 
line breakers on stability 


A, B, C—Same as in Figure 2: no reclosing 

D, E, F—With reclosing after 0.25-second 
dead time < 

D—Bus-tie switches always open 

E—Bus-tie switches always closed 


_ yF—Bus-tie switches initially open but close 


simultaneously with opening of line breakers 


closing of bus ties alone. This is shown 
by curve F, Figure 3, which lies above 
curve C, especially at short fault dura- 
tions. The improvement due to re- 
closing is slight at fault durations of 
0.10 and 0.15 second. 


Intermediate Switching Stations 


_A common method of improving the 
stability of a power system like that — 
shown in Figure 1 is to add one or more 
high-voltage switching stations at inter- 
mediate points of the line, The effect 
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of one intermediate switching station 
at the center of the transmission line, in 
addition to the two high-voltage terminal 
switching stations, is shown in Figure 4. 
Curves B and C, as in previous figures, 
are for terminal bussing only. Curves 
K and L are for an additional switching 
station at the center. Curves B and K 
are for permanent bussing at all three 
switching stations; while C and L are 
for rapidly closed bus-tie switches at all 
stations. If solid bussing at the ter- 
minals (curve B) be taken as the original 
condition, the improvement due to the 
addition of rapid closing of bus-tie 
switches at the two terminals (curve C) 
is greater than the improvement due to 
the intermediate switching station (curve 
K) at clearing times of 0.10 second (six 


POWER LIMIT IN PER UNIT 


FAULT DURATION IN SECONDS 


Figure 4. Effect of one intermediate high- 
voltage switching station on stability 


B, C—Same as in Figure 2; high-voltage bus- 
sing at terminals only 
K, L—One intermediate switching station 


- added 
B, K—Bus-tie switches at all stations always 
closed 


C, L—Bus-tie switches at all stations initially 
open but close simultaneously with opening of 
line breakers 


cycles) or more. The addition of two 


 circuit-closing switches at the ends of the 


lines is more effective than addition of 
four circuit breakers at the middle of the 
line. ; 
Even if the intermediate switching 
station is used (curve K), a considerable 


additional improvement is effected by the 


addition of three rapidly closed bus-tie 
switches (curve L). Again the use of 


rapidly closed bus-tie switches in conjunc- 
tion with eight-cycle line breakers gives 
as much increase of power limit as does 


the replacement of eight-cycle breakers 


by five-cycle breakers. 


The greatest possible improvement due 
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to the addition of intermediate switch- 
ing stations would occur if a very great 
number of such stations was used, spaced 
very closely together. (If faults occurred 
nowhere but at the sending end, one addi- 
tional station very near the sending end 
would have the same effect.) Curves 
for this condition are not given, but values 
of power limit are entered in Table I, 
lines Mand N. These values show that 
an infinite number of intermediate switch- 
ing stations (line M) are more effective 
than rapidly closed bus-tie switches at 
the terminals only (line C) for a clearing 
time of 0.10 second but are less effective 
at 0.15 second and longer clearing times, 
and even if a large number of switching 
stations are used, the provision of rapidly 
closed bus-tie switches at all stations (line 
N) raises the power limit further. Once 
again the use of the bus-tie switches with 
eight-cycle breakers is as effective as re- 
placing eight-cycle breakers with five- 
cycle breakers. 


Sequential Switching 


Rapid reclosing is of negligible aid to 
stability unless the breakers at both 
ends of the faulted line are opened 
rapidly and almost simultaneously. Ifa 
relaying scheme is used which requires 
time delay in the opening of the breaker 
at one end of the line in case of a fault 
near the other end, neither breaker can 
be reclosed successfully until the required 
dead time has elapsed after the opening 
of the second breaker. It is then too 
late to do much good. 

Closing of bus ties, on the other hand, 
is of some benefit in conjunction with 
sequential fault clearing. When the 
line breaker at the end near the fault 
opens, the adjacent bus tie simultane- 
ously closes, paralleling the two banks of 
transformers. The bus tie at the other 
end is still open, so the fault is con- 
nected to the sound part of the system 
through high ‘reactance. Later, when 
the second line breaker opens, the second 
bus tie simultaneously closes, paralleling 
the transformers at that end. 

Curves G, H, and 1, Figure 5, show the 
calculated power limit of the system of 
Figure 1 for a two-wire-to-ground fault 
at the sending end cleared sequentially. 
Power limit is plotted as a function of 
the time required to open the breaker at 
the sending end (including relay time). 
The breaker at the receiving end is as- 
sumed to open 0.30 second (18 cycles) 
after the breaker at the sending end. 


Curve G, for bus ties always open, and 


curve H, for bus ties always closed, cross 
at 0.10 second. Curve J, for bus ties 
closed simultaneously with opening of 


- the adjacent line breakers, lies above both 


Gand H. The power limit is raised from 


0.78 to 0.85 per unit with 0.10-second 
clearing at the sending end, and from 


0.74 to 0.80 per unit with 0.15-second 


clearing, These increases are nine and 
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eight per cent, respectively. The im- 
provement attainable through synchro- 
nized closing of bus-tie switches in con- 
junction with eight-cycle breakers is 
slightly greater than that attainable 


POWER LIMIT IN PER UNIT 


6) 0.l 0.2 03 0.4 Cy 
FAULT DURATION IN SECONDS UNTIL 


OPENING OF FIRST BREAKER 
Figure 5. Effect of the rapid reclosing of 
bus-tie switches on stability with sequential 
fault clearing 


G—Bus-tie switches always open 
H—Bus-tie switches always closed 
|—Bus-tie switches initially open; each closed 
simultaneously with opening of adjacent line 
breaker 


through replacing eight-cycle breakers 
with five-cycle breakers. 

However, much greater improvement 
can be effected through the addition 
of pilot relaying to obtain simultaneous ~ 
high-speed opening of the breakers at 
both ends than can be obtained through 
the addition of synchronized bus-tie 
switches. Curve B is 26 per cent higher 
than either curve G or H at 0.10 second 
and 18 per cent higher at 0.15 second. 
Nevertheless, it is of interest to know 
that some benefit would be obtained in 
the event of a fault by leaving syn- 
chronized bus-tie switches in service 
during the outage of a pilot channel. 


Imperfect Synchronization 


It is obvious that, for the greatest 
effectiveness, each bus-tie switch should 
close simultaneously with ‘the opening 
of the associated line circuit breaker. 
Even though not perfectly timed, how- 
ever, these switches can still improve sta- 


_ bility. In order to obtain an idea of the 


effect of imperfect synchronization, the 
power limit was calculated for the case 
in which the fault was cleared in 0.15 
second and both bus-tie switches were — 
closed 0.05 second later. The power limit 
was found to be 0.94 per unit as compared 
with 0.98 for perfect synchronization.’ 
Thus an increase of 37.5 per cent in the 


~ closing time of the switch (from 8 to 11 


cycles) gives four per cent decrease in 
power limit. The decrease is the same 
as that caused by delaying the opening 
of the line breakers half as long, or 0.025 
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second, with simultaneous closing of the 
tie switches (curve C). Early closing 
of the tie switches would probably 
decrease the power limit more than late 
closing, but would be less likely to occur. 
Any lack of synchronization due to the 
line breakers interrupting fault current 
in less than rated time, of course, would 
raise the power limit. 


Available Switches 


Standard power circuit breakers now 
available cannot be closed in as short a 
time as 0.15 second. Indeed, a longer 
time is required to close them when they 
are initially open than is required to open 
and immediately reclose them when they 
are initially closed. It seems reason- 
able to suppose, however, that if there 
’were a demand for breakers which could 
be closed rapidly, manufacturers could 
produce a suitable operating mechanism. 

Rapid-closing bus-tie switches could 
be so operated that. they would never 
be required to interrupt short-circuit 
current or, perhaps, even load current. 
For such service an air-break switch 
might be suitable. 


Conclusions 


The following conclusions may be 

drawn from this study regarding the 
suitability of ‘rapid closing of bus-tie 
switches for raising the power limit of the 
power transmission system of Figure 1 
(based on the clearing of a two-wire-to- 
ground fault at the sending end of one 
circuit) : 
1. With 0.15-second (nine-cycle) fault 
clearing, the power limit is increased 12 per 
cent by rapid closing of the bus-tie switches; 
with 0.10-second (six-cycle) clearing, seven 
per cent. 


2. The increase in power limit due to the 
addition of rapid-closing bus-tie switches 
to 0.15-second fault clearing is the same as 
the increase produced by speeding up the 
fault clearing from 0.15 to 0.10 second 
(changing eight-cycle breakers to five-cycle 
breakers). . 


. 8. The increase in power limit due to 
rapid closing of bus-tie switches is greater 
than the increase attainable through rapid 
reclosing of the line breakers with 0.25- 
second dead time for all fault-clearing times 
except those under 0.07 second (four 
cycles), and with 0.10-second or 0.15-second 


. fault clearing, the increase is three or four . 


times as great. 


4. Rapid closing of bus-tie switches is ef- 
fective even with permanent faults, whereas 


rapid reclosing is beneficial only with transi- 
tory faults and is detrimental with perma- 
nent faults. Therefore, rapid closing of bus- 
tie switches is applicable to underground 
cable systems. 


5. Rapid reclosing is effective with double- 
circuit transitory faults, whereas closing of 
bus ties is not. However, the power limit 
with double-circuit faults is much lower than 
that with single-circuit faults. 


6. The increase in power limit due to rapid 
closing of bus-tie switches at the line ter- 
minals is greater than the increase attainable 
through the addition of an intermediate 
high-voltage switching station at the middle 
of the line for all fault-clearing times except 
those under 0.08 second (five cycles). 


7. Even if rapid reclosing or additional 
switching stations are used to increase the 
power limit, considerable further increase 
can be obtained through use of rapidly closed 
bus-tie switches. 


8. Rapid closing of bus-tie switches can be 
employed in conjunction with sequential 
clearing of faults and when so employed it 
raises the power limit eight or nine per cent 
whereas reclosing is applicable only with 
simultaneous clearing. However, changing 
from sequential to simultaneous clearing 
gives two or three times as much improve- 
ment as the addition of rapid-closing bus-tie 
switches. 


9. For best results, each bus-tie switch 
should close simultaneously with the open- 
ing of an adjacent line circuit breaker. 
Exact synchronization is not necessary, 
however. 


Although the calculated results have 
been limited to the rapid closing of bus- 
tie switches on a double-circuit line, the 
principle proposed in this paper is not so 
limited. Stability will be improved by 
the closing of any switch simultaneously 
with the clearing of a fault, provided the 
transfer reactance between synchronous 
machines during the fault is lower with 
the switch open than with it closed and 
after. clearing of the fault is lower with 
the switch closed than with it open. 


Methods of Calcu- 


lation 


Appendix. 


In the power system of Figure 1, resistance 
and capacitance were neglected. Negative- 
sequence inductive reactances were as- 
sumed equal to the corresponding positive- 
sequence -reactances given in the figure. 
Zero-sequence inductive reactances of the 
transmission lines were assumed to be twice 
as great as the positive-sequence values. 
The internal voltage of each generator 
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(voltage behind transient reactance) was 
assumed always to be 1.00 per unit. 


Curves of transient-power limit versus 
fault duration for kinds of switching which 
involved only one instant of switching after 
the inception of the fault (curves A, B, C, 
K, L, M, and N) were calculated by the 
rapid method of Byrd and Pritchard.* For 
kinds of switching which involved two in- 
stants of switching (curves D to J inclusive), 
a more laborious method had to be used, as 
follows: The point for zero fault duration 
was read from an auxiliary curve calculated 
by Byrd and Pritchard’s method; the 
abscissa of the auxiliary curve was the time 
of the second switching operation (reclosing 
of line breakers for curves D, E, and F, 
opening of second line breaker for curves G, 
H, and J). For long fault durations the 
curve was known to approach closely some 
previously calculated curve; for example, 
curve D approaches curve A. In case of 
curves G, H, and J, auxiliary curves G’, 
H’, and JI’ were plotted by Byrd and 
Pritchard’s method on the assumption that 
the breaker at the receiving end never 
opened. Then G approaches G’, and so on, 
at long fault durations. Several points on 
each curve for intermediate fault durations 
had to be calculated by assuming a value of 
power, calculating a swing curve point by 
point up to the instant of the last switching 
operation in order to find the switching 
angles, and then using the equal-area cri- 
terion for stability. 


The values of steady-state power limit 
listed in Table I are the values of power 
transmitted when the angle between the 
voltage of the receiving system (considered 
as an infinite bus) and the voltage behind 
adjusted synchronous reactance of the hy- 
droelectric generators (assumed as 0.84 per 
unit) reaches 90 degrees. For consistency 
with the calculated values of transient power 
limit, the voltage of the infinite bus and the 
voltage behind transient reactance (0.28 per 
unit) of the hydroelectric generators were 
both taken as 1.00 per unit. In every case 
the steady-state power limit thus computed 
for the final condition of the circuit exceeds. 
the transient power limit for fault-clearing 
time of 0.10 second or longer. 
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Transient Electrical Torques of Turbine 


Generators During Short Circuits 


and Synchronizing 


H. S$. KIRSCHBAUM 


ASSOCIATE AIEE 


HE calculation of shaft and frame 

stresses in turbine generators during 
short circuits or synchronizing is depend- 
ent upon a knowledge of the electrical 
torque developed at the rotor air gap. 
This torque generally contains unidirec- 
tional, fundamental-frequency, and sec- 
ond-harmonic components, all of which 
aredamped. Itis the steady components 
of torque which are of interest in the cal- 
culation of system stability, while all the 
components are of interest to the turbine 
generator designer. 


The torques have been calculated on 
the assumption of an “‘ideal’’ synchronous 
machine! and the equations will not be 
applicable to all types of synchronous 
machines. The turbine generator and 
salient-pole machines with connected 
dampers are close approximations during 
subtransient and transient periods. The 
salient-pole machine with unconnected 
dampers or no dampers at all is furthest 
removed in its characteristics from the 
ideal machine and will have torques con- 
taining all odd and even harmonics.? The 
unidirectional torque would be extremely 
difficult to calculate for such machines. 


Various authors have presented torque 
equations derived by different ap- 
proaches.??4:1!_ Nickle, Pierce, and Hen- 
derson thoroughly treated the alternating 
torques during single-phase short circuits 

by a combination of the constant-flux- 
linkages theorem and Park’s torque 
- equation.’ They did not consider loss 
torques. Stone and Kilgore, in calculat- 
-ing the unidirectional torques during 
short circuit, assumed that all ohmic 
losses in the machine would appear as 
torque. This resulted in much too high 
a value of unidirectional torque. Whit- 
“ney and Criner presented equations for 
single-phase, three-phase, and double- 
 line-to-ground faults; these equations 
as both the unidirectional and_al- 
4 
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ternating components of torque. How- 
ever, several terms of the equation for the 
double-line-to-ground fault were in error 
and require modification. —No treatment 
was made of armature time constants 
during this type of fault. 

In this paper a semi-empirical method 
is presented for deriving the short-circuit 
and synchronizing-torque equations, us- 
ing the method of symmetrical compo- 
nents. The equations are valid only to 
the extent that the assumptions made in 
their derivations are valid. 


Basic Assumptions 


In the first approach to the problem it 
is necessary to make certain simplifying 
assumptions in regard to the arrange- 
ment and electrical characteristics of the 
component parts of the machine. The 
closeness of agreement between assumed 
and actual conditions will determine how 
nearly the computed and actual perform- 
ances of the machine will compare. A 
synchronous machine idealized to the 
following extent will be considered: 


A. The air gap is uniform. The presence 
of slots on the quadrature axis of the ma- 
chine and none on the direct axis does not in- 
validate this assumption to any great extent. 


B. Saturation and hysteresis are neglected 
in calculating the alternating components 
of torque. 


C. The field has distributed symmetrical 
windings on both axes. During the sub- 
transient period this assumption is justified. 
In the actual machine there is no winding 
on the quadrature axis. However, the tran- 
sient reactance on both axes are usually 
sufficiently close together to justify this 
assumption. 


D. The stator has a sinusoidally distribu- 
ted three-phase winding. 


E. The air-gap flux is sinusoidally dis- 
tributed in space. 


Short-Circuit Torques 


When the armature is short-circuited, 
there is trapped in the armature circuit a 
portion of normal armature flux, that por- 
tion being dependent upon the time of 
application and the type of short circuit. 
The decay of the trapped flux depends 
upon the time constant of the armature 
circuit containing the flux. It is this 


flux which manifests itself as a d-c com- 
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ponent in the short-circuit current. If 
the short circuit is unbalanced, the arma- 
ture current will contain, in addition to 
the d-c component, positive- and nega- 
tive-sequence components of fundamental 
frequency. These components of current 
will set up positive- and negative-se- 
quence armature magnetomotive forces 
and, neglecting saturation, positively and 
negatively rotating fields. The sudden 
appearance of the  positive-sequence 
armature magnetomotive force over the 
direct axis of the rotor causes the rotor 
currents to rise suddenly, counterbalanc- 
ing this additional direct-axis excitation. 
This follows from the fact that the flux 
linking the rotor circuits cannot change 
instantly. The additional rotor currents, 
induced by the sudden appearance of the 
positive-sequence field, are unsupported 
by exciter voltage and they decay with 
decrements which are dependent upon the 
short-circuit rotor time constants and the 
type of fault. The net excitation on the 
direct axis decays and, as a consequence, 
the air-gap flux also decays. This sub- 
ject is treated very thoroughly in the 
papers of Doherty and Nickle.®’ 

The alternating torque acting on the 
rotor (and also the stator) is proportional 
to the product of rotor and stator fields 
times the sine of the angle between them, 
thus there will be only fundamental- 
frequency and second-harmonic alternat- 
ing torques. Thefundamental-frequency 
torque results from the interaction of the 
unidirectional-armature field with the 
rotor field and the second-harmonic 
torque results from the interaction of the 
negative-sequence armature field with 
the rotor field. It can be shown® that 
these two components can be calculated 
by ‘taking the sum of the instantaneous- 
phase powers as determined by the prod- 
uct of induced-phase voltage and in- 
stantaneous-armature current. 

In addition to these alternating 
torques, there are also present unidirec- 
tional torques caused by losses in the 
machine. However, not all the ohmic 
losses will appear as torque. It is possible 
to determine (neglecting windage and 
friction) the unidirectional torque from 
the general relation applied to the average 
power. 

Power output equals power input to the 
shaft plus the rate of decrease of stored 
kinetic energy in the machine plus the 
rate of decrease of stored magnetic 
energy in the machine minus the total 
ohmic losses in the machine. The sum of 
the first two terms on the right-hand side 
of the equation are proportional to the 
unidirectional torque acting on the rotor 
(the changes in rotor velocity are usually 


quite small), During a short circuit, the 


power output is zero and the unidirec- 
tional torque is equal to the sum of the 
average ohmic losses minus the rate of 
decrease of average stored magnetic 
energy in the machine. In other words, 
some of the ohmic losses are supplied by 
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decaying magnetic fields. Of the losses in 
the machine, two components are so sup- 
plied; the loss caused by the flow of di- 
rect current in the short-circuited arma- 
ture, and the loss caused by the flow of 
the additional direct current in the rotor 
circuits. The remainder of the d-c ohmic 
loss in the rotor field is supplied by the 
exciter. Therefore, the only machine 
losses which appear as unidirectional 
torque are those which are caused by the 
flow of alternating current in the various 
machine circuits. 

Assuming a solid rotor structure, the 
rotor resistance and reactance vary very 
closely as the square root of the fre- 
quency of the rotor current. At double 


eee 


Type of Fault 


EK? 


T= 
(Xa"+X24+Xo) 


Line-to-ground on 


phase a ' [wees 
XatXotXo 


frequency the rotor resistance is +/2 
times as great as it is at fundamental fre- 
quency. If R is the negative-sequence 
resistance of the machine as measured 
with double-frequency rotor currents 
flowing, the rotor resistance is 2(Re— 
R:) at double frequency and at funda- 
mental frequency it is ~/2(R2.—R:). In 
turbine generators, it has been deter- 
mined that the rotor losses vary very 
closely as the 1.8 power of the rotor cur- 
rent.? Since the rotor circuits are as- 
sumed to be identical on both axes of the 
rotor, the rotor currents will be balanced 
polyphase currents and there will be no 
second- or fourth-harmonic components 
of rotor loss; only the average loss will 


Table | 


Short-Circuit Torque 
See ii Mes eS gt ae 


Ez sin (wt+ a) — F* sin 2(wt+- a) +2 ; 


EF 
Xq" +X2+Xo 


appear. Because transients of short dura- 
tion in the rotor body are neglected, the 
rotor-loss torques appear as a suddenly 
applied unidirectional torque. The ohmic 
loss resulting from the. flow of 60-cycle 
current in the stator has a double-fre- 
quency component during unbalanced 
short circuits. This double-frequency 
torque is usually negligible in comparison 
with the other alternating torques present 
during the short circuit, hence only the 
average value of this loss is retained in the 
computation of the unidirectional com- 
ponent. The total alternating- and uni- 
directional-rotor torques are derived for 
the line-to-line-to-line short circuit in 
Appendix II. 
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Table Il 


Type of 
Synchronizing 


Three phase 


Single phase (a phase E? sin 6 


not connected) 


~ (Xq" + X2+2X,) 


Synchronizing Torques 


T= eee oe 5. 
(Xq" +X.) cos wi+ seers wt 


6 
E cos 2(wt+ a) — tans sin 2(wt+ a) — 


2 sin (2t8) 
cos a 
2 


ég=E cos (wt+a), es=E cos (wt+ 8), 5=(a—B) 


Decrements 


The subject of rotor and armature dec- 
rements has been very ably handled 
elsewhere for single-phase and _ three- 
phase faults and will not be discussed 
here.*-7 However, except for the work of 
Smith and Weygandt,! the armature dec- 
rements for the double-line-to-ground 
fault have not been treated as exten- 
sively. Because the armature has two 
coupled circuits which are short-circuited, 
the direct currents in the armature will, 
in general, have two decrements. There- 
fore, there will be two decrements on the 
fundamental-frequency rotor torque and 
on the unidirectional torque resulting 
from the flow of fundamental-frequency 
current in the rotor. These decrements 
are derived in Appendix III, however 
space does not permit the full derivation 
of the rotor torques during a double-line- 
to-ground fault. 


External Impedance 


If the external impedance is predomi- 
nantly reactance (or resistance so low as 
not to affect the short-circuit current) the 
torques can be calculated from the equa- 
tions in Table I by replacing the machine 
reactances by the total reactances in the 
various sequence networks. In calculat- 
ing the loss torques (R2— Ri) will remain 
unchanged but R;, in the calculation of the 
stator loss must be replaced by (Rit 
R,). In the factor A, Ra is replaced by 


(Ra +R-’) where R,’ is the d-c resistance 


per phase of the external impedance. 

If the external impedance is predomi- 
nantly resistance of a large enough mag- 
nitude to affect the fault current, the time 
constants of the fundamental-frequency 
torque and the unidirectional torque re- 


‘sulting from the flow of fundamental- 


frequency current in the rotor will be very 
low (in the order. of one or two cycles or 
less). In most cases these components 
may be neglected in calculating shaft 


stresses. The stator loss, which will be 


quite high, has time constants which are 


‘determined by the decay of rotor flux, 


d for external resistances in the order 
ubtransient reactance the roto time 
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constants are but little affected by the 
presence of the external resistance. The 
methods which have been presented in 
Appendixes II and III can be extended to 
the calculation of faults containing ap- 
preciable resistance by the inclusion of 
the resistance in the sequence networks. 
This type of fault is of importance in those 
types of mechanical systems where the 
contribution of the unidirectional torque 
to shaft torque is appreciable. This is 
discussed at greater length in a companion 
paper.?° 


Short Circuits From Load 


It is more probable for a short circuit 
to occur from load than from no load, but 
for this condition the equations of Table 
I can be applied by making several ap- 
proximations. The alternating compo- 


nents of torque can be calculated fairly 
accurately by using the derived equations 
with the voltage behind subtransient re- 
actance. When the short circuit is three 
phase, the entire external load is dropped 
and the only unidirectional torque will be 
that given by the equations in Table I. 
This is also true in the case of a double- 
line-to-ground fault on a machine with 
very low zero-sequence reactance. 

Assuming a static load, the machine 
will rapidly drop about a half load on a 
line-to-line fault. In this case, the total 
unidirectional torque on the machine is 
the sum of the loss torque plus half the 
initial load on the machine. On a line-to- 
ground fault, the amount of load dropped 
will depend upon the zero-sequence react- 
ance of the machine but may be calcu- 
lated by symmetrical components. The 
remaining load is then added to the loss 
torque to get the total unidirectional 
torque. In both of these cases, the load 
which the machine carries will have a 
decrement equal to the decrement of the 
ohmic loss in the machine. In a com- 
panion paper” the effect of short circuit- 
ing the machine from load is discussed in 
relation to the resultant stresses. 


Synchronizing 


If a machine is synchronized consider- 
ably out of phase with a low-reactance 
system, the resulting torques may reach 
values greater than those encountered 
during> a short circuit. If the syn- 
chronizing takes place with all three cir- 
cuit-breaker poles closing at the same in- 


Table III 


pS 
Type of Unidirectional 
Short Circuit Torque 


Three phase, R,=0 ,1.54€77°* 
Three phase, Pa 


R,=0.01 1. 57¢e~'-*421 036-7: 
Line to line, 

R,=0, a=0° 2. 07¢-°.2% 
Line to line, 

R,=0.01, a=0° 1.58e753%41, 03657 
Line to ground, 

R,=0, a=0° yi B8e77 07 


Line to ground, 
R,=0.01, a=0° 
Double line to 
ground, R,=0, 
a=0° i T7e te 
Double line to 
ground, R,=0.01 
a=0°, 
‘line to 
R,=0 
a=90°, 


1.66e—°4% +0. 89¢e-107 


iaes bot Moen o 
Double 


ground, 
teases 


Sin (wt +a) Cos (wt +a) Sin 2(ot +a) 
10. 3e71°.¥ Negligible 0 
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TO. de> 00" Negligible Heiser ee 
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10.4¢e7 55 Negligible = PAsben es 
10.4¢e-*7-” Negligible 21 g9ent 07 
Negligible =7.54e7 8! 1. 39e778¥ 


a eee 


Machine con- 
stantiXg aa a 
Value (per 


unit) 0.097. .0.152. .1.170. .0.096. 0.0177. .0.055 sec. .6.65sec. .0.00480. .0.0250. .0.00105 
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stant, there will exist unidirectional syn- 
chronizing and loss torques and, in addi- 
tion, a fundamental-frequency torque re- 
sulting from the trapped armature flux. 
However, if only two of the poles close 
(the other pole not closing at all), there 
will be, in addition to the above torques, 
a double-frequency torque developed by 


PER UNIT TORQUE 


the negative-sequence armature current. 

Because of the complexity of the syn- 
chronizing problem, additional simplify- 
ing assumptions have been made to sup- 
plement those already made. 

For faulty synchronizing, the loss 
torque is generally much less than the 
synchronizing torques and may be neg- 
lected. 

If synchronization takes place with the 
machine either leading or lagging the 
system, the armature current will have a 
direct axis component which will tend to 
demagnitize the main poles causing the 
direct axis rotor flux to decay. Thisre- 
sults in the problem of calculating the cur- 
rent in a circuit having one voltage fixed 


_ (the source) and one voltage varying with 
time (the internal machine voltage). 


Since, in a great many mechanical sys- 
tems, the maximum stresses are reached in 
the first or second cycle, the problem can 


be greatly simplified by neglecting the 


rotor decrements. 

Finally, it is assumed that the angle be- 
tween the system and machine remains 
sufficiently unchanged during the first 
two or three cycles to permit the calcula- 
tion of the synchronizing currents with- 
out having to take into account the os- 


_ cillation of the machine with respect to 


the system. 

In Appendix IV the synchronizing- 
torque equation is derived on the above 
assumptions for single-phase synchroniz- 
ing. The torque equations presented in 


' Table II are applicable to only the first 


two or three cycles of the synchronization. 
If it is desired to calculate the torque be- 
yond two or three cycles, the decrements 
of rotor flux may be included as shown 


_ under short-circuit torques. 
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Illustrations 


In Table III there are listed the vari- 
ous torque components for a typical tur- 
bine generator short-circuited from no 
load. The tabulation includes short cir- 
cuits with and without an external re- 


Figure 1. Short-cir- 
cuit and synchroniz- 
ing torques 


(a). Line-to-line 
short circuit, a=O0° 


(b). Three-phase 
synchronizing, 6= 
90°, Xe 


(c). Single-phase 

synchronizing, 6= 

90°, a=135°, p= 
45°, Xq=Xq" 


sistance of 0.01 per unit. The field-dec- 
rement factor was calculated using an 
average decrement which gave the cor- 
rect initial and sixth-cycle values. This 
is pessimistic but, as shown by McCann, 
Warren, and Criner,!® the shaft torques 
are but slightly affected using this ap- 
proximation. In those cases where. the 
fault was through an external resistance, 
the loss torques contained two compo- 
nents with such widely different decre- 
ments that they were not combined as 
above. 

In Figure 1 there are shown the elec- 
trical torques for a line-to-line short cir- 
cuit and two conditions of synchronizing. 
Although the three-phase synchronizing 
torque does not reach as high a peak as the 
line-to-line short-circuit torque, its com- 
ponents are only unidirectional and 
fundamental-frequency ones. These com- 
ponents will produce much more serious 
shaft stress than would second-harmonic 
torque. As shown in Figure 2 (which was 
plotted for the same machine as in Table 
III) synchronizing considerably out of 
phase is especially dangerous. The peak 
shaft torque will be approximately pro- 
portional to the peak electrical torque. 
All other conditions being equal, the elec- 
trical torque for single-phase synchroniz- 
ing (only two poles closing) is not as 
severe as for three-phase synchronizing. 


Conclusions 
As a result of the analysis made in this 


paper the following conclusions can be 
drawn regarding the various factors 


affecting transient torques in synchro-— 


nous machines. 
Short circuits on low-reactance turbine 
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generators will produce electrical torques 
acting on the rotor which may reach 
peaks of 15 to 20 times normal torque. 

The effect of external resistance during 
a fault is twofold, the unidirectional 
torque is increased, and the decrement 
of the fundamental-frequency torque is 
also increased. This may, or may not, 
result in increased shaft stress, depending 
upon the masses and spring constants of 
the turbine generator. 

The negative-sequence resistance of the 
machine is a very important constant in 
determining the unidirectional torque 
during unbalanced faults. At the present 
time this constant is not known very 
accurately for values of rotor current in 
the order of short-circuit currents. 

Synchronizing out of phase can pro- 
duce electrical torques in excess of those 
encountered during short circuit. This 
is especially true for low-reactance ma- 
chines connected to low-reactance sys- 
tems. 


Appendix I. List of Symbols 


Per phase machine constants (all con- 
stants are per unit unless noted otherwise): 


Xq"—Direct-axis subtransient reactance 
X q'—Direct-axis transient reactance 
X q—Direct-axis synchronous reactance 
X2—Negative-sequence reactance 
Xo—Zero-sequence reactance 
L—Self-leakage inductance 
stator phase 
M—Mutual inductance between any two 
stator phases 
Ri—Positive-sequence resistance 


of any 


PER UNIT TO 


fe} = 160 
SYNCHRONIZING ANGLE, te DEGREES 


Figure 2. Crest electrical torque during three- 
phase synchronizing as a function of syn- 
chronizing angle and system reactance 


200 


Figure 3. Line-to-line short circuit on a syn- 


chronous machine 
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R2—Negative-sequence resistance 
Ra—D-c resistance of stator 
Tao”—Subtransient-open-circuit time con- 
stant in direct axis—seconds 
Ta '—Transient-open-circuit time 
stant in direct axis—seconds 


con- 


Machine and system quantities (per unit 
unless noted otherwise) : 


e—lInstantaneous machine (or system) 
voltage 

4—Instantaneous-phase current 

E—Effective machine (or system) volt- 
age 

X s—System reactance 
e—External resistance 
a, 8, 5—Angles defined in Tables I and II 

f—Fundamental frequency in cycles 
per second 

w—2rf 

t—Time in seconds after the initiation 
of the circuit transient 


Line-to-Line Short 
Circuit 
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During a line-to-line short circuit, Figure’ 


3a, the alternating armature currents can 
be calculated by using the method of sym- 
metrical components. With the positive- 
and negative-sequence networks connected 
as shown in Figure 3b, the sequence com- 
ponents of armature current can be deter- 
mined, and from these the armature current. 

The instantaneous voltage of phase a be- 
fore the short. circuit is 


€g=E cos (wt+a) 


This voltage is proportional to the rotor 
flux, which, after the short circuit, decays 
because of the demagnetizing effect of the 
armature current. The decrement factor 
for this flux has been derived by Doherty 
and Nickle and is 


pata tes 
XqtXe 
Beet bd. 
(Xq" +X2)(Xa—Xa’)€~ Tao’ Hal +Ks 
(Xq’ +X2)(XatX2) 
3 5 SE Xa'+Xe2 
(Xa =Xea JEW Tao” Xa" +Xe (1) 


(Xq'+X2) 


Figure 4. Flow of direct current in the armature 
ofa synchronous machine during a double-line- 
to-ground fault 


= Xe Xe in per unit 


q ae X, ee Bae per unit x 


The a-c symmetrical components of cur- 
rent are 


EFsin(t+a) 


instantaneous per 
(Xa"+X2) 


ta1 = —ta2= 
: unit amperes (2) 


From these, the alternating phase cur- 
rents are 


—+/3EFcos (t+a) 
(Xq"+X2) 


per unit amperes (3) 


1p = —ip= instantaneous 


At zero time, the phase current must be 
zero, therefore, there is in each phase a d-c 
component of current which has a decre- 
ment determined by the armature circuit. 

The total phase currents are 


; V/3E 
= —i,=————— [A--F 
= tee ey xy! cos (wt-+a)] (4) 
where 
i A aaa Ei 
A=(cos a)é he (5) 


The power transferred across the air gap 
can be determined by taking the sum of the 
instantaneous products of the phase cur- 
rents and phase voltages. 


2 
Pees [igeat tren + tlc] : (6) 
2 ; /3E 
=, Otol — eo) |= 3 ve "4 Xy* 
[A — Fcos (wt+a) ]x/3EF sin (wt+ea) (7) 
FE? i 
af sin (wita)—F?X 


sin 2 (wtta)] (8) 


In per unit, the torque acting in the rotor 
is equal to the power transferred across the 
air gap. 

The unidirectional torque acting on the 
rotor can be written as the sum of the a-c 
ohmic losses in the machine. The initial 
unidirectional field has twice the value that 
the initial negative-sequence field has, re- 
sulting in equal induced rotor voltages. 
Since the impedance of the solid rotor varies 
very closely as the square root of frequency, 
the fundamental-frequency rotor currents 
are 1/2 times the second-harmonic rotor cur- 
rents. Because of the effect of rotor satura- 
tion on the’depth of current penetration in 
the rotor, the rotor losses vary as the 1.8 
power of the rotor current. 

The a-c ohmic losses in the machine are 


The total torque acting on the rotor is 


E? 
———— ee t — 
T= (Xa"+ Rotel gp 


EF ane 
F* sin 2(wt+ a) ]+2 ss Xx 


/2EA 
Xq"+Xe 


EG wat 
2 R, (10) 
Weer | . 


—R)+ vy et fe (Ro— Ri) + 
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(b) 
Figure 5. Single-phase synchronizing 


Appendix Ill. Armature Decre- 
ments During Double-Line-to 


Ground Fault 


The machine windings have approxi- 
mately the self-leakage and mutual react- 
ances shown in Figure 4. 

The differential equations for the direct 
armature currents can be written as follows: 


ean (Mp)ie= (11) 
—(Mp)int (Rat Lp)te= (12) 


from which the determinental equation can, 
be written 


D(p) =(Ra+Lp)?— (Mp)? =0 


The roots of this equation will give the 
decrements of the d-c components of arma- 


(13) 


ture current. They are 
R 2k, i 
f= ——— 7 fin per unit (14) 
(L+ 4) Xq"+Xo 
Wag Rg tl 7 eee ORG ae 
Pa (Ee ya, ekg eA 


in per unit (15) 


Converting to second instead of per unit 
time measure, the direct currents generally 
will have the following forms 


anf aa t i= oat . t 
ar —2f 
5 Xq"+X2 Xq"+X2+4Xo © 
ty = A1€ +Ac€ ; 

(16) 

2Ra 6Ra 
afoot —%nf ————+ t 

a‘ X q"+X2 Xq"+X24+4Xo 
te =As€ +Are 

(17) 


where the constants can be determined by 
initial conditions. \ 


Appendix IV. — Single-Phase 
Synchronizing Out of Phase 


During single-phase synchronizing, Fig- 
ure 5a, the sequence components of arma- 
ture currents can be found by connecting 
the sequence networks as in Figure 5b. 
From the positive- and negative-sequence 
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components of current, the armature cur- 
rent is determined. 

Neglecting all rotor decrements, the in- 
stantaneous phase voltages during the 
transient can be written 


€g=E cos (wt+a) 
é;=E cos (wt+ 8) 


from which the a-c symmetrical components 
of armature current can be solved. 


2E sin (= *) 
x 


SOMERS oii) 


CRIS Wy, 5 
os | wi+ instantaneous per unit 
2 amperes (18) 


The alternating phase currents are 


21/3 E sin (*) 
(Xq"+X24+2X5) 
sin (11242) (19) 


“= 


x 


ip= —i,= 


Since the currents must start from zero, 
there is a d-c component present in the cur- 
rent. The total phase currents are therefore 


2+/3E sin (5 *) 
—_— XX 
(Xq"+X2+2X5) 


sn (1124) —sin (-+*)| (20) 


The instantaneous power is 


p= —1,.= 


Pad ice ner ties (21) 

a 9 2/3E sin (25°) 
pall iene |i eR 
sin (11242) — sin Galt 


/3E sin (wt+ a) 


Since in per unit the rotor torque is equal 
to the power transferred across the gap 


(22) 


Etsin 5 
TP cha | 1-cos2tet+a)— 
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tan 5 sin 2(wt+ a) —2 
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Figure 1a. Cylindrical-rotor machine with 
balanced three-phase stator and unbalanced 
two-phase rotor 
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Figure 1b. Vector diagram showing relative 
phase positions of voltages due to forward 
flux 


and are considered, therefore, to consist 
of a positive-sequence and a negative- 
sequence set of components. Corre- 
sponding to the positive-sequence currents 
is a forward-rotating magnetomotive 
force and air-gap flux, and corresponding 
to the negative-sequence currents is a 
backward-rotating magnetomotive force 
and air-gap flux. These two air-gap 
fluxes are considered to be constant in 
magnitude as they rotate, and, at stand- 
still, they rotate forward and backward, 
respectively, at synchronous speed. 

Two voltages, corresponding to the two 
components of air-gap flux, are induced 
in each rotor phase. Let Eu; be the 
voltage induced in phase A by the for- 
ward flux and Ey, be that induced in 
phase A by the backward flux. Since the 
rotor circuits are closed each voltage 
produces a current. In phase A these 
currents will be designated by I4; and 


Ip. Each current, in turn, sets up a 


magnetomotive force which alternates _ 


along the magnetic axis of the phase. 


- Using a well-known analysis, the space 


fundamental of each magnetomotive force 
may be replaced by two component 
traveling space sinusoids moving in oppo- 
site directions at synchronous speed, 
each having an amplitude equal to one- 


half of the peak amplitude of the original 


magnetomotive force. The vector ex- 
pression for the forward-moving com- 
ponent ‘of magnetomotive force due to 
I Af ist 2 ; A 


May = —5 0.9 NalaplBa a) 


—— 


+ See Appendix I for the derivation of equations 
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while that for the backward-moving 
component of magnetomotive force due 
to Tuy is 


M4," Ge +j 0.9 Nahg,/B4 (2) 
where 


N,a=effective turns in phase A (including 
pitch and breadth factors). 

Tar=vector value* of Jay. 

I4y=conjugate of I4y. 

Ba=angle of displacement of rotor phase 
A from the reference axis. 


In equations 1 and 2, as well as all which 
follow, the single prime indicates a for- 
ward-rotating magnetomotive force and 
the double prime indicates a backward- 
rotating magnetomotive force. The sub- 
scripts refer to the current component 
producing the magnetomotive force; the 
first indicating the phase, and the second 
showing whether produced by the for- 
ward or the backward flux. 

Two expressions, similar to equations 
1 and 2, may be written for the magneto- 
motive force components due to current 
I4n in phase A corresponding to the 
backward flux. Likewise, four more ex- 
pressions may be written for the magneto- 
motive force components due to the cur- 
rents in phase B. There will be a total, 
therefore, of eight traveling waves of 
magnetomotive force, four moving 
forward along the air gap at synchronous 
speed and four moving backward at 
synchronous speed. 

Before finding the resultant magneto- 
motive force it is convenient to express 
each current in terms of the corresponding 
voltage and the admittance of the circuit 


on which the voltage acts. Since, in 
general, 

I=EY (3) 
and** 

f=EY (4) 
equations A and 2 become 

Maj =—j 0.9 NaEas¥ 4/84 (5) 
Maj’ =+j 0.9 Nab as¥s/B4 (6) 


The two components of phase A magneto- 
motive force corresponding to the back- 
ward flux are 


My! = —j 0.9 NaEan¥ 4/84 (7) 
May" =+50.9 Naar ¥ 4/84 (8) 
The four components of phase B magneto- 
motive force are ° 

Moy’ = —j 0.9 NpEpsY¥ 2/828 (9) 
Moy! =+0.9 Neko o/b (10) 
Myy! = —j 0.9 NeEp ¥ 5/88 (11) 
Mop" = +) 0.9 Nek xp ¥ 5/82 (12) 


pie eS 
* A vector quantity is designated by a bold-face 
symbol and a conjugate is designated by a circum- 
flex over the symbol. 


** See Appendix II for verification of equation 4, 
Tracy, Tice—Subtransient Impedances 


/ 


Since the forward flux, ¢y, is constant 
in magnitude as it rotates, the voltage 
induced by it in any turn of any winding 
(rotor or stator) will be identical in 
magnitude with that induced in any other 
turn; but the phase of the voltage will 
depend on the angular position of the 
turn with respect to a reference axis. 
Let E, be the vector value of the voltage 
per turn induced by ¢y in any winding 
having its magnetic axis coincident with 
the reference axis. Stator phase a is so 
located. The forward flux is shown in 
Figure la in such a position that it is 
about to generate maximum voltage in 
conductors a and a’. Therefore the 
vector E;, Figure lb, will be nearly 
vertical at this instant. Later in time, 
when the forward flux has moved through 
Ba degrees, maximum voltage will be 
generated in rotor phase A. Hence the 
vector Ey; lags Ey by Ba degrees. Like- 


Figure 2. Relations between the negative- 
sequence currents and their conjugates 


wise Eps lags Ey by Bs degrees. The 
magnitude of each is equal to that of 
E; multiplied by the respective number 
of turns. The voltages due to the forward 
flux, expressed in terms of Ey are. 


Eus=NgE,/—B8 (13) 
Epy= NgE,/—8s (14) 
Similarly, ; 
E4y=N4E,/ +8 (15) 


Expy = NpE,/ +88 — (16) 


where Ey is the vector value of the voltage 
per turn induced by the backward flux 
in any- winding having its magnetic axis 
coincident with the reference axis. 

The resultant forward rotor magneto- 
motive force is the vector sum of equa- 
tions 5, 7, 9, and 11, and this sum is shown 
below after appropriate substitution of 
equations 13 to 16. 


M,’=—j 0.9 [Ep Na? Yat No? Vs) + i 
E,(N 42Y4/284+Ng5?¥p/288)| (17) 


Similarly, the resultant backward rotor 


TRANSACTIONS 71 


magnetomotive force is the vector sum 
of equations 6, 8, 10, and 12, which, upon 
substitution of equations 13 to 16, yields: 


M,"=+j0.9(E(N¥s/28a+ 
Np? ¥p/268)+Ey(Na2¥at+Nz?Ys)] (18) 


It is to be observed, in making the sub- 
stitutions leading to equation 18, that 
the conjugate of E,/—8a is E,/+8a; 
that is, the reversal in sign applies not 
only to the angle included in the vector 
E; but also to the attached angle — By. 
While equations 17 and 18 are written 
for a rotor with only two phases, it is 
evident that they may be made to apply 
to a rotor with any number of phases 
by adding terms of the form N,?Y,, N.?X 
Y, /28c, and so forth. In applying this 
analysis to a synchronous machine, how- 
ever, where phase A is to represent the 
direct-axis circuits and phase B the quad- 
rature-axis circuits, only two phases are 
necessary, and the magnetic axes of these 
phases should be 90 degrees apart. For 
this purpose, equations 17 and 18 are 
‘rewritten substituting 6 for B4, and B+ 
90° for Bp. 


M,’ = —j0.9[Ey(N a? Ya+Nz? Ys) + 
Ey(N 42 ¥ 4/28 — Ng? ¥p/28)] (19) 


M,"=+70.91E(Na¥/28—- 
Ng? ¥p/28)+E,(Na2¥at+Nz*¥p)] (20) 


The angle 6 in the above equations is 
the angle by which the magnetic axis of 
rotor phase A is displaced from that of 
stator phase a (reference phase). 


STATOR MAGNETOMOTIVE FORCES 


By transformer action there will be 
two traveling sinusoids of magnetomotive 
force produced by the stator, a forward- 


Pane ce AXIS 
OF PHASE b 


vis POLE AXIS 


MAGNETIC AXIS 
OF PHASE A 


/* MAGNETIC AXIS 
OF PHASE C 


y 


- Figure eH Synchronous machine with , its 
pole axis displaced 8 degrees from the axis 
of phase a 


moving magnetomotive force correspond- 
ing to M,’ and a_backward-moving 


magnetomotive force corresponding to 


M,". Since the stator windings are. 
_ | three-phase: symmetrical windings, each 


_ traveling sinusoid is produced by a set 


of balanced currents in the stator wind- 
ings; the first set being the positive- 
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sequence set, and the second, the nega- 
tive-sequence set. 

Using the expressions for magneto- 
motive force as a space vector from 
Appendix I, the forward-rotating magne- 
tomotive-force wave due to the positive- 
sequence currents in the stator is 


M;'= —j0.9(Nala/0° + Nolp,/120°+ 
N¢Iq/240°) (21) 


The angles shown in equation 21 express 
the direction in space of the magnetic 
axes of the three phases. In equation 21 


3-PHASE SOURCE 
SEQUENCE a-b-c 


Figure 4. Connection diagram for test | 


substitute Ip, =Jq,/—120°, and Iq= 
Iq,/— 240°; also Na= No=N.= Ns (effec- 
tive stator turns per phase). Then 


M,' = —j0.9(3.N Ia) (22) 


The negative-sequence currents produce 
a backward magnetomotive force: 


My," = +50.9Ns(bo/0° +f4,/120° + 
7,,/240°) (23) 


Since the conjugates of the currents are 
involved (see Figure 2) 


tre =f,,/— 120 and 16 =f,,/—240 ‘ 
2M," =j0.9(3.N sha.) (24) 


Expressions 22 and 24 are similar to the 
familiar expression for the peak height 
of the fundamental of armature magneto- 
motive force of a three-phase winding, 


I 


Figure 5. Connection diagram for test Il 


SINGLE-PHASE SOURCE 


with the exception that 22 and 24 show 
not only the magnitudes but also the 
space positions of the peaks with respect 
to the magnetic axis of phase a. 

A development, similar to that above, 
for the backward component of magneto- 
motive force due to the positive-sequence 
currents, and the forward component due 
to the negative-sequence currents, would 
yield zero in each case, as would be 
expected. 


STATOR-CURRENT EQUATIONS 


The next step is to equate the forward 
stator magnetomotive force (equation 22) 
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to the corresponding rotor magneto- 
motive force (equation 19), and the back- 
ward stator magnetomotive force (equa- 
tion 24) to the corresponding rotor 
magnetomotive force (equation 20). 
When this is done, and the terms re- 
arranged, the following expressions are 
obtained for the positive-sequence and 
the negative-sequence stator currents 
(referred to stator phase a): 


= d! 
SET OIN, 


[EN 42¥a+ Nz? Ys) + 
E,(N4?¥4—Ng?¥x)/28} (25) 


s 


yee: a [B(N 42% 4—Na? ¥p)/28-+ 
8 
B,(Nu2V¥4+Nz?¥x)] (26) 


In general, if f=E£Y/+4, it follows that 
in the same circuit J=EY/—4 (see ap- 
pendix II). Equation 26 may be re- 
written, therefore, dropping the conju- 
gate notation: 


pe 


gn, EN a’ Y4—Ng?Yg)/—28+ 


E,(Na2¥s+Nz’¥sz)] 


Iq. = 
(26a) 


Equations 25 and 26a can be simplified 
by multiplying both sides of each by 
2/N;. The admittances now appear as 


2N42 2 Np? 
BSS iS eae NGS 

3 N3? 3 N;? 

These are seen to be the values of the two 
rotor admittances referred to the stator. 
A further simplification is effected if the 
magnetizing reactance of each rotor 
phase, considered as a susceptance, be 


combined vectorially with the corre- 


sponding expression for rotor admittance, 
as in the equivalent circuit ofa trans- 
former. In Figure la, where the air 
gap is uniform, the magnetizing reactance 
is the same for both phases; but in the 
synchronous machine, shown in Figure 3, 
the magnetizing reactance along the 
pole axis is much larger than that along 
the interpolar axis. Let Y,’ and Y,’ be 
the admittances of phases A and B, 
respectively, referred to the stator, it 
being understood that each includes its 
own magnetizing reactance. Then 


N, . aie 
Tay = (E( Ya! + V5") +EV(¥ 4! — Yo')/28)} 
(27) 
Ns ms 
taro [Ep Y4'— Yp')/ > 28+. . 
E,(Va'+ Y3’)] (28) 


With Y,’ and Y;’ as defined above, 
Iq and Ij. are the symmetrical com- 


ponents of the tofal input current includ- | 


ing the magnetizing components. 


THE STATOR-VOLTAGE EQUATIONS 


Defining V, and Vz to be the positive-. 


sequence and the negative-sequence com- 
ponents, respectively, of the line-to- 


neutral voltage impressed on stator 
f A 


! 


See 
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phase a, and Z, to be the leakage im- 
pedance of phase a, then 


Yi =Egrt TyZq = NsEy+ IyZaq (29) 


V2 =Eayt InZa= NsEptInZa (30) 


Solving for E, and E, from equations 
27 and 28 and substituting in equations 
29 and 30 yields 


Y,'+Y;' 
Y,= fal 25 +Z,)+ 


Y;’ a Ya 
I 
(ret "28 (31) 
Y;/— Y,4’ 
V=1 —2 
2 af \ B+ 
VON SELON 
yf 
al 2¥4/¥5’ +2Z,) (32) 
But 
Ya'+ Yz 1 , , 
2Y,'¥,' 3 (Z4'+Zp’) 
and 
Y,;’—Y,' 1 
inked f Quae, 205) 
2¥,'¥n’ 2 (Z4'—Zp’) 
Therefore 
Zz, / Zz, , Z co , 
V,= Jal 4 £78424) + fal 74 52" \/28 
(33) 
Z4/—Z,3' 
Van fa 247" — 28-4 
2 
Z4/+Zp’ 
I ne +2.) (34) 


APPLICATION TO SYNCHRONOUS MACHINE 


In the synchronous machine to which 
Figure la corresponds, phase A repre- 
sents the field circuit and all damper-bar 
circuits having their magnetic axes 
coincident with the pole axis, while phase 


magnetic axes in the interpolar axis. 
Equations 33 and 34 are in a form where 
the direct-axis impedance and the quadra- 


4 

__ ture-axis impedance appear directly. The 
_  direct-axis subtransient impedance is 
Bi =Z,4Z, 


ea, 


that is, Zz” is the sum of the stator 
4 leakage impedance and the impedance 
4 _ which rotor phase A represents (includ- 
ing its magnetizing reactance). Similarly, 
the quadrature-axis subtransient im- 
~ pedance is 
aed 
Equations 33 and 34 now become 
: ” ” 5 Zz Y aS u" - 

tal 282) 1a 7 20 (35) 
< 2 2 
Pee ZZ) 8 Za" tZatN, 
uy ened tS") te eee 28 

eee (36) 
; subscript a of Iq, and Iq, need not 


B represents all circuits having their 


ical about the pole axis. 


ea 


ied further. By taking the sum 


and difference of equations 35 and 36, 
Z," and Z,” are readily obtained: 


Wass Vast V./28 

Ore Te 126 87) 
Woe Vie V,/28 

Tiles I,—1,/28 (38) 


Zi” and Z,” are expressed in terms of 
the symmetrical components of the 


Figure 6a. Graphical solution for sequence 
components of voltages and currents 


Figure 6b. Graphical procedure for evaluat- 
ing numerators and denominators of equations 


37 and 38 


voltage to neutral and of the line current 
in stator phase a (reference phase) and 
of the angle by which rotor phase A 
(that is, the pole axis of a synchronous 
machine) is displaced forward from the 
magnetic axis of phase a. 


‘Determination of Angle 8 


The angle B is the angle by which the | 
axis of rotor phase A (pole axis) is dis- 


placed from the magnetic axis of stator 
phase a. It is considered positive when 
the displacement is toward the magnetic 
axis of phase b; that is, in the direction 
in which the machine would rotate when 
the sequence of the impressed voltages 
is abc. 

Assume that the field circuit in Figure 
3 is excited with alternating current and 
that the flux distribution along the air 
gap is essentially sinusoidal and symmet- 
The voltage 
induced in phase a at standstill by trans- 
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former action will then be proportional 
to the cosine of the angle between the 
pole axis and the magnetic axis of phase 
a; that is, to the cosine of the angle £. 
Likewise, the voltage induced in phase 
b will be proportional to cos (120— 8) and 
that in phase c to cos (120+ 8). Therefore 


Va=V cos B 
Vy= V cos (120—8) 
V.=V cos (120+ 8) 


With a wye connection, the voltages 
between terminals will be 
Vavo= Va-—Vo= V[cos B—cos (120—8) ]= 
+/3V cos (8+30) 
Voc= Vo— Ve= VIcos (120 —8) — 
- cos (120+8)]=+/3V sin B 


Vea= Ve— Va= Vcos (120+) —cos B]= 
4/3V cos (8—30) ~ 


whence 


Va» cos (8+380) ¢ 

AOE eae 3 TEL 3 
Voc sin B ¢ 9) 
Veo _ sin B 
Vea COS (8—30) 
Vea _ COs (B—80) 
Van cos (8+30) 


These three ratios are plotted with respect 


(40) | 


a 


to B in Figure 7; and, with the ratios 


computed from readings of the open- 
circuit voltages at the terminals, the value 
of 6 is readily obtained from the curves. 
Each ratio yields two values of 8, one of 
which will be common to all three ratios. 
This common value is the true value of B. 
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Test Procedure 


est. J. The connection diagram 
for this test is shown in Figure 4, With 
the field structure blocked in any position 
whatsoever, three-phase voltages are 
applied to the stator terminals, these 
voltages being of such a magnitude that 
approximately rated current flows in 
the stator. The sequence of these 
voltages must be a-b-c. If the sub- 
transient impedances of the machine 
alone are desired, the field terminals 
should be short-circuited, but if the 
standstill values of the impedances of 
the machine as a synchronous motor are 
desired, the field circuit should be closed 
through the discharge resistance specified 
for starting conditions. Measurements 
are made of the three line-to-line voltages 
Vav, Voc, and V.,, the three line currents 
Iq, Ip, and J,; and four single-phase 
wattmeter readings designated as Wacap), 
Watac), Wave), and Woo), where the first 
subscript in each case shows the line in 
which the current coil is connected, and 
the following pair of subscripts shows the 
‘lines between which the potential coil is 
connected. It is understood, of course, 
that the polarity of the potential coil 
with respect to the current coil must be 
consistent with the order of the sub- 
scripts in each case. 

Test II. With the rotor in the same 
position as in test I, a single-phase alter- 
nating voltage of rated frequency and of 
approximately the same magnitude as 
the rated d-c field voltage is impressed 
on the field terminals (see Figure 5). 
The open-circuit terminal voltages V,», 
Voc, and Veg are read. 

Only one set of readings is necessary 
in each of the two tests. If a check should 
be desired, the rotor may be moved to 
some other position (no particular posi- 
tion being necessary) and a second set 
of readings taken for both tests.I and IT. 


Calculation Procedure 


The vector values (referred to a com- 
mon reference) of the sequence com- 
ponents of the voltages and currents of 
test I must be obtained for substitution 
in equations 37 and 38. Of the several 
methods available’§ one of the most 
direct is used without proof in the follow- 
ing calculation procedure, in which the 
diagram for the solution of the currents 
is superimposed on that for the voltages 
in order to maintain the correct phase 
relationships between the currents and 
the voltages. 


Step 1. Construct the ‘voltage triangle 
abc (Figure 6a) to scale on cb as a base, 
using the measured values of voltages from 
test I. 


Step 2. Construct the equilateral triangles 
ben and bcm on bc as base. Join ato mand 
a to n. 


Step 3. The positive-sequence component, 
V,, of the voltage from line to neutral in 
phase a is one-third of the vector am. Also, 
the negative-sequence component, V2, of 
the voltage from line to neutral in phase a 
is one-third of the vector an. 


Step 4. Lay off the current J, to scale 


from point a, lagging ab by an angle 04,qp) 
such that cos @ (gp) = Wacan)/(Za Van). As 
a check, J, should lag Vy, by Ogcg¢) such that 
COS Og¢ac) = Waracy/ (Ta Vac)- 


Step 5. Lay off J, in a similar manner by 
computing Cos 99) = Wov/(p Voc) and 
checking with cos 094) = Woa)/ (Ip Voa)- 


Step 6. Complete the current triangle by 
redrawing I, from the end of Jy. The 
closing side should check the measured 
value of J,. 


Step 7. Construct the equilateral triangles 
par and pqs on I, as base. Join a to r and 
a to s. 


Step 8. The positive-sequence component, 
I, of the current in line a is found by draw- 
ing a vector whose length is 1/,/3 times 
that of ar and which is rotated 30° counter 
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j ing angle 6 of a wye-connected 
machine using data of test II 
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~ Machines, 


different positions in order 


clockwise fron ar. The negative-sequence 
component, I, of the current in line a is 
found by drawing a vector whose length ts 
1/./3 times that of as and which is rotated 
30° clockwise from as. 


Step 9. Calculate the three ratios Vap/Vocs 
Voc/ Vea and Vq/Vay, using data from test 
iM 


Step 10. Read angle 6 from Figure 7. 
The three ratios-will each yield two values 
of 8, but the true value is that which is 
common to all three cases. 

All the necessary information is now avail- 
able for solving for Zz” and Z,” from equa- 
tions 37 and 38. Each of the quantities 
Vi, Vo, Ly, and I, is a véctor quantity and 
must carry its appropriate phase angle with 
respect to a common reference. The most 
reasonable common reference is the vector 
V,. The magnitude of each vector is scaled 
from Figure 6a, and also its phase position 
with respect to the common reference. 
Equations 37 and 38 may then be solved by 
the usual procedures of complex algebra. 

An alternative graphical procedure for 
evaluating the numerators and denomina- 
tors of equations 37 and 38 is outlined in 
the following additional steps, and is illus- 
trated in Figure 6b, in which the vectors 
V,, Vo, , and J, have been redrawn from 
Figure 6a. 


Step 11. Rotate V2 forward through 28 


and add it to V;. The resultant is the 
numerator of equation 37. 


Step 12. Rotate V2 forward through 28 
and subtract it from V;. The resultant is 
the numerator of equation 38. 


Steps 13 and 14. Proceed as in steps 11 
and 12 with the vector I. The resultant | 
vectors are the denominators of equations 
37 and 38. 


It is obvious that Figure 6b may be 
combined with Figure 6a where the 
scale is sufficiently large to avoid undue 
complication. f 

A complete sample solution, using data 
from actual tests on a 7,500-kva machine, 
is shown in Figure 8. It will be observed 
that V2 is negligible. This should be so 
in most cases. V, will be appreciable 
only when the machine under test has a 
value of Z,” widely different from Z4”, : 
and at the same time the machine being b 
used as a source is relatively small or is 
feeding in its power ‘through lines of 
relatively high impedance. 


Experimental Verification 


Several tests carried out on machines 
whose characteristics differed widely  _ 
from one another showed that the values . 
of Za” and Z,” as found from equations . 
37 and 38 agreed satisfactorily with those _ 
found from the single-phase test as pre. : 
scribed in the Test Code for Synchronous _ 
In most cases the corre- 
sponding values were within two or three 
per cent of each other. A second series  _ 
of tests consisted of taking several sets __ 
of readings on each of three machines _ 
with the field structures blocked inmany — ve 


to verify the 
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4.2 Si all 


premise of the method that correct values 
of Zg” and Z,” can be found with the rotor 
in any position whatsoever. The results 
again were satisfactory, the greatest 
‘deviation from the mean value being 
about seven per cent. This corresponds 
to an error in the per unit value of im- 
pedance of about 0.03 on an average 
machine. In order to check the accuracy 
with which the angular displacement, 
8, of the field structure may be found 


. by the use of the curves of Figure 7, a 


protractor scale was affixed to the end of 
the'shaft in each case so that the displace- 
ment could be measured mechanically as 


Ib # 


DATA FROM TEST 1: 


Vab= 2320. 1g2343 — Wo(ac)= 39-35 kw. 
Vp¢22300 1p=39! — Wh(bc)= 21-00 kw. 
Veg=2316 16245!  Wa(gh) 7-39-80 kw. 


Wp (ba) = 65-50 kw. 


a 


Cos @g(ac)=+-495 — Sq(ac)7 +60-4° 


N is the number of turns and J is the rms 
current. The fundamental of this “square 
wave” of magnetomotive force has a peak 
height, with respect to time and space, of 
(2 NI)4/r. For a distributed and short 
pitch winding the same expression holds 
provided N includes the breadth and pitch 
factors. 

Using a well-known analysis, the alternat- 
ing magnetomotive force may be replaced 
by two traveling space sinusoids, moving 
in opposite directions around the air gap 
at synchronous speed, the peak height. (in 
space) of each being (./2 NI)2/r=0.9NI. 
In a two-pole machine there will be but one 
space cycle of each component of magneto- 
motive force. Let the two waves be repre- 


Figure 8. Complete solution for the sub- 
transient impedances of a 7,500-kva 6,900- 
volt three-phase 60-cycle 627-ampere 80 
per cent power factor synchronous machine 


Tg 454 from diagram 
(451 from test) 


hi My Ip 


RESULTS (scaled from diagram): 


Cos 8p(bo) =—.234  8b(bo) =2103.5° Vy = 1330/0° Ee 
Cos Og(ab) = - 500 Sgiab) = 120.0" V> = Negligible iS 
Cos Op(ba)= + -722 — Obibay= + 43.8° I, =394£83.2° 2 
; _ 1g#66/4133.0° 5 
DATA FROM TEST II: , ~ Ig=T\+12/26 =457486.5°| ‘3 
Vab =70.6 Vab/Vbc= 0.089 « 3755.5° or 64.0° (from Fig. 7) Ig*I\-Iz 24 =334L-79.0° © 
Vpe? 795.0 Vb¢/Veq? I-10 ~ B+ 64.0% or -31.5°% "  * ") 1 1330/0% - 
Veg? 722.0 Veq/Vob: 10.25 Off scale Kn} he eae) 2d" 457/-86.5° *2.91/86.5° 
Use 3:64°  2=128° $02) ° 
named Zq° 1330/0, 3.98/79.0° 
334/-79.0 
well as electrically. The agreement in og BO a ee 
; A Ziq(per unit) = 0.627 


all tests was very good, the greatest 
difference between the values of the angle 
as found by the two methods being 
two and one-half electrical degrees. 


3 . Appendix'l | 


Magnetomotive Force as a Space 
Vector 


ip The magnetomotive force due to an alter- 
- nating current in a concentrated coil on a 


cylindrical rotor, as in Figure 9, alternates 


up and down the magnetic axis of the coil, 


and has a peak height (with respect to time) 
all points 
BON 


M “ 


We tet is 
945, Vo 
945, Ve 


: eS MTs rhe F ¥ 
ame Ny <7 Gs ok ane 


along the gap of »/2 NI, where 


‘sented by the vectors My and My, each of 


which is considered to pass through the 
positive peak of the wave which it repre- 
sents. At the instant that the current is 
zero the net magnetomotive force is zero; 
and, to represent this condition, the two 
vectors lie oppositely directed along a line 
perpendicular to the magnetic axis. At 
this same instant the conventional vector 
representing the current in the winding lies 
along the horizontal reference axis. A 
moment later, when the current vector has 
moved forward through a degrees, My; will 


also have moved counterclockwise a de- 
grees, and My will have moved clockwise 
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\2—- MAGNETIC AXIS OF COIL 
\ 


Figure 9. Component magnetomotive-force 
vectors of a concentrated coil 


Figure 10. Relations of current and voltage 
vectors to their conjugates 


a degrees, as shown in Figure 9. At this 
instant the vector expressions for My and 
My) are 
M,=0.9NI/B—90-+a 
M,=0.9 NI/B+90—a@ 
where 8 is the angular position of the 
magnetic axis with respect to an arbitrary 
reference axis. 

By regrouping we obtain 
M,=0.9N(I/2) /8—90 
M,=0.9N(I/—2) /8+90 
But J/@ is the vector expression for the 


current vector at the instant considered 
and I/—@ is the vector expression for the 


conjugate of the current vector. Therefore 
M,=0.9N1/8—90 = —j0.9N1/B (42) 
M,=0.9N1/8+90 =+70.9NE/8 (43) 


’ 


Appendix Il 


Conjugate Vector Relationships 


Let the voltage and current in a circuit 
having an admittance of Y mhos beas shown 


by the vectors E and J of Figure 10. The . 


current is expressible as 

I=EY 

or 

1/a=(E/8)(Y/—8) =EY/B—8 

But, by definition of conjugates, be 

f=1/-« | 

Therefore i 
=EY/— (6-0) =(E/—6)(¥/8) =kY 


This means that the conjugates of current, 


voltage, and admittance are related by an. 
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_ New York, N. Y., January 22-26, 1945. 


Lightning Investigation on 132-Kv System 


of American Gas and Electric Company 


I. W. GROSS 


FELLOW AIEE 


HE last report on the field investiga- 

‘tion of natural lightning on the 132- 
kv transmission system of the American 
Gas and Electric Company was presented 
in a paper by the authors in 1942.1 
Since that time the field research work 
has been continued, although not as ex- 
tensively as in the past, the major project 
being centered around lightning condi- 
tions at and close to the stations them- 
selves, with a smaller part of the work be- 
ing done on the line to determine the rela- 
tive effectiveness of counterpoises and 
ground rods. 

The objective of this investigation was 
to determine lightning conditions at ma- 
jor stations where’ expensive electric 
equipment is located, the failure of which 
might have serious effects on equipment, 
system operation, and electric service. 
With a better knowledge of the behavior 
of lightning at stations, it should be pos- 

sible more adequately to protect impor- 
tant equipment from insulation damage. 

The results of the field study from 1942 
to, and including part of, 1944 are pre- 
sented and discussed in this paper. The 
data have been combined in most cases 
with that previously obtained, in order 
to offer a composite picture of all records 
to date on the particular features studied. 


Plan and Scope of Field Work 


The major part of the investigation 
was carried out on a section of the Appala- 
.chian Electric Power Company division 
of the central system of the American 


Paper 45-18, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE winter technical meeting, 
Manu- 
script submitted October 31, 1944; made available 


_ for printing December 1, 1944. 


I. W. Gross is electrical research engineer and G. 


__D. Lippert is in the engineering department of the 
_ American Gas and Electric Service Corporation, 


19372 


_ 2, THE REACTANCES OF SYNCHRONOUS MACHINES, 


New York, N. Y. 


G. D. LIPPERT 


ASSOCIATE AIEE 


Gas and Electric Company which is 
shown in Figure 1. The isokeraunic 
levels of the section of country where 
this part of the system is located range 
from 40 to 50. 

The characteristics of the transmission 
lines connected to the stations are shown 
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Figure 1. 132-kv system of Appalachian 


Electric Power Company in Virginia and 

West Virginia, part of central system of 

American Gas and Electric Company where 
field investigation was conducted 


in Table I. The station characteristics 
such as bus insulation, number of con- 
nected lines, line insulation near the sta- 
tion, number of arresters, and their char- 
acteristics are shown in Table II. 

The study on the counterpoises and 
ground rods was carried out on a section 
of the South Bend—Michigan City two- 
circuit 132-kv line of the Indiana and 


expression which is identical in form with 
that relating the current, voltage, and 


admittance themselves. 
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NN: 


Michigan Electric Company in Indiana, 
which has previously been described.? 
In planning the field setup instruments 


were installed to measure currents and 


voltages as follows: 
A. Lightning currents in line conductors, 


in ground wires, in leads to transformers, 
and in lightning arresters. 


B, Lightning voltages at station busses. 


C. Rates of lightning and switching-surge 
voltage change at stations. 
D. Currents in counterpoises, ground 
rods, and tower footings in one section of a 
132-kv line, 

All lightning currents were measured 
with the surge-crest ammeter;? - lightning 
voltages with the surge-voltage recorder ;* 


see 
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and rate of voltage change with the wave- 
slope indicator.1 The investigation was 
carried on co-operatively with the Gen- 
eral Electric Company which supplied 
instruments and collaborated in analyzing 
and interpreting the results of field rec- 
ords. The field organizations of the 
Appalachian Electric Power Company 
and of the Indiana and Michigan Elec- 
tric Company serviced the field installa- 
tions during the investigation. 

The general locations of instruments 
are shown in Table I together with the 
years covered by the investigation; the 
number of records obtained; and their 
maximum, minimum, and median* 
values. 

In Table IV is shown the testator 


sensitivity or measurement range. The | 


instrument arrangements were designed 
to cover a range of. lightning values which 


_ previous experience indicated as most 


likely to be encountered in the particular 
circuits in which they were installed. In 


the case of surge-crest ammeters on line — 


conductors and transformer leads, it was 


necessary to design the instrument, so as_ 
to minimize the demagnetizing effect ae 


60-cycle fault currents; this resulted in i 


ja) The median vainet is the value which 50 — cent 


of the records exceed. 
1 
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Table I. 


132-Kyv Transmission-Line Characteristics—Appalachian Electric Power Company Division 


Glen Lyn-Switchback Glen Lyn-Claytor 


Claytor-Roanoke 


Roanoke-Reusens 


Roanoke-Fieldale Fieldale-Danville 


Vengthi of tine —amiiles) .i..%et) o's odie So sle.seels 28.7... 
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Number of ground wires.................-. A rons sols! cake eiye 1 SAWN oath 1 Derry, were A aD a ARG Gs eae eee 1 
Arrangement of conductors Wt asie sterol) ysis Vertical. <jnicsaits.ce Verticality, Ve ictest eens IN TCI CALE isn pcess iene Westieal uli cleanse Vertical, ; : : ‘ ; : : : : : Vertical 
Insulator spacing—inches...............2.. AR a nity els Suspension 48/4..... Suspension 43/4,, .Circuit 1 43/4 & 5......... BE/g vezetolenecaueveeeaervakels 51/8 
* ; ; Strain ()..wsyechece Strait Dict. eclpo tt: Circuit 2 53/3 
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the lower limit of measurements being 
higher than desired. 

All instruments were in service from 
about May 1 to October 1 each year and 
were serviced about every two weeks dur- 
ing the lightning season. Instruments 
for measuring lightning-arrester currents 
and rate of voltage change at stations 
were left in service throughout the year 
but serviced only during the lightning 
season. 


Summary of Records, Analysis, and 
Discussion 


LIGHTNING DISTURBANCES AT STATIONS 
AND ARRESTER OPERATIONS 


In Table V is shown the number of 
years this investigation has been in prog- 
ress at the five stations on the Appala- 
chian Electric Power Company’s system. 
There has been a total of 21 station years 
of experience. In this table is also shown 
the number of times lightning-arrester 

4 discharges have been measured at sta- 
tions. There has been a total of 115 dis- 
turbances during this time, or an average 
of 5.5 lightning disturbances per station 

\ per year as indicated by the measurement 

of lightning currents at the stations. 

There has been an avérage of 2.3 times 

per station per year when lightning ar- 


cates that on the average one lightning- 
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ions on lightning-arrester operations 


(1939-43 inclusive) 
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arrester discharge has occurred for each 
2.4 lightning disturbances reaching a 
station. 

The effect of the number of lines ter- 
minating at a station on arrester opera- 
tion is given in Table V and is shown 
graphically in Figure 2. The trend of a 
marked reduction in arrester operations 
as the number of lines terminating at a 
station increases is apparent. This checks 
with theory, and is a result of the lower 
surge impedance encountered by a surge 
entering a station where several outgoing 
lines are in parallel. 


LIGHTNING.CURRENTS IN LINE 
CONDUCTORS AT STATIONS 


From 1939 to 1943 inclusive, there were 
302 records of lightning currents in line 


Table Il. 


conductors at stations, and 130 records of 
current in single-pole arresters. These 
data are all shown as magnitude-fre- 
quency curves in Figure 3. These mag- 
nitude-frequency curves show not only 
a summary of all conductor and lightning- 
arrester currents at the five stations, but 
also the currents at each separate station. 


The maximum line-conductor current ob- | 


tained at a station was 11,500 amperes. 
Ten per cent of the currents were 3,500 
amperes or greater, and 50 per cent of the 
currents were at least 2,000 amperes. 


CuRRENTS INTO AND OUT OF STATIONS 


Of the 302 lightning currents in con- 
ductors at stations, 143 were flowing to- 
ward the station and 159 were flowing 
away from the station. 


132-Kv Station Characteristics—Appalachian Electric Power Company Division 


Station Glen Lyn 


Claytor 


Roanoke Reusens  Fieldale 


Number of sus- 

pension insula- 

tor units on sta- 

HORIDUS. tee ee oie esis wale De Wetec Per etotel ata, a.e Tales 
Flashover kilovolts 

of bus insulators. ...980-1,080..........-. 980 
Number of con- 

nected circufts.......... CAA? BOI CT 
Reduced line insu- 

lation at station 


Pe 


12 


entrance........+ All except Clay-. .Roanoke number 2 and. . All except Claytor..,.Yes....No—tube-— 


resters discharged. This analysis indi-_ 


Se Peres*. 0. oevess 


Glen Lyn number 2 
—Roanoke number 
1 and Glen Lyn 
number 1 are tube- 
equipped 


tor number 1 
which is tube- 
equipped 


Number of towers 
in reduced sec- 


TOL oe he ats ede astteas s Leal: lotevere aster staxshanste © Dis eis. eletesal 


Number of sus- 
pension and 
strain insulators 
in reduced sec- 


t1OT 5 5,0: beads, eweiele. oress EAS aon. SOME DF atsuatevat sjetore 


Flashover kilovolts 
of reduced sec- 
tion (11/2x40 


positive wave)....... TZ0=SBOC cccvavctre wid sata O40 or CER ory AS sree T2OB 50% he sie 720-850 


Number of 3-pole : 
lightning arres- 
HOES ave ee dots a? Sioveyayenaes 
Kilovolt ~— maxi- 
mum 60-cycle 


s 


rating......+... ater LU Ooo reveiejese o)= Buipo sae Ue ee; An) a‘ 6 divans 106-109-121.... 106-109...... 109° 


Arrester-gap 
'“preakdown*........... G3Gnwaaes 5 
IR at 5,000 am- ; 


_ * Average industry values. 
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number 1 and 
Fieldale which 
are tube-equipped 


equipped 


st... 635-388-430.....635-388...... 388 


353-363-403..... 353-363...... 363 


id Including two circuits of 1 ,000 feet. - 
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Table III. Lightning-Measuring Instruments, Locations, and Number and Magnitude of Records 


Obtained on 132-Kv System 


Years Number Record Magnitude 
Ref- Instrument of of OO 
erence Instrument Location Years Operation Records Maximum Median Minimum** 
1. Tower legs above ground..,.... 456 ass 1939-44.... 123 ....15,100....2,400...... 1,000 
2. Tower legs below ground...... Oi Saat detec 1939=44. 50. 66'....° 6800... ¢ «1,650.7 i. <- 1,000 
8. 250-foot counterpoises........ L2B ye tictose 1989—4400.4, 55 $5... 1100025 ... 2,700 50. 0 200 
4, Ground rods at towers........ BODE. dere 1939-44..5.., 121 .4..%,. 20,000,721, 2000 co 200 
5. Ground wires at towers 
HEAL SLAtIONS 2.5. cis miele 136.2% ser 1940-43...) 41... 586,000. <7 2.40007 rua 1,000 
6. Ground wires at stations*..... LOO Waters 1940-434... 60)2. 10,3800... .1,700' os 1,000 
7. Conductors at towers 
Hear stationSs,..cqcce- ees DLS2 Nitec 1941=427 5... 174.42. .14;600.. ..2;200).2 <1 « 1,000 
8. Conductors at stations........ 2IO vei ae 1939-43.... 302 rie LARSOOL, sree ss OOOnpettenere 1,000 
9. Conductors at _ trans- 
FOLIMERS IS <<. letaters ate stares oe 23 Peres eis 1944.... 0 
10. Wave-scope indicators at 
StAtIONS oo Sisisisisteie.s oes sia.els) a0 PUG espay.covs 1939-9/1/44....1,025 .... 810..... LTD totes 10 
11. Arresters at stations......... Z8Sitinw dict 19386-43'4%.. V261$. 2) S100... 260025. 200 
12. Voltage recorders at sta- 

ELOMISTy a erste: cles slot tele coal age SSscene 1939-43.... 429... OZ amie LOO Rotel 100 
*Where three ground wires are in parallel. tSingle-pole years. 
**Lower limit of link registration—trace records. tSingle-pole records. 

In Table VI are shown simultaneously Table IV. Instrument Measurement Range 


obtained currents flowing toward and 
away from stations and the accompany- 
ing station arrester current, all three re- 
corded on the same phase wire. In each 
case the current values given are the sum- 
mation of all currents measured in line 
wires and arresters, Of the 58 cases show- 
ing simultaneous line currents into and 
out of the station, 24 of the highest rec- 
ords were selected for analysis in Table 
VI. From the table it appears that there 
is no characteristic trend between the 
magnitudes of currents entering and leav- 
ing a station, nor between these currents 
and the arrester current. However, as 
there were other station current paths 
where no instruments were installed and 
as the instrument sensitivity does not per- 
mit measurement of low values of cur- 
rent, the comparison of currents by the 
above method may not be significant. 
The question may well arise as to why 
lightning arresters in some cases show no 
discharge current with currents in line 
conductors of 3,000 amperes or more. 
A line current of 3,000 amperes and line 
surge impedance of 400 ohms would pro- 
duce a line voltage of 1,200 kv, which 
should cause arrester operation. The ex- 
planation may be that recorded line cur- 
rents are the addition of several lightning 
surges—not merely one. Again, the cur- 
rent measured may be the result of re- 
flection at a transition point where the 
surge impedance becomes lower and the 
line voltage at the station likewise lower. 


CURRENT ATTENUATION AND REFLECTION 
ADJACENT TO STATIONS 


During 1941 and 1942 surge-crest am- 
meters were in service on line conductors 
at the five stations and on all circuits at 
intervals of approximately one-half mile 
and one mile distant from the station. 
By this arrangement it was planned to 
obtain data on attenuation and reflec- 
_ tion of lightning currents in line conduc- 

tors. Of the 58 records obtained, 23 were 
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Surge-crest ammeters 
On tower legs..!..........% 
On ground wires........ 
On line conductors.,..... 
On lightning arresters.. . 
On ground rods........ 
On counterpoises,...... 

Wave-slope indicator...... 


1,000 to 55,000 amperes 
1,000 to 72,000 amperes 
1,000 to 55,000 amperes 
200 to 14,400 amperes 
200 to 24,000 amperes 
200 to 24,000 amperes 
10 to 10,000 kv per 
microsecond 


Surge-voltage recorder.... 100to 1,300 kv 


of low magnitude or of inconsistent direc- 
tion of current flow and were rejected in 
the tabulation. In Table VII are shown 
the 35 records selected for analysis. The 
averages of currents flowing toward the 
station were 2,800 amperes, 2,600 am- 
peres, and 2,810 amperes, respectively, 
at the station, one-half mile out, and one 
mile out. Individual cases, however, 


Table V. . Lightning 


= 


Table 


Vi. 


Simultaneous 


Accompanying Arrester Currents 


94 Selected Records (3,000 Amperes or 


Greater—Either Incoming or Outgoing) 


Line-Conductor 
Currents Into and Out of Stations With 


Disturbances at 132-Kv Stations, 1939-43 Inclusive 


Total Total 
Current Current Arrester 
Into Out of Arrester Poles 
Station, Station, Current, Dis- 
Station Amperes Amperes Amperes charging 

Glen Lyn. 11,200....8,700..... N* 

Glen Lyn.. 7,500....1,000..... N 

Glen Lyn.. 5,000....1,000..... N 

Glen Lyn.. 2,800....3,600..... N 

Glen Lyn.. 3,400....2,400..... 300 <Seaciee 1 
Glen Lyn.. 2,300....3,400..... N 
Claytor?.... 3,000; :<,. 1,000: 75..; N 
Claytor.... 2,000....3,200..... N 
Claytor.... 2,000....3,800..... N 
Claytor.... 2,400....3,400..... N 
Claytor.... 3,700....2,700..... N 
Claytor.... 3,000....2,000..... N 
Claytor.... 1,000....4,200..... N 
Claytor.... 5,000....1,000..... N 
Claytor.... 8,200.....1,0002. <<. SEO weretpetate 2 
Claytor.... 1,000....4,000..... B Dy fe) 0 Roe, ee 2 
Claytor.... 4,600....3,000..... N 
Roanoke... 1,000....5,300..... U7 5Onds ns oe 2 
Roanoke... 2,000....3,200..... 350s ete 1 
Roanoke... 1,000....3,000..... £40) 0 es eres 1 
Roanoke... 3,000....2,000..... ASO. arene 1 
Roanoke... 3,000....2,000..... N 
Roanoke... 4,800....8,000..... N 
Roanoke;.. 2,000....5,800...... N 


* N indicates no record obtained. 


varied considerably from the average re- 
sults, and the data do not indicate any 
definite trend. If the currents attenuated 
to any extent, the results are obscured by 
possible reflection at the station where a 
change of surge impedance is encountered. 

In the case of currents flowing away 
from a station it was believed that, if ap- 
preciable attentuation took place, it 
would not be obscured by reflection from 
the station. An average of all the rec- 
ords indicated currents at the station of 


Roanoke Glen Lyn Claytor Reusens Fieldale \ Totals 
Station years of investigation.. 5 ..... a eae fh melts. < sats AS ets Bis pe oe 21 station 
years 
Alllightning disturbances* 
LOS ON erele toch Sic itusiel sth ste oreeeteial sts COTS Breaths See vr cob OLE aon ees 4 
LOAO!s,, Bye Gelensietetele a eke aver eatens 8 sort OMS NE a aos esas he Sika Sa-cpe; dye ee 28 
EOS Tecra taVtieig Suthers, Cmisieteeerete Gre weiss a orem Cie eee, Dem rden th tri: Sai Ee a 25 
LO 4D rere often ee eit ons syeseleye s Sige acon Se Me atten ASR aaien (RE aA ae 5 : 25 
LOLS Wadartrciere Nets are teote eke vera aera oe Lie te RSS ath. ate ii ee eS 5s eae 33 
POCA srs seeps sinters ets exer acne BOs, Aencths 20) cantare PED ale Soa 207 aren cane DW Ade AA Seve 115 
Average disturbance per 
CAT si ccseateie se aie, ooetele stolanele RoR el ets on ER) Ueetraeene 9 5.8 Sere mee ras . 4.3 
Disturbance per station per year—1939—43 inclusive ; 
Experience years (1939=45 inclusive) 6. ;cnstiesioe nee ae ore sae sees ee er ee ae ee 21 
Disturbanees sis 5's: j aera: eile ls Reka giahe ars oo ayayeoiators whe stots obace eins eto ke tie ck ores oe ee ae eee 115 
Disturbances per: station: per. yedts.sh smicasosininrs a aicioe che ee lee, oe “ee Olea 
Lightning arrester discharges 
1939..... Rford tater eeeroteawets 2 meee taohet icotaieycsoiabete ste teecetacerteisattl« ie sila coder chal c,oerelle Se ORS: mice 2 
LOAD sre ctvianstn Sieare trfetelspere ete Bin anatase 2 5 Oe wate CR sin sig il Bate a 9 
LOAD cc atahe evisu th eiedobe aches ote 1 RO DOMME caer 1 Olas Ne 5 sistsicis ‘oni sayin Sele rete 12 
NAD ee aeeks ie On eKouenate Cie Aeros oc eR iba 8 nae ee Ov itis arava, Ligier A A ee a 10 
LOLS Rr Acte ree Rieke ner 2 sabes ite Dosa, ee Tate tae (Cae mere 16 
Totiallsiee: oi tira SURO aris a mei Tee Pipes ois Sem DO Perea 12 Peco 
Number of lines entering 
piatlonie <M cahiee bin seit 5 Gig teh c (cA aye aca ERR ee L/¥*. a." . 
Lightning-arrester opera- 
tions per lightning dis- { 
CUD ANCE ccc sc lerdent oe 0.228..... 0.350..... ODO8Tion.< 1 cO0n ene 0.710 0.425 avg 
Average discharges per station per year... 


* Indicated by measurement of lightning current in conductors and/or arresters. 


** Based on two circuits entering station on same towers. 
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2,670 amperes; at one-half mile out of 
2,520 amperes; and one mile out of 
2,450 amperes. Although the average 
values indicated a slight attenuation, 
individual cases vary considerably from 
the average, and there appears to be no 
pronounced trend. 

There were eight instances where cur- 
rents of 2,000 amperes or more were 
measured at the station entrance, one- 
half mile out, and one mile out, in which 
the direction of current flow at one of 
these points was reversed with respect 
to that at the other two. A tabulation 


Figure 3. Lightning currents in conductors 
and arresters at 132-kv stations’ (1939-43 
inclusive) 


|—Arrester currents 
1|—Conductor currents 
A—Roanoke station—126 conductor records, 
93 arrester records 


of these cases is shown in Table VIII. 
The explanation for this may be that 
either a lighting stroke or a line flashover 
occurred between measurement points. 
This seems to indicate that some strokes 
and line flashovers have occurred within 
a mile of the stations without causing any 
arrester operation or damage to station 
apparatus. — 


LIGHTNING-ARRESTER CURRENTS AT 132- 
Kv STATIONS 


Measurements were obtained of cur- 
rents in lightning arresters at the five 
stations from 1936 to 1944 inclusive. 
The maximum current obtained during 
this period was 4,100 amperes. This 
record, however, was obtained at a time 
when no other instruments were in serv- 
ice at the station, and therefore no cor- 
relation with other lightning data was 
possible. 

The arrester records shown in Figure 3 
(1940-43 inclusive) include only those 


Table VII. Attenuation of Lightning Currents 
in 132-Ky-Line Wires Near Stations (1941- 
1942) 


Currents (Amperes) Flowing 


Toward Station 


From Station 


At 1/y 1 At l/s cael 
Sta- Mile Mile Sta- Mile Mile 
tion Out Out tion Out Out 

2,400....:. 2,400...2,500 2,800...1,000...2,400 
3,400) i552 3,900...3,800 2,700...2,800...3,000 
1 OOO) Fetes 1,000...2,000 3,500...7,400...3,800 
2,000 oe 2,700...2,700 2,900...2,200...2,000 
SOOO sere 2,800...3,500 3,200...3,100...3,600 
8,500;.2:.. 5,300...7,300 3,400...4,400...3,400 
Bs200 pan cae 2,300...3,000  2,000...3,000...2,200 
BZ B00 05 Peres 2,000. ..1,000 3,200...2,400...2,800 
2 WOO: eke si 2,600. ..3,200 2,900. ..3,400...2,400 
1000 ae. 2,000...2,000 2,100...1,000...2,000 
2 OOO eds aie 2,000...1,000 1,000...1,000...2,000 
1,000......1,000...2,000 1,000...1,000...2,000 
5,000. . 22%. 3,700...3,600 2,100...2,600...2,600 
L000. 2%. 2,300...2,800 2,000...2,600...2,100 
3,200 se nee 2,900...38,200 1,000...2,100...1,000 
2,600...2,400...2,400 
2,000...2,000...2,400 
2,700...2,000. ..3,400 
2,200. ..2,000...2,400 
2,000...2,000...1,000 

Average 
2,800....2,600...2,810  2,670...2,520...2,450 


B—Fieldale station—24 conductor records, obtained when instruments were in serv- 
96 arrester records ice to measure line-conductor currents. 
C—Reusens station—10 conductor records, However, the inclusion of data obtained 
66 arrester records from 1936 to 1939 inclusive on arresters 
D—Claytor station—76 conductor records, only does not alter the shape of the mag- 


6 arrester records 
E—Glen Lyn station—66 conductor records, 
9 arrester records 
F—AII records—302 conductor 
\ 130 arrester records 


nitude-frequency curve, except to in- 
crease the maximum value of current to 
4,100 amperes. Of the lightning-arrester 
records obtained simultaneously with 
line-conductor currents, ten per cent were 


records, 


1,500-amperes or higher, and 50 per cent 
were 500 amperes or higher. Although 
the maximum value of arrester current 
measured in this investigation was only 
4,100 amperes, on another part of the 
system a maximum arrester current of 
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16,000 amperes was measured in an ar- 
rester on the 132-kv system—the result 
of a stroke within 400 feet of the station. 


RATES OF VOLTAGE CHANGE AT STATIONS 


In a previous paper’ the authors pre- 
sented data on the rate of surge-voltage 
change at stations comprising 539 wave- 
slope indicator records for 1939 to 1941 
inclusive. In the past three years there 
have been obtained 486 additional wave- 
slope-indicator records making a total of 
1,025. These six years’ records have 
been analyzed and the results are pre- 
sented here. 

Of the 1,025 records, 353 were rejected 
because they did not lend themselves 
readily to accurate analysis. The 672 
records selected for analysis have been 
segregated into three groups. The first 
group consists of 348 surges believed to 
be attributable to switching only; the 
second group, 291 records which were the 
result of lighting and switching; and the 
third group of 33 surges interpreted as re- 
sulting from lightning only. These three 
groups of records are shown as magni- 
tude-frequency curves in Figure 4. The 
maximum rate of voltage change caused 
by lightning only was 810 kv per micro- 
second, with ten per cent of the records 
475 kv per microsecond or greater, and 
50 per cent of the records 220 kv per 
microsecond or greater. In the lightning 
and switching group, the maximum value 
was 648 kv per microsecond, with ten 
per cent of the values 300 kv per micro- 
second or greater, and 50 per cent of the 
values 150 kv per microsecond or greater. 
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4 ‘Figure 4, Rates of surge-voltage change at 
‘ 132-ky stations (1939-44) 
I—Lightning only—33 surges i 

~ [Lightning and switching surges 

Ill Switching only—348 surges \ 
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In the switching group, the rates of volt- 
age change were a maximum of 470 kv 
per microsecond, ten per cent being 200 
kv per microsecond or greater and 50 per 
cent being 115 kv per microsecond or 
greater. 

At the Roanoke 132-kv substation, 
wave-slope indicators were installed on 
phases one and three of all connected 
lines, The wave-slope indicators were 
located on carrier-current capacitors 
which are connected to the incoming line 
ahead of all other station apparatus and 
are some 70 circuit feet from the station 
bus. The maximum distance between 
measuring locations was approximately 
280 circuit feet. In Table IX are shown 
25 simultaneously obtained records of the 
rate of voltage change at different loca- 
tions in the station. 

From the data it is seen that the rate 
of voltage change due to a surge may vary 
widely between different points in the 
same station. An extreme case is shown 
in reference 14 of Table IX. Here a rate 
of voltage change of 470 kv per micro- 
second was recorded at the line entrance 
of Reusens number 2, whereas at the line 
entrance of Reusens number 1, some 200 
circuit feet distant, the rate of voltage 
change was below the minimum sensi- 
tivity of the wave-slope indicator (ten 
kilovolts per microsecond). Numerous 
similar occurrences are shown in this 
same table. Thus it appears from the 
data obtained that widely varying rates 
of voltage change.may be present at 
different parts of a station during a 
single lightning disturbance. 

In Table IX is shown also the maximum 
line-conductor currents coincident with 
the measured rate of voltage change. 
The maximum line-conductor current 
shown is 8,000 amperes (reference number 
24). This is associated with a maximum 
rate of voltage change of 412 kv per micro- 
second and a minimum of 33 kv per mi- 
crosecond, the latter value being meas- 
ured within '25 feet of the 8,000-ampere 
line current. Thus, the maximum rate of 


voltage change in this case was recorded 
at some distance (250 feet approximately) 
from where the maximum line-conductor 
current was measured. In reference 
number 14 of this same table, the rate of 
voltage change of 470 kv per microsecond 
was measured adjacent to a line-con- 
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Figure 5. Lightning currents in overhead 
ground wires at 132-ky stations 


|—In single ground wire on the line side of 
the first tower from station—41 records 


lI—In one of three ground wires between 
station and first tower out—60 records 


ductor current of 2,000 amperes. As in 
the preceding case, the maximum line- 
conductor current occurred some 175 feet 
from the point where the maximum rate 
of voltage change was measured. 

Of the 25 cases shown, there were only 
three instances where the maximum 
rate of voltage change and the maximum 
line-conductor current existed at the 
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Figure 6. Surge voltages on 132-kv station 


busses (1940-43 inclusive) 


same point. If it be assumed that the 
maximum line-conductor currents are 
records obtained nearest to the lightning 
stroke initiating the disturbance, it 
,would appear that the highest rates of 
voltage change are not caused by the 
initiating surge but by other conditions 
within the station, possibly voltage re- 
flections from apparatus terminals, and 
similar causes. If this be true, it dictates 
the necessity of placing protective de- 
vices close to the apparatus to be pro- 
tected. 


GROUND-WIRE CURRENTS AT STATIONS 


In Figure 5 is shown a comparison of 
ground-wire currents obtained on the line 
side of the first tower from the station and 
currents in the ground wires between the 
_ first tower and the station structure. The 
maximum current on the line side of the 


Table IX. Coincident Rates of Voltage Change and Maximum Lightning Line Currents at 


first tower was 36,000 amperes, and the 
maximum in any one of the three parallel 
ground wires adjacent to the station 
structure was 10,300. In general, the cur- 
rent divided equally between the three 
parallel ground wires, although there were 
some exceptions to this at lower values 
of current. Although the two curves in 
Figures 5 do not have the same general 
shape, it is believed that this is not par- 
ticularly significant. 

The ground-wire cutrent distribution 
at the first tower out from a station for 
the three different ground-wire arrange- 
ments investigated is shown in Table X. 
Though it might be expected that the 
sum of currents in multiple-ground wires 
between station and the first tower out 
nearly would equal the ground-wire cur- 
rent on the line side of the tower, this is 
not always true. The reason, no doubt, 
is that no account has been taken of the 
unmeasured tower current itself. 


LIGHTNING VOLTAGES AT 132-Kyv 
STATIONS 


A total of 429 bus-voltage records were 
obtained during 1940 to 1943 inclusive 
from surge-voltage recorders. These 
were in service at the Roanoke, Fieldale, 
and Claytor stations during 1940 and 
1941, and at the Roanoke station only 
during 1942, 1943, and 1944. As records 
of appreciable magnitude were not ob- 
tained during 1944, they have not been 
included here. The maximum voltage 
obtained was 525 kv, 50 per cent of the 
records being 165 kv or greater. These 
voltage records are shown as a magnitude— 
frequency curve in Figure 6.. These are 
all below the safe impulse strength of 
modern equipment used on 132-kv sys- 
tems. 
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LIGHTNING CURRENTS IN, TRANSFORMER 
LEADS 


During the 1944 lightning season, in- 
struments were in service on all three 
leads of seven 132-kv transformer banks 
to measure lightning currents to the 
transformers. No records have been ob- 
tained from these instruments this year. 


GROUND Rop, COUNTERPOISE, AND 
TOWER-FOOTING CURRENTS 


Surge-crest ammeters were installed 
on the South Bend—Michigan City 132- 
kv line to. obtain a complete record of 
current flowing in counterpoises, ground 
rods, and tower legs in order to determine 
which of these members was most effec- 
tive in carrying lightning currents. 


Magnitude-frequency curves of all cur- ° 


rents measured in tower legs, counter- 
poises, and ground rods are shown in 
Pigure (4 

A total of 29 cases was obtained during 
1939 to 1944 inclusive, where currents 
were measured in two or more members. 


In Table XI are shown ten cases where a 


comparison is made between simultane- 


ously obtained measurements in three 


members—tower footings, ground rods, 
and counterpoises. In all cases except 
one (case 10), the tower footing was most 
effective in carrying lightning current, 
based on d-c conductances. The average 
of the ten cases indicates the counter- 
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Figure 7. Lightning currents in tower legs, 
counterpoises, and ground 


ground rods (10 to 120 
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rods—South © ‘eg 
Bend—Michigan City 132-kv line (1939-44) 


I+52 currents in 250-foot counterpoises 
_ II-115 currents in tower legs above ground 


|\V—65 currents in tower legs below ground — 
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Table X. Lightning Current in Ground Wires at 132-Kv Stations, 1940-1944 
(Only Records Where 3,000 Amperes or Above Were Measured in at Least One Wire) 
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Type 1. Glen Lyn, Claytor, Roanoke Type 2. Reusens Type 3. Fieldale 
Amperes* 
Total Total ; 
Line Station Station Line Station Station Line ; Line 
Side Side Side Side Side Side Side Station Side 
—2,500..... 2,000 iss 
1,000 GrOOO nea C0 Oke 10,000 } ...15,800 —1,000..... —4,300...—1,0 
3,000 5,800 
1,000... —11,700 
36,000..... 8,40 IDOLOS SoG 12,500 \ .. .45,500 \ 
10,300 . 27,700 33,000 : —2,400..... 5,800... .21,000 
9,000 
9,500) sores 1,000 3,000 3,000.... 2,000 
1,000 -. 3,000 —4,000..... 20,600... .20,100 
1,000 4,100) |. 7.600 
AS5OV isi» < 9,700 Sab , 2,900.... 3,400 
4,600 23,800 5,000 95. 2,000... ..< 2,000 — 4,800 
9,500 
—9,400.... Bo acoy 2 2,900..... 3,400... —1,000 
—2,400 — 4,400 2,900..... 7,100... .12,000 
35,000..... 8,500 
7,400 >. . 24,200 
8,300 
24,300..... 5,000 
6,000 ¥. . 18,300 TOWER LOWER 
7,300 
16,0005, .r)1- 1,000 LINE LINE 
1,000 . 4,100 
2,100 STATION 
127008. < 0s 4,600 STATION 
‘ 3,300 . 11,200 T 2 
3,300 Type 1 Type 
4,200 
=3,000 7.3. = oR TOWER Se 
; — 1,000 
27,500... 8,500 LINE —7-_ LINE 
7,000 25,750 468FT 
10,250 A Be 
3,400 STATION 
9,750..... 2,400 Type 3 
1,000 5,400 
2,000 


* Current direction as shown in figure, otherwise shown (—). 


/ poise as carrying 70 per cent of the current 
expected from its d-c conductances, the 
ground rod 115 per cent of that expected, 
and the tower footing 302 per cent of that 
' expected. Though there is considerable 
variation between the individual cases, 
the trend indicated is quite definite. 

In other cases not shown in the table, 
where ground-rod and tower-footing cur- 
_ rents only were recorded, the ground rod 
_ (eight cases) carried 83 per cent and the 
_ tower footing 180 per cent of that ex- 
pected by d-c conductance. Similarly 
where’ counterpoise (four cases) and 
_tower-footing currents only were meas- 
ured, the counterpoises carried 71 per 

cent of the current and the tower footing 


would be expected. A similar compari- 
son between counterpoise and ground- 
aK tod currents only (eight cases) indicated 


Bil 81 per cent and the ground rod 162 per 
cent of the current expected by d-c con- 
- ductance. 
ee A. ; pene arizing. the data presented here, 


a rods less effective; and the counterpoise 
vane least effective. In this location the effi- 
AR uF ciency of ten-foot ground rods is very low. 


ae _ The maximum ground-rod efficiency is 


393 per cent of the current that normally { 


carrying lightning current; the. ground 


shown for ground rods of 40 to 60 feet in 
length. The type of soil was sandy loam 
of moderately high resistivity; the ground 
rods ranged from 10 to 120 feet in length; 
and the counterpoises were 2/0 copper 
250 feet long, buried 18 inches. Tower 
footings were of the grillage type about 
five feet square and ten feet deep. 


Discussion of Special Records 


In studying a large quantity of sum- 
marized data such as has been obtained 
during this investigation, an analysis of a 
typical case may be of interest. In Figure 
8 are shown typical records of a lightning 
disturbance at the Roanoke 132-kv sta- 
tion. During the servicing period of ap- 
proximately two weeks, two lightning 
storms were reported in the general vi- 
cinity of the station. From a study of the 
lightning currents recorded (Figure 8), 
it appears that there were five lightning 
strokes to the 132-kv system in the gen- 
eral vicinity of the station. Three of 
these strokes were on the Claytor circuit: 
one between the first and fifth towers of 
26,000 amperes or more; one between the 
fifth and seventh towers of possibly 36,000 


amperes; and one stroke beyond the- 


seventh tower of 42,000 amperes or 
higher. ee currents measured in 


\ 


Gross, Paper stipe vs mneseton 


the Fieldale circuit indicate a possible 
stroke beyond tower 8 of this line. The 
absence of any ground wire records on 
this line suggests that the stroke may 
have been several spans past tower 8. 
One stroke of at least 65,000 amperes was 
indicated by currents in the ground wire 
on the Reusens circuit. This stroke 
occurred between 3,500 and 9,300 feet 
from the station. 

During this disturbance, the maximum 
line current recorded was 2,700 amperes; 
the maximum rate of voltage change was 
440 kv per microsecond; the maximum 
voltage recorded at the station was 413 
kv. None of the three three-pole light- 
ning arresters at the station showed 
measurable currents, although it is pos- 
sible that the arresters operated but the 
current was below the measurement range 
of the instruments. 

In view of the records obtained in this 
one case the following statements seem 
justified : 

1. Where lightning strokes occur some 
1,500 feet or more from a station, if the line 
conductors are shielded, maximum lightning 
currents in the line wires at the station are 
in the order of 2,700 amperes or less. 


2. Under the same conditions the incoming 
lightning voltages are not sufficient to cause 
arrester operation in the station. 


8. Rates of voltage change at the station 
resulting from these nearby surges ranged 
as high as 440 kv per microsecond, although 
the nearest stroke was probably 1,500 feet 
distant. This feature may be significant 
in indicating that higher rates of voltage 
change at the station may occur, if the 
strokes are nearer the station. 


Summary and Conclusions 


From the results of this investigation, 
the summary data of which have been 
presented above, the following conclu- 
sions are drawn: 


1. Lightning disturbances at five stations 

over a four-year period averaged 5.5 per . 
station per year. Of these, 2.3 per station 

per year were of sufficient magnitude to 

cause arrester operation. 


2. Lightning currents in conductors at 
stations showed a median value of 2,000 am- 
peres. Seven per cent were 4,000 amperes 
or above and the highest was 11,500 
amperes. All lines were shielded with over- 
head ground wires terminating on the.) 4 
station structure. _ me 


3. There appears to be no appreciable : 
attenuation of lightning currents in line Sa 
conductors within the eri mile of the stax 
tion. 


eS 


4. The highest lightning-arrester eras : 
measured was 4,100 amperes, although 
elsewhere on the 132-kv system one current 
of 16,000 amperes was recorded. Fi 
Based on these results and similar records — 

of arrester current obtained by the authors ssh 
and others, it appears that the AIRE Ae % 
Standards for distribution and statio pe a4 
arresters of 65,000- and 100,00 
lightning-current tocaiess are 


per microsecond. When allowances are Table XI. Division of Lightning Current Between Counterpoises, Ground Rods, and Tower 
made for a reasonable factor of safety, the Footings, South Bend—Michigan City 132-Kv Line 
present generally accepted 1,000 kv per 
microsecond rate of rise for test specifica- Ratcnne 
tions on apparatus seems reasonable. Per Cent Efficiency 
‘ 3 Length, Resistance, Measured Ratio 
7. The rates eS) f voltage change measured Case Member Feet Ohms Amperes Conductivity Current 7/6 
e within a station varied considerably at 1 2 3 mua 6 7 8 
different points. Rates of change as high 
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REUSENS CIRCUITS 


No. | 


NO. 2 


ably higher than may be expected in prac- 
tice. 


5. The effect of multiple lines emanating 
from a station in reducing the lightning- 
voltage and arrester-discharge currents, and 
consequently the duty on the arresters, is 
apparent. 


6. The maximum rate of voltage change 
of lightning surges measured at a station 
was 810 kv per microsecond, the median 
value being 220 kv per microsecond. 

The maximum rate of voltage change due 
to switching surges was 470 kv per micro- 
second and the median value was 115 kv 
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Mercury-A\rc Rectifiers for Railroads 


S. $. WATKINS 


MEMBER AIEE 


URING the past five years, because 

of wartime restrictions, few addi- 
tional mercury-arc rectifiers have been in- 
stalled for railroad use. This period has 
been notable for intensive development 
and mass production of rectifiers for elec- 
trochemical industries where they have 
been operated to produce concentrations 
of current output greatly exceeding those 
required by railroad loads. 

The purpose of this paper is to examine 
those developments in mercury-are rec- 
tifiers and associated equipment that de- 
serve consideration in future plans for the 
supply of direct current for moving trains. 
To this end, experience of operators has 
been studied for data of value. Results 
of space and cost studies for typical 700- 
volt substations are presented, prepared 
on the basis of present-day apparatus 
designs. Study of apparatus character- 
istics is not limited to the conditions 
chosen for typical substations but is ex- 
tended to include their significance in the 
design of d-c power-supply systems in 
general. 


Operation, Control, and 
Maintenance 


The majority of mercury-arc rectifier 
substations for transit and railroad 
service are nonattended with automatic 


--, accompanying line-conductor currents were 
_ as low as 2,000 amperes. 


mi) 11. Where three ground wires were in 

parallel between the station structure and 

the first line tower, the lightning currents 

_ divided nearly equally between the three 

‘wires. The maximum lightning current 

_ measured in a single ground wire at stations 

__where three ground wires were in parallel 

+ —-was 10,800 amperes. The maximum current 

? + on the line side of the tower where there 

was only one ground wire was 36,000 
amperes. 


¥ 

a. 12. Based on the measured d-c resistance 
of tower footings, ground rods, and counter- 
i Rest poises, the tower footing is most efficient, 
.  40- to 120-foot ground rods less efficient, 
and the 250-foot counterpoise least efficient 
erat carrying lightning currents. This con- 
_ clusion is based on results where the soil 
; is sandy loam and of moderately high re- 
a ‘ sistance. 


2 18. At stations having a large number of 
connected lines, it appears that compara- 
tively high line-conductor currents rarely 
are accompanied by sufficient potential to 
_ cause arrester operation. At the stations 
rey having only two connected lines, numerous 
___ instances occurred where arresters operated, 
but currents in the line conductors were 
Bee below the limit of registration (1,000 


rs 


“Transactions 


starting and protective equipment. Di- 
rect-wire remote control or supervisory 
control! to the nearest suitably attended 
location, or supervisory control of a group 
of substations from a load dispatcher’s 
office, are methods commonly used. The 
operating advantages of a central super- 
visory-control system should cause its 
increasing use. As a minimum, super- 
visory control must provide remote start- 
ing and stopping of the rectifier, with in- 
dication of running or stopped condition, 
and remote indication of rectifier auto- 
matic shutdown and lockout. Teleme- 
tering of output often isincluded. Indica- 
tion of running condition of control- 
battery charger or telemetering of bat- 
tery voltage often is used. Abnormal 
temperature or vacuum conditions such 
as to cause rectifier shutdown and lock- 
out? usually are not separately indicated 
by supervisory control, but are registered 
on operation indicators or annunciators 
in the substation. 


Daily visits of one-quarter hour to one 


hour to each substation are the practice of 
several organizations maintaining a large 


Paper 45-17, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
November 8, 1944; made available for printing 
December 1, 1944. 

S. S. Warxins is electrical engineer, Gibbs and 
Hill, Inc., New York, N. Y. 


amperes). It is therefore concluded that 
the presence of several lines at a station 
reduces the severity of lightning conditions 
to which apparatus can be subjected. 


14. Although the records indicate direct 
lightning strokes to the transmission system 
within a mile of the station, there was no 
case of failure of equipment within the 
station. It therefore is concluded that the 
present method of protection by shielding 
incoming lines and limiting the voltage by 
lightning arresters at the station has been 
fully adequate. 
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Watkins—Mercury-Arc Rectifiers 


number of unattended mercury-arc tecti- 
fiers of the 650-volt class and predomi- 
nantly of the multianode type, but in- 
cluding a few single-anode multitank 
units. Practices for cleaning and com- 
plete inspection of rectifiers and all sub- 
station equipment vary in these organiza- 
tions from six hours once per week to 
eight hours once per month. Complete 
overhauls are made at intervals of once 
per year or longer. Maintenance-cost 
figures for rectifiers vary widely but were 
placed at about half that of synchronous 
converters where comparative data were 
available. 

Recent records of arc-back frequency 
ranged from two to five per year per rec- 
tifier. Increase of arc-back rate above the 
average for any rectifier has usually in- 
dicated some abnormal condition which 
required correction. Systematic records 
of arc-backs for each rectifier, by date, 
have been a valuable assistance in effi- 
cient maintenance. Following arc-backs, 
rectifiers usually are restarted by remote 
control immediately. D-c feeder short 
circuits that are cleared with normal 
speed usually have-no adverse effect on 
rectifier operation. 

Experience with multianode rectifiers 
and single-anode multitank rectifiers on 
the same system indicates that a main- 
tenance crew should cover about 50 per 
cent more rectifiers of the latter type in 
an equal time. ; 


Space and Cost of 
Rectifier Substations 


Preliminary studies of space and cost 
have been made for several typical sub- 
stations to determine the effect of the 
number and size of rectifier units. Di- 
mensions, characteristics, and estimating 
prices of present-day rectifiers and other 
substation equipment were obtained. 
The.studies were made on the basis of the 
following assumed conditions: 


' Power supply to be at 13,200 volts, 60. 


cycles. Short-circuit current from the 60- 
cycle system to be within the interrupting 
capacity of 500,000-kva circuit breakers on 
the 13,200-volt side of the rectifier trans- 
formers. Direct current to be supplied at 
700 volts. Substations to be nonattended 
and supervisory controlled. Rectifiers, 
auxiliaries, d-c switching and control equip- 
ment, to be in a brick building. Trans- 
formers and high-voltage switchgear to be 
outdoors. | 


Minimum width of substation was — 


sought by placing the rectifiers and the 


transformers as close as possible to the 


end walls for connection through wall | 
bushings. A narrow substation design | 


aids in finding available locations along a - 


railroad right of way. This sort of de- 
sign applies particularly to suburban — 
transportation. The space limitations of 


city transit systems often require that all ae 
equipment be indoors and that ‘trans- a 


formers be Water choi. 


\*. 


’ 
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The rectifiers on which the studies wete 
based were in all cases six-phase rectifier 
assemblies of single-anodetanks. It does 
not appear that the multitank rectifier 

' design has caused much change in the 
over-all space requirements of substa- 
tions. Comparative figures for several 
sizes and numbers of rectifiers are shown 
in Table I. Comparison of rectifiers of 
the same capacity of different manu- 
facture showed considerable differences 
in over-all dimensions. Space allow- 
ances were made to take the largest equip- 
ment. Final designs for specific equip- 
ment might produce more compact ar- 
‘rangements. However, the space econ- 
omy of the 3,000-kw rectifiers as com- 
pared with the 1,000-kw units is appar- 
ent. 

Preliminary estimates were made for 
typical substations exclusive of real- 
estate cost. To establish a common basis 
of comparison, a single 60-cycle supply 
feeder and four d-c feeders were used for 
each substation, although the number of 
feeders is apt to be greater in varying 
amounts in case of application to actual 
power-supply systems. Cost study re- 
sults are shown in Figure 1. 


Ratings of Rectifiers 


Rectifier and transformer combinations 
are manufactured as co-ordinated de- 
signs. Transformers are designed for 
primary voltage as required by the in- 

‘coming power supply. Increases in 
primary-voltage rating affect the cost of 
rectifier transformers by about the same 
percentages as in the case of power trans- 
formers. 

; The following overload ratings of recti- 
fier and transformer combinations are 
generally accepted: 


E, Light duty; 100 per cent load continuously, 
followed by 150 per cent load for two hours, 
or 200 per cent load for one minute without 
injury. 
Normal railroad service; 100 per cent load 
4g continuously, followed by 150 per cent load 
for two hours, or 300 per cent load for one 
5 _ minute. , ¢ 
a Heavy-duty main-line service; 100 per cent 
E ; continuously, followed by 150 per cent load 
By, for two hours, or 300 per cent load for five 
4 minutes. 
3 Transformers are not to exceed 60 degrees 
4 centigrade at the end of the two-hour load 
in these ratings. 


Some instances have been noted in 
“operating experience with rectifiers of 


swings lasting 15 to 20 seconds have 
caused arc-back rates to increase. Al- 
though rectifier designers are confident 
that improvements in rectifier design 
have made those of present manufacture 
Pas 


of s 


Vowume 6400 


older design where heavy starting-current | 


. affected by load swings, it is recom-— 
ided that load curves and expected 
gs of starting current be fully dis- 
rectifier manufacturers when 


Table |. Estimated Space Requirements for Rectifier Substations 


=== 


Building Floor Space 


= = ——-- —— 


Substation Total Ground Space 


Number and Size Width Sq Ft Width Sq Ft 
_0 and Per and Per 
Rectifier Units Length Sq Ft Kw Length Sq Ft Ew 
1—1,000 kw.......... 24 by 25...... GOOerets score ORG O eravs cvetibarsrs 3) by 60... ... L,860\si5 a sieste 1.86 
2—1, 000 (Ew. Sis whites 24 by 36...... SG4 tapnee atte ORAS ie ete sc SL bY AIO otek 5% 23790). ote siete 1.40 
8—1,000 kw.......... 24 by 49...... Ty LTGis cases ONG Oc eye cveisvere is 31 by: 120u0. 3. OAM ists Bry ts 1.24 
1—3,000 kw... 2.2... 24 by 34...... BIG ssh cba tots OR 2Ttetpveieieierslere 81 by 75.016 os PEEP TSR chcicirss 0.78 
2—8,000 Kw. .iceccecs 24 by 61...... DAG AIS veers ters ORQS soto tistes 31 by 130 0.;....-1. 4,030), eiessaneks 0.67 


the capacities of rectifiers for new in- 
stallation are being determined. 

Although rectifier groups of 36 or more 
phases have been used on heavy-load con- 
centrations in the electrochemical in- 
dustry, 6-phase and_12-phase rectifiers 
have been used for railroad service. On 
only a few railroad installations has in- 
terference with communication circuits 
required the use of filters. D-c filters are 
relatively inexpensive, filters for the a-c 
supply circuits are expensive.. Rectifiers 
of more than 12 phases would seldom be 
justified for railroad service. Six phases 
are favored unless 12 can be shown to be 
necessary. 


Single-Anode and 
Multiple-Anode Rectifiers 


Single-anode rectifier tanks, assembled 
as six-phase rectifiers, have been in opera- 
tion on railroad load of the 650-volt class 
for about five years. Because of lower 
arc-drop, single-anode type rectifiers of 
this class have from one to one and one- 
half per cent better efficiency than those 
of the multianode type. The limited 
amount of railroad experience with single- 


anode rectifiers favors this type for greater 


reliability and less maintenance than the 
multianode type. 

Because of wartime regulations, rail- 
road installations have been restricted 
and therefore, railroad experience with 
single-anode rectifiers has been limited. 
Greatest experience with this type has 
been in the electrochemical industry. 
Here, mass production has stimulated de- 
sign improvement of single-anode recti- 
fiers. For new installations on railroad 
load at 700 volts or lower, only the single- 
anode type is likely to be offered although 
many years of efficient and reliable opera- 


DOLLARS PER KILOWATT 


2000 3000 
“INSTALLED KILOWATTS 
Figure 1. Estimated installed cost of mercury- 
arc rectifier substations, exclusive of real estate 
A. With 1,000-kw units 
' B. With 3,000-kw units 
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tion may be expected of those multianode 
rectifiers that are now in use. 

At 1,500 or 3,000 volts the improve- 
ment in efficiency is relatively small for 
single-anode type rectifiers as compared 
with the multianode type. Reduced 
tendency to arc-back, localization of 
trouble and ability to remove a single- 
anode tank are advantages remaining in 
favor of the single-anode type at higher — 
voltage. Opinion is general that the 
single-anode type will be extended to 
higher-voltage classes but the degree of 
present development in that direction 
varies. For 3,000-volt service, single- 
anode as well as multianode rectifiersnow | 
can be furnished. ‘a 

Present-day single-anode type rectifiers | 
consist of 6 or 12 tanks assembled on an 
insulated structural base with vacuum 
pumps, manifold, and circulating-water 
pumps common to the assembly. A sepa- 
rate vacuum valve between each tank 
and the manifold permits any tank to be ~ 
removed without loss of vacuum in the © 
remaining tanks. It has been found that 
a 12-tank rectifier can be shut down, a_ 
tank removed, a spare tank installed, and 
the rectifier placed back in operation in © 
about one hour. In some cases, depend- 
ing’ upon the recommendations of the — 
manufacturer, a tank may be opened and 
inspected and returned to normal opera- _ 
tion after the establishment of normal — 
vacuum, without the necessity of a bake- _ 
out. A desirable feature of some designs — 
is the use of water-cooling on the connec- 
tion between each tank and the vacuum _ 
valve that connects it to the manifold — 
and on the connection between the mer- 
cury-vapor vacuum pump and the mani- 
fold. Any mercury vapor tending to — 
transfer from either the tank or the pump 


condenses and drains back to its respec- : 
tive source. et 

aoa: 
Sealed Steel-Tube Rectifiers = 


Sealed steel-tube single-anode rectifiers, _ 
being permanently evacuated, require NOM 
vacuum pumping equipment but are pro- — 
vided with water-cooling to maintain the 4 
proper operating temperature. The tubes — 
are assembled in groups of 3, 6, or 12. _ 
Connections are three-phase or six-phase, — 
depending on the capacity. They are 


available as factory-built substations. 


Sealed-tube rectifiers have had increasing : 


use in industrial and mining applications, 
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with the greatest volume in the 250-volt 
class where the single-anode design has a 
substantial advantage in efficiency over 
other conversion equipment. The sim- 
plicity of these rectifiers, without vacuum 
equipment and in most cases with raw 
tap-water connections for cooling, has 
recommended them in their main fields 
of application. 

These rectifiers are now available for 
600-volt service in a six-phase assembly 
for as high as 1,000-kw total capacity. 
The simplicity of the sealed tube in the 
present stage of development is achieved 
at a sacrifice of operating life of the tube 
since the internal pressure gradually in- 
creases because of effects of the arc. On 
heavy city transit or suburban service 
the present maximum size of 1,000 kw is 
small and tube replacement cost prob- 
ably would not compare favorably with 
the maintenance cost of vacuum-pumped 
equipment where skilled personnel is 
available. - 

However, the possibilities of sealed- 
tube rectifiers deserve some consideration 
in the case of lighter transit systems. Jt 
has been suggested that these rectifiers 


havea field of application on 600-volt 


trolley-coach systems requiring small 
power-supply units. Steel cubicles con- 
taining the tubes might be placed out- 
doors and provided with heaters and out- 
door cooling equipment for keeping oper- 
ating temperatures within proper limits. 


The cost of such a design, assembled with 


the transformer and the a-c and d-c 
switching as a unit outdoor substation, in 
ratings up to 1,000 kw, might. compare 
favorably with that of conventional 
arrangements of indoor equipment in a 
building. 


Switching Equipment ~ 


Switching equipment on the high- 


voltage side of the rectifier transformers ~ 
is of conventional types. Circuit-breaker 


voltage class and interrupting rating 


are determined by the characteristics of 


- the supply system. One high-voltage cir- 


_. cuit breaker is required for each rectifier 
_ unit. The number of additional incoming 


feeder circuit breakers depends on con- 
siderations of service continuity and 
over-all system design. Connection of 


each rectifier transformer through a 
single circuit breaker direct to the power- 
_ supply system may be used to advantage 


_ where the latter system is sufficiently re- 


liable. 


i 


_ The transformer supplying the 
substation and rectifier auxiliaries must 
be connected so that its supply is not in- 


- terrupted by opening of the rectifier- 
_ transformer circuit breaker. When power 


‘supply is at 13,200 volts or less, outdoor 
-metal-clad switchgear makes an effective 


switching arrangement. 


- High-speed (one-cycle) air circuit 
Re bee, between the rectifier cathode 


Ke -and the d-c bus are used in 3,000- and 
i Kes 1,500-volt substations and in many sub- 
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stations of the 650-volt class. These cir- 
cuit breakers are automatic on reverse 
current and, in case of arc-back, interrupt 
the reverse feed from the d-c system. 
There is a tendency, at present, to: use 
semi-high-speed air circuit breakers in the 
cathode connection where the total con- 
tinuous capacity on a 650-volt bus is less 
than 9,000 amperes but to use high-speed 
switching wherever the capacity on the 
bus is above 9,000 amperes or where syn- 
chronous converters operate in parallel 
with rectifiers on the same bus. 

The choice of high-speed switching for 
the 650-volt rectifier has been widened by 
the development-of high-speed air circuit 
breakers for connection between rectifier 
anodes and transformer secondary. These 
circuit breakers usually are six-pole, con- 
sisting of six single poles each with indi- 
vidual reverse-current tripping device. 
The six poles operate together as a unit 
on closing. The location of these circuit 
breakers is such that all current contribu- 
tions to an arc-back are interrupted by 
the opening of one. circuit-breaker pole. 
Tests of these circuit breakers on arc- 
backs have shown that reduction of cur- 


rent magnitude starts in less than one half, 


cycle and that interruption is complete 
inlessthan one cycle. Previous to the use 
of high-speed anode circuit breakers, al- 
though back feed from the d-c bus to an 
arc-back was interrupted within one 
cycle, the current contributed by other 
phases of the same rectifier was not in- 
terrupted until about eight cycles later by 
the circuit breaker on the high voltage 
side of the transformer. Anode circuit 
breakers have been a product of necessity 
for protection against the possible de- 
structive effects of short circuits’ in the 
electrochemical industry where the con- 
centrations of current on a single bus are 
many times those encountered in railroad 
service. 

When high-speed anode circuit break- 
ers are used, semi-high-speed circuit 
breakers may be used in the cathode con- 
nection. This combination should be 
favorably considered wherever high- 
speed switching is required for rectifiers 
in the 650-volt class. High-speed anode 
circuit breakers afford ideal protection. 

Wherever, in the over-all design of the 
incoming power supply system, it is pos- 
sible to eliminate circuit breakers on the 
high-voltage side of the transformers the 
anode circuit breaker may serve as the 
starting circuit breaker for the rectifier. 


Voltage and Load Control 


The natural unregulated output-volt- 
age curve of the usual transformer and 


rectifier combination is similar to that of 
a shunt generator, drooping about five 
per cent. This characteristic assists in 
division of load between substations 
and has been preferred on a majority of 
installations. Where a flat-compound 
characteristic is desired, it can be ac- 
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complished by delaying the start of cur- 
rent conduction through each anode to 
the extent necessary to counteract the 
rise of output voltage with decreasing 
load. In this case the transformer and 
rectifier must be designed with a natural 
characteristic to provide a voltage above 
that for which the rectifier is to be regu- 
lated. Delayed conduction, called phase 
control, increases d-c ripple and increases 
distortion of the voltage wave of the a-c 
supply. Power factor is decreased by 
about the same percentage as the reduc- 
tion in voltage below the unregulated 
value. Both these effects are greatest at_ 
the lightest loads when phase control is 
used for compounding. 

Phase controt may be accomplished 
by timing the removal of negative bias 


from a control grid located in the arc _ 


path. In an ignitron type of single- 
anode rectifier employing the saturable- 
reactor ignition circuit, operation of a 
rheostat in a d-c coil circuit changes the 
time characteristic of the circuit and 
controls the timing of rectifier ignition. 
In standard designs a-range up to 15 per 
cent voltage reduction is available by ad- 
justment. Circuits can be designed for 
greater than 15 per cent voltage reduc- 
tion but this is not usually advisable or 
necessary. 

Voltage control by the methods de- 
scribed may be accomplished manually 
by a load dispatcher if the control rheo- 
stat is motor-operated through the 
medium of supervisory control. . By. 
this means, rectifier output voltages 
may be adjusted for a desired division 
of load between different sources of a-c 
supply. 

If automatic regulation is detined a 
voltage regulator may be used to operate 
the ignition-timing rheostat. The com- 
pounding characteristic may be designed 
for similarity with that of existing com- 
pound-wound apparatus where parallel 
operation is required. Where automatic 
load limiting is required, the ignition- 
timing rheostat may be put under the 
supervision of an output-current relay so 
as to reduce output voltage as a limiting 
load is approached. This feature may 
serve power-purchase policy in avoid- 
ance of demands above a given limit or it 
may be used to prevent overloading par- 
ticular substations above a set limit. 
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Analysis of Arc-Welding Reactors 


CHARLES M. WHEELER 


NONMEMBER AIEE 


Synopsis: It is the purpose of this paper 
to examine the need and design of arc- 
welding reactors for d-c arc-welding sets. 
The inductance useful in stabilizing welding 
ares is defined, and methods for calculating 
and measuring this quantity are suggested. 
Further, criteria for designs which make 
most effective use of material are estab- 
lished. Finally, a recent development in 
reactor design is described. 


EACTORS used in d-c arc-welding 

circuits often have been likened 
in their action to that of flywheels on 
engines. Both absorb energy during 
periods of unwanted energy surplus and 
release this stored energy to the system 
during periods when the energy is low. 
Through this added inertia their re- 
spective systems are stabilized; for, 
whereas the flywheel reduces mechanical 
pulsations, the welding reactor smooths 
fluctuations in current. The presence of 
self-inductance in d-c arc-welding circuits 
is, therefore, highly desirable—it is, in 
fact, often essential to the satisfactory 
operation of single-operator arc-welding 
generators. 

Questions concerning means of pro- 
curing this inductance immediately arise. 
Why are reactors sometimes used, 
whereas at other times they are not? 
Fundamentally, what is the nature of 
welding inductance? How much is re- 
quired? These questions are important 
to both designers and users of d-c arc- 
welding sets, because their answers are 
reflected in terms of quality of character- 
istics, and compact efficient equipment. 

This paper therefore is concerned not 
only with the application of welding re- 
actors as a means for improving arc 
characteristics, but also with methods 


for arriving at compact efficient designs » 


ins which the material is used to best 
advantage. Finally, a recent develop- 
ment in arc-welding reactors is described. 


Are Reactors Required? 


A basic’ consideration confronting the 
designing engineer is whether the re- 
quired amount of self-inductance can be 
incorporated more advantageously in the 
electromagnetic design of the generator, 


or whether an external device is more 
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practical. The former alternative may 
complicate the design and construction of 
the generator with a resultant increase in 
weight, whereas the latter, of course, re- 
quires that a reactor be used. The al- 
ternative which the designer chooses is 
generally the one resulting in the more 


‘effective over-all use of electromagnetic 


material and the simpler construction. 

At one time it was standard practice 
to use large welding reactors with most 
generators, but through subsequent re- 
finements in the design of the generators 
and improvements in welding electrodes 
the usual reactor accompanying arc- 
welding generators practically disap- 
peared. 

However, the comparatively recent in- 
troduction and wide application of 3,600- 
rpm welding sets have placed a new em- 
phasis on the use of external reactors, 
because these high-speed generators have 
inherently ess  self-inductance than 
their 1,800-rpm predecessors of similar 
design. In many cases well-balanced 
designs require the use of external reac- 
tors. , The design of reactors for these 
units merits special attention, for their 
size and weight must bear a favorable 
relationship to that of the rest of the 
equipment. 


The Arc-Welding Reactor 


The essential elements of a welding 
reactor (a coil having N turns, a mag- 
netic core with cross section A and length 
l, and an effective air gap G) are shown 
in Figure 1. A direct current J, estab- 
lishes flux ¢ in the core. This reactor 
supplements a welding generator’s char- 
acteristics through the addition of self- 
inductance to the welding circuit.* 


Nature of Welding Inductance 


It is a characteristic of a d-c arc that 
the current fluctuates about an average 
value and may die out suddenly if there is 
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not sufficient stability in the source of 
power. The function of the reactor is to 
oppose these fluctuations through a self- 
induced voltage which is proportional 
to the rate of change of current. This 
voltage also supplements that supplied 
by the generator in establishing a “‘re- 
striking” voltage when the arc tends to 
“pop out.” The inductance useful in 
welding, or ‘“‘welding inductance,’’ should 
be defined in terms of its effectiveness in 
stabilizing changes above and below an 
average current. It should be expressed 
as the rate of change of flux linkages per 
ampere** as in equation 1. 
Ly= we? x 10-8 henrys (1) 
dI 

Welding inductance as defined by this 
equation is a function of current since it 
is influenced to a large extent by satura- 
tion in the magnetic circuit of the reactor. 
It is a quantity, however, which may be 
readily calculated in the manner to be de- 
scribed. 


Calculation of Welding Inductance 


Welding inductance may be calculated 
directly from the saturation curve for a 
given reactor as indicated in Figure 2. 
For any assumed value of current the in- 
ductance is proportional to the slope of 
the saturation curve as indicated. Figure 
3 shows the welding-inductance charac- 
teristic calculated from the saturation 
curve in Figure 2. 

In this method of calculation, as well 
as in the analysis of reactor-design con- 


* There is a second type of separate electro- — 
magnetic device, sometimes called a ‘“‘d-c trans- 
former,” whose elements are the same as those of 
a reactor, except that a second winding, connected 
in series with the generator’s shunt field, is added. 
Its function is to apply, through mutual coupling, 
a forcing voltage on the shunt field of the generator 
which is proportional to the rate of change of weld- 
ing current. As a result, the inductance it adds to 
the welding circuit is relatively low, for the apparent 
inductance of its series coil is proportional to its 
leakage flux. The ‘‘d-c transformer,” therefore, 
serves principally to improve the dynamic charac- 
teristics of the generator with which it is used, rather 
than add to the stored energy in the welding circuit. 
Designs often are modified for the purpose of in- 
creasing the leakage flux in order to increase the 
effective series inductance. 

The transforming reactor, so called because it 
performs the functions of a “d-c transformer” and 
a reactor, is designed with a separate magnetic path 
for the leakage flux. See reference 1. Whether a 
d-c transformer or transforming reactor is used 
depends largely on the inherent dynamic charac- 
teristics of the generator and its inherent self- 
inductance. 


** Inductance of coils having iron cores may be 
variously defined, depending on the basic concept 
of this quantity. It has also been evaluated in 
terms of total stored energy and total flux linkages 
per ampere. See reference 2. 
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Figure 1. Essential elements of an arc- 
welding reactor 


siderations which follows, the effects of 
hysteresis and eddy currents on welding 
inductance are assumed to be insignifi- 
cant. It has been found from experience 
that in many applications these factors 
truly can be neglected, because conven- 
tional welding-reactor designs have lami- 
nated cores, their air gaps are relatively 
large, and frequencies associated with 
the rate of change of flux are fairly low. 
However, the effects of “‘stray’’ flux on 
welding inductance may be appreciable 
and should be calculated. Here, ‘“‘stray”’ 
flux is defined as that flux which is estab- 
lished by the coil but does not pass 
across the air gap of the magnetic circuit. 
Its paths may lie in the window which 
accommodates the coil or through parallel 
magnetic paths near the coil. 


Measurement of Welding 
Inductance 


A straightforward method for measur- 
ing welding inductance, and one which 
gives good qualitative values, lies in re- 
cording the voltage induced in the reactor 
winding by current surges from the gen- 
erator itself. This is easily accomplished 
- in practice by means of a search coil* 
wound between reactor turns. The 
search-coil winding should assume, inso- 
far as possible, the same space occupied 
by the reactor winding in order to include 
the effects of stray flux on inductance. 
If the number of search-coil turns is the 
same as the number of reactor turns, the 
welding inductance may be calculated 
directly from an oscillogram by dividing 
instantaneous values of search-coil volt- 
age, Es, by the rate of change of cur- 
rent.** 


(2) 


Figure 4 shows data plotted from a 
representative oscillogram taken on a 
sample reactor (Figure 2) when the 


. *The oscillograph element may be connected 
directly across the reactor winding and the induced 
voltage determined by subtracting instantaneous 
values of IR drop. ? 


** A second method for determining welding in- 
ductance experimentally lies in superimposing a 
small alternating current on various values of direct 
magnetizing current. The a-c inductance so meas- 
ured is ‘‘the welding inductance.” The oscillo- 
graph method is generally to be preferred, however, 
for the latter usually presents circuit problems, 
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welding generator was suddenly short- 
circuited. The inductance characteristic 
determined directly from the oscillogram 
is shown in Figure 3 for comparison with 
the characteristic calculated from the 
saturation curve. It will be noted that 
the test and calculated welding-induct- 
ance characteristics agree very well up to 
the point where the reactor core saturates. 
Thereafter the test inductance is appre- 
ciably higher. The reason for this ap- 
parent discrepancy is that this particular 
reactor had a parallel magnetic path for 
stray flux, the effects of which are not in- 
cluded in the saturation curve. 


Determination of Welding- 
Inductance Requirements 


The necessary amount of welding in- 
ductance in a reactor to be designed for 
a given generator is best determined from 
actual welding tests. These tests are con- 
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Figure 2. Saturation curve of a representative 
reactor showing method of calculating welding 
inductance 


ducted at all practical welding currents 
within the range of the generator using 
various types of electrodes. Welding- 
inductance requirements may be deter- 
mined by inserting a laboratory reactor 
in the circuit and adjusting its induct- 
ance to whatever amount may be re- 
quired for satisfactory welding character- 
istics at each value of welding current. 
The inductance characteristic of the 
laboratory reactor should, of course, be 
substantially uneffected by saturation 
for the range of currents used. 

These tests provide welding-inductance 
values required as indicated by points 1, 
2, 3, and so on, in Figure 5. In this par- 
ticular example, it is noted that point 5 
defines the required inductance L,,’, at a 
limiting welding current J,,’. These are 
the values of inductance and average 
welding current about which a reactor 
should be designed for satisfactory over- 
all welding performance. There is, how- 
ever, a steady current J’, somewhat 
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higher than I’, which should be used in 
design formulas, because the required 
welding inductance must be effective 
during current surges above the average 
as well as at average values. The ratio 
I'/Iy' can best be determined from expe- 
rience and analysis of oscillograms taken 
during actual welding. 

Thus the welding reactor for this ex- 
ample should be designed to have 1.1 
millihenrys inductance (Ly’) at a limit- 
ing steady current of 190 amperes (I’) as 
indicated in Figure 5. 

The following analysis is a review of 
design requirements for compact efficient 
are-welding reactors, based on the speci- 
fication that a known value of welding 
inductance is required at a limiting steady 
current. 


Design of Welding Reactors 


The design of coils and of magnetic cir- 
cuits for series reactors is contingent in a 
large measure upon each other, for the 
mechanical configuration of one affects 
that of the other. The coil design, for 
example is dependent upon the cross- 
sectional area of the core and the number 
of ampere turns specified by the magnetic 
circuit. Other factors, such as degree of 
ventilation, heat-dissipating ability of 
the type of winding used, type of insula- 
tion, and duty cycle for which the coil is 
intended, fix its design when the current, 
turns, and dimensions of the core are 
known. 

In general, welding inductance may be 
expressed by the equation, 


_ 3.1924 


Ly G 


xf(I,G/1)X10-*henrys (3) 


in which f(J, G/I) is an expression for the | 


shape of the inductance characteristic. 
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Figure 3. Welding-inductance characteristic 


Curve “calc.” is from saturation curve, Figure 2. 
Curve “‘test’’ is from oscillogram, Figuré 4 


It varies from almost 1.0 for small values 
of current to practically zero for very 
large currents. It is immediately ap- 
parent that there is an infinite number of 
combinations of N, A, and G (and J) 


which will give a desired value of welding | 


inductance at a required limiting current. 
But relatively few designs will accom- 
plish this end without some extravagance 
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Figure 4. Plot of current and search-coil 

voltage from oscillogram of open-circuit to 

short-circuit test, showing method for deter- 
mining welding inductance 


in the use of electromagnetic material. 
Such a waste would be without advantage 
to either the designer or the user. 

The general problem of design, there- 
fore, is to find not so much some combina- 
tion of materials which will give the de- 
sired characteristics as certain specific 
combinations in which the materials are 
used most effectively for obtaining those 
characteristics. For the former method 
of approach is little more than a process 
of trial and error, whereas the latter is 
synthesis of design leading to compact 
efficient apparatus in which unused and 
unuseful material is eliminated. Through 
synthesis the product is ‘‘tailored’’ to the 
requirements of the user. 

Now, in welding reactors the perform- 
ance requirements are that the useful 
amount of inductance, L,,’ shall be ob- 
tainable at a limiting current, I’. For 
most effective use of materials these 
values should be obtained at a point on 
the reactor characteristic where the maxi- 
mum energy useful for welding is avail- 
able. Just as welding inductance re- 
quires specific definition, the energy as- 
sociated with this inductance must be 
defined in terms of its stabilizing influence 
on fluctuations above and below an aver- 
age welding current. This means that 
the energy useful in welding is actually in- 
cremental energy—the rate of change of 
energy per.ampere. An expression for 
incremental energy dW/dI, may be deter- 
mined in the following manner. 

Energy stored in magnetic circuits is 
defined as 


Wel El dt joules 


~ Since 


£=E,, - (from equation 2) 


then ’ 
Lol joules per ampere (4) 


For most effective use of materials the 
maximum incremental energy should oc- 
cur at the limiting values of inductance 
and current, or 
dW) =Ly,'I' joules per ampere (5) 
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The significance of this concept is 
shown graphically in Figure 6, in which P 
is a typical welding-inductance charac- 
teristic and p is the incremental-energy 
characteristic as determined from equa- 
tion 4. Curves Q and R are the induct- 
ance characteristics for the same reactor 
showing, respectively, the effects of in- 
creasing and decreasing the air gap 15 per 
cent. From these curves it is apparent 
that a change of air gap in either direction 
results in the loss of welding inductance 
at I’ with a consequent sacrifice in weld- 
ing characteristics at this current. This 
loss results from the occurrence of the 
maximum incremental energy at some 
current other than J’ (see curves of g and 
r), even though the value of maximum 
incremental energy is substantially un- 
affected by changes in air gap. 

It is apparent from this analysis that 
there are specific relationships between 
turns, core dimensions, and air gap for 
the most effective use of material. A 
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Figure 5. Method for determining welding- 
inductance requirements from welding tests 


Lip’ is limiting welding inductance, !w’ limiting 
average welding current, and I’ limiting steady 
current 


departure from these relationships results 
in a sacrifice in performance or an in- 
effective use of materials. There are, of 
course, many possible variations in syn- 
thesized designs to meet a specified per- 
formance characteristic. Each has a dif- 
ferent number of turns and different core 
dimensions. For example, one has the 
fewest number of turns and another the 
lowest weight, but the material in each is 
used most effectively when the maximum 
welding energy available is obtained at 
the limiting performance requirements. 
From this range of possibilities the de- 
signer chooses one which is best adapted 
to the welding generator. 


A New Arc-Welding Reactor 


A new arc-welding reactor embodying 
the principles of most effective use of 
materials has a unique feature which im- 
proves the transient characteristics of 
the welding generator. This reactor, 
consisting solely of a U-shaped core and a 
winding, is mounted on the generator in 
such a manner that the magnet frame 
completes its magnetic circuit. In 
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Figures 7 and 8 it is shown in combina- 
tion with a Bergman split-pole welding 
generator. 

Figure 7 shows the general distribution 
of flux in the machine at open circuit. 
It is noted that the magnet frame flux for 
this condition is confined principally to 
the top and bottom quadrants. But 
when current is caused to flow from the 
generator, the flux in these sections is 
transferred to the right and left quad- 
rants. This exchange of flux progresses 
until, at short circuit, the generator flux 
in the magnet frame is confined prin- 
cipally to the right and left quadrants as 
shown in Figure 8. During sudden 
changes in current, it is normally neces- 
sary for the generator to supply energy 
for accomplishing this redistribution of 
flux. 

The flux established by the reactor, on 
the other hand, increases from zero at no 
load to a maximum at short circuit. It 
thus serves to maintain substantially 
constant flux in the section of frame 
spanned by the reactor core, eliminating 
the energy normally required to change 
the flux in this section. The transient 
response of the generator is thereby im- 
proved proportionately. 

A second benefit from this arrangement 
is the saving in space and weight made 
possible through the elimination of a 
large section of the reactor core. 

Thus, while its prime function is to 
supply welding inductance, this reactor is 
integrated with the welding generator in 
such a manner that its transient charac- 


- teristics are improved, and smaller lighter- 


weight designs are made possible. 


Conclusion 


° 


The desirability of self-inductance in d-c 
arc-welding circuits has been established 
through long experience. Although im- 
provements in generator design have 
made it practical to include the required 
inductance in the electromagnetic mate- 
rial of the generator, the recent trend 
toward smaller lighter-weight 3,600-rpm 
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Figure 6. Welding-inductance and_incre- 


mental-energy characteristics (curves P and 

p), showing effects of increasing the effective 

air gap 15 per cent (curves Q and q), and 

effects of decreasing the effective air gap 
15 per cent (curves R and r) 
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Organo-Silicon Compounds for Insulating 


Electric Machines 


T. A. KAUPPI 


ASSOCIATE AIEE 


Synopsis: The general problem of elec- 
trical insulation is reviewed in relation to 
silicone insulating materials. Silicone com- 
pounds are described and their chemical 
and physical characteristics discussed. Ther- 
mal stability and moisture resistance of 
silicone insulation are compared to that of 
conventional class-A and class- B insulation. 
Predictions are made as to the field of use- 
fulness of silicones in electrical insulation. 
Recommendations are made for widespread 
investigation to evaluate the over-all ad- 
vantages of this new type of insulation. 


HE aging of insulating materials is an 
1 Sete factor in the life of electric 
machines. It is the organic components 
which age and therefore the deterioration 
of class-B insulation is largely deter- 
mined by the bonds and varnish rather 
than by the inorganic components, which 
have indefinite life. Arnold and Frost! 
indicate that insulating varnish is the 
most important factor from the stand- 
point of insulation aging. The permis- 
sible operating temperature limits’ imply 
this as they permit only a 20-degree- 
centigrade increase in observable tem- 
perature for class B over class A when in- 


G. L. MOSES. 


MEMBER AIEE 


organic materials such as mica, asbestos, 
and fiber glass are used in combination 
with organic resins. 

Very early in the development of 
electric machinery the relation between 
the life of machine insulation and the 
operating temperature was recognized. 
In 1898 discussions of this occurred in 
meetings of the AIEE.* In 1913 Lamme 
and Steinmetz! said, ‘“The problem of 
permissible temperature limits in electric 
apparatus is largely that of durability 
of the insulation” and proposed the idea 
of a curve expressing the life of insulation. 
Subsequent studies of the aging of in- 
sulation modified opinions as to the shape 
of the life curve and Montsinger® sug- 
gested a general law for insulation life. 
An investigation reported by Scott and 
Thompson® showed that the mechanical 
durability of class A insulation is a func- 
tion of temperature aging. Their results 
correlate the law suggested by Mont- 
singer® in the range of 135 to 200 degrees 
centigrade where they report that on two 
different types of class-A windings a 
temperature increment of 10 to 11 degrees 
centigrade reduced the time to failure to 
half. 


welding sets has placed a new emphasis 
on the desirability of external reactors. 
There is a particular kind of inductance, 
termed ‘‘welding inductance’ in this 
paper, which is effective in producing de- 
sired welding characteristics. This in- 
ductance, defined as the rate of change of 
flux linkages per change in current, may 
be calculated by graphical means and 
measured from oscillographic tests. 
Through study of performance require- 
ments and the function of inductance in 
stabilizing welding arcs, synthesized re- 


*® 

Figures 7 and 8. New arc-welding reactor 

mounted on Bergmans plit-pole generator show- 

ing flux conditions for open circuit (Figure 7, 
left) and short circuit (Figure 8, right) 
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actor designs take full advantage of elec- 
tromagnetic material. They are thus 
“tailored”? to the requirements of the 
user through the elimination of unused 
and unuseful weight. 


Nomenclature 


w = welding inductance, henrys 

J=current, amperes 

¢@=flux, webers 

t=time, seconds 
E,=search-coil voltage (at time ¢), volts 
W=energy, joules : 
N=number of turns 
A =area of magnetic circuit, square inches 

1=length of magnetic circuit, inches 
G=effective air gap, inches 

a eee of magnetic circuit 

effective area of air gap 
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These early studies and most subse- 
quent investigations of the life of insula- 
tion were based on the mechanical dura- 
bility of insulation. However, they did 
not emphasize the fact that the thermal 
behavior of insulation is doubly impor- 
tant because of the effect of aging on mois- 
ture resistance. The term “‘insulation 
life” implies that after a certain period of 
aging the useful life of the insulation is 
expended or that there is a fairly definite 
end point. However, life is a variable 
thing and it is preferable to consider 
that the actual value of insulation life 
in, the laboratory depends on the tests or 
criteria used to determine the end point. 
Likewise, service conditions determine 
the life in normal operation. The use 
of very severe tests, or severe operating 
conditions, will result in a minimum life 
which may be only a fraction of the maxi- 
mum-life end point obtained by less 
rigorous conditions. Since one of the 
most important functions of an insulating 
varnish is to exclude moisture from the 
electric windings, it is the opinion of the 
authors that minimum life of a varnish 
film may be taken as the point at which a 
hazardous reduction in moisture resist- 
ance occurs. 

This general line of reasoning has been 
applied to the development and evalua- 
tion of a totally new group of insulating 
varnishes, known as silicones. The first 
silicone varnishes made in the laboratory 
exhibited remarkable heat stability and 
waterproofness when compared to or- 
ganic varnishes. However, it was found 
necessary to modify the original resins to 
suit them to the handling requirements of 
electric-machinery manufacture, and to 
develop new silicone resins for use in dif- 
ferent types of insulation. In this de- 
velopment it was imperative to retain the 
heat stability and moistureproofness of 
the original silicones, and therefore it was 
necessary to have tests which would 
evaluate these properties. 

It is the purpose of this paper to give a 
brief account of the development of the 
materials known as silicones, a descrip- 
tion of their properties as applied to 
electrical insulating problems, and a report 
on some of the results obtained to date 
and on the work now in progress. _ 


Development of Silicones 


Silicones as a new class of high poly- 
meric materials’ resulted from funda- 
mental research in the field of polymer 
chemistry bounded by the glasses and 
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silicates on the one hand and by the or- 
ganic plastics on the other. Interest was 
stimulated by the development of fibrous 
giass for electrical insulation, since insulat- 
ing resins and varnishes of a high order 
of heat resistance were needed before the 
maximum advantage could be taken of 
the thermal stability of fiber glass. It 
soon became apparent that silicones were 
natural complements to glass, mica, and 
asbestos in bonding, filling voids, and ex- 
cluding moisture. 

Silicones are derived from sand, brine, 
coal, and oil as ultimate-source materials. 
However, like certain of the organic high 
polymers which are said to come from 
coal, air, and water, their synthesis in- 
volves a number of steps and a consider- 
able amount of industrial and chemical 
technology as indicated in Figure 1. 
Sand provides the source of silicon and 
when heated with coke from coal and 
chlorine from brine, forms silicon tetra- 
chloride. Organic chlorides, made from 
hydrocarbons derived from coal and oil 
by treatment with chlorine from brine 
are attached to silicon through the use of 
magnesium metal, also from brine. This 
reaction® replaces one or more chlorine 
atoms in silicon tetrachloride with a 
hydrocarbon radical as shown in Figure 1 
to produce a variety of organo-silicon 
chlorides. These are then treated with 
water to remove all the chlorine and by- 
product magnesium chloride. The silan- 
ols so formed condense with each other 
to build up large molecules in a manner 
similar to the hardening of a silicic acid 
gel or the setting of a phenol-formalde- 
hyde resin. 


Liquid Silicones 


One of the first groups of silicone poly- 
mers to reach commercial production was 
the liquid silicones. Several families of 
these silicone fluids are now available in a 
wide range of viscosities. They are 


characterized in general by the properties 


: centistokes. 
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of low change of viscosity with tempera- 
ture, low freezing point, unusual inert- 
ness, and stability to heat. The silicone 
fluids are finding application as gauge 
liquids, damping fluids, and in various 
hydraulic applications. An interesting 
application is the use of a dilute solution 
of silicone fluid for treating ceramic sur- 
faces to render them water repellent. 
Liquid silicones fall into two groups 
based on the range of viscosity and serv- 
ice temperature to be covered. Fluids 
for use down to —55 degrees centigrade 
and below are listed in Table I for one 
type covering viscosity grades up to 100 
The viscosity grades. above 
20 centistokes are nonvolatile and useful 
as liquid dielectrics. Their temperature 
coefficient of viscosity is very low. Fluids 


for use down to —40 degrees centigrade 
and up to 200 degrees centigrade are listed 


in Table II for another type of fluid sili- 
cones covering viscosity grades from 100 
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centistokes upward. All viscosity grades 
in this type are nonvolatile-liquid di- 
electrics with an even lower rate of vis- 
cosity change with temperature than the 
lighter-viscosity fluids of Table I. The 
liquid silicones in Tables I and II are 
further characterized by their heat sta- 
bility, their general inertness, and oxida- 
tion resistance. They are noncorrosive 
to metals and are nonsolvents for rubber, 
synthetics, and other organic plastics. 
Their flash points are considerably higher 
than petroleum oils of equivalent vis- 
cosity and they will burn, when once 
ignited, to form silica, carbon dioxide, 
and water. Their surface tension is low, 
about 20 dynes per centimeter, and they 
readily wet clean, dry surfaces of glass, 
ceramics, and metals, making them water 
repellent. They are insoluble in water, 
and are unaffected by water, dilute 
acids, or salt solutions. They are soluble 
in most organic solvents including carbon 
tetrachloride and aromatic naphthas, 
but are insoluble in alcohol and acetone. 

The dielectric constants of the non- 
volatile types of the silicone fluids listed 
range from 2.7 to 2.8 at room tem- 
perature depending on the viscosity 
grade. The dielectric constant of these 
fluids decreases with increase in tem- 
perature. The change is about that which 
would be expected from the expansion 
data from TablesI and II. The dielectric 
constant of liquid silicones changes very 
little with frequency as shown in Table 
III. The power factors of these fluids are 
unusually low, being less than 0.0001 at 
ordinary frequencies. They do not in- 
crease appreciably with increased fre- 
quency up to 10? and 10% cycles as the 
data of Table III show. At higher fre- 
quencies, there is evidence of a more 
rapid rise in power factor. The power 
factor increases with temperature but re- 
mains lower than a typical transformer 
oil. Their dielectric strength at 60 
cycles is 250-300 volts per mil at 100 
mils. Their. volume resistivity is in the 
order of 10!4 and does not drop below 
1012 at 200 degrees centigrade. The 
low dissipation factors of these liquid 
silicones at elevated temperatures or at 
high frequencies and their inertness to 
moisture indicate them for use in liquid- 
filled capacitors. 


Silicone Greases 


A translucent silicone grease having a 
consistency like petroleum jelly has been 
developed for use as a lubricant for ignition 
cables to reduce corona cutting of the 
insulation and permit easy wiring of igni- 
tion harnesses. It is stable to heat and 
retains the consistency of a soft grease from 
—40 to 200 degrees centigrade. Although 
it is a soft grease in appearance, it has 


the unusual property of not melting on 


exposure to heat. This material also is 
inert and oxidation resistant. It has no 
solvent effect upon synthetic insulations 
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Figure 1. . The general chemical processes 
for the formation of silicones from sand, brine, 
coal, and oil 


or rubber, and tends to prevent the hard- 
ening of these materials when heated in 
contact with air. 

Other greases under development are 
being used for lubricating ball and roller 
bearings. One type can be used at tem- 
peratures as low as —60 degrees Fahren- 
heit and has high-temperature stability 
at least as good as the best available or- 
ganic greases. Another type of silicone 
lubricating grease is showing stability 
in ball bearings several times as great as 
organic greases at the same temperature. 


Silicone Resins 


Silicone resins are available in two prin- 
cipal types. The first is the insulating- 
varnish type, which is comparable in 
physical properties to organic oleoresin- 
ous varnishes. The baking temperatures 
required to cure the currently available 
silicone varnishes are sufficiently high 
(200-250 degrees, centigrade) to prohibit 
their use on organic materials; whereas 
organic varnishes may be used to coat 
cotton, paper, silk, or wood, silicone 
varnishes must be used with inorganic 
materials, such as glass fiber, asbestos, 
mica, or ceramics. The silicone varnish 
is used to coat glass-served magnet wire 
and fiber-glass cloth, and is used as a 
binder for building up flexible mica-glass 
laminated sheet. It is also used as the 
final impregnating and coating varnish. 
to bind together the individual machine 
components and waterproof the complete 
assembly. 

The second type of silicone resin cor- 
responds in general behavior to the or- 
ganic thermosetting resins normally used 
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resistance is indicative of the superior 


Table I. 
moisture resistance of silicone resins. 
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to make rigid laminated insulating parts. 
These more recently developed thermo- 
setting silicone resins are being used to 
bond fibrous glass and asbestos laminated 
structures, and to impregnate special coils 
requiring hardness and rigidity. 

These two types of silicone resin pro- 
vide the means for constructing electric 
machines which contain no organic ma- 


terials. The thermal limitations of the mit extrapolation of highly accelerated Se 
complete insulation may be raised to thermal-aging-test data, 240 aa 
such an extent that thermal aging of the 8 20 


insulation can be ignored in the design ” 10 Benes —— 
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normal operating temperature of the 
machine at a point well below the tem- 
peratures which could be permitted if 
silicone insulation were used. 


Typical Material Tests 


Numerous laboratory tests have been 
made comparing the thermal endurance 
of silicone resins with many of the organic 
resins. The most common test is for 
flexing life on metal panels. This test 
corresponds to the ASTM “heat endur- 
ance” test for varnishes? except that 
elevated temperatures are used. For the 
tests reported a film 0.002 inch thick is 
coated on each side of an aluminum panel 
0.005 inch thick. After aging at tem- 
perature, the end point is determined by 
bending around a definite mandrel (one- 
eighth inch diameter is standard). 

The results of a series of tests to de- 
termine the flexibility life for a silicone 
resin and for one of the better organic 
synthetic resin (phenolic alkyd) var- 
nishes are shown in Figure 2. These 
tests clearly indicate the different order 


Table Il. 


of magnitude of the thermal endurance 
of the silicone resin. It is of particu- 
lar interest to note the tests indicate 
that the life follows the general form of 
law suggested by Montsinger.® This is of 
considerable significance if it can be 
demonstrated that the life of insulation 
on apparatus follows the same law over a 
wide spread in temperature as it will per- 


Tests on Stator Coils 


comparable results to those on materials 
and varnish films. A typical series of 
tests compares standard class-B stator 
coils and similar silicone-insulated coils 
which are identical in all respects except 
the bonding resins, impregnating varnish, 
and surface film. The coils use glass- 
insulated wire, glass-backed mica wrapper 
on the slot section, glass-backed mica 
tape on the diamonds, and are taped all 
over with glass tape. In the series of 
tests reported in Figure 3 the moisture 
resistance of the two groups of coils is 
compared during aging at 200 degrees 
centigrade in air. The initial insulation 
resistances as well as the values after 
aging were determined with the coils half 
immersed in tap water. The values 
were all measured with a 500-volt d-c 
megohm bridge one minute after voltage 
application after one hour in water. The 
curve clearly indicates the considerable 
improvement obtained in thermal en- 
durance of the moisture resistance 
through the substitution of silicone resins 
for high-grade phenolic-alkyd resins. 
The difference in the initial insulation 


with tests on complete apparatus, simu- 
lating severe service conditions so far as 
possible. Such tests should be made at 
several different temperature conditions 
so that the temperature slope of the 
thermal endurance can be established. 
Special tests have been devised to pro- 
vide a common basis for such appraisal 
of the insulation characteristics of motors 
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120 140 160 180 200 220 240 260 280 300 
TEMPERATURE — C 
Figure 2. Comparison of the heat endur- 
ance of organic and silicone varnishes 


Aging to the point of flexing failure is shown 
on aluminum panels for several temperatures 


having high-temperature silicone insula- 
tion. These tests were drawn up by a 
group of engineers representing several 
companies interested in this development. 
The primary yardstick used in these tests 
is the moistureproofness of the insula- 
tion. The equipment and procedure for 


these humidity tests are detailed in the 


appendix. Windings are exposed to hu- 
midity (usually for 24 hours) to deter- 
mine their resistance to moisture both 
initially as a bench mark and after some 
degree of accelerated aging or other 
damaging test. 

To establish the initial condition for a 
bench mark the windings are humidified 
by this method for 24 hours and the in- 
sulation resistance is then measured be- 
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tween winding and frame. Immediately 
thereafter a five-minute high-potential 
test is applied between winding and frame 
using a test-voltage value the same as 
the rated line-to-line voltage of the ma- 
chine. Finally, the machine is operated 
at normal voltage with no load for five 
minutes. 

As a damaging test of thermal en- 
durance it has been recommended that 
motors be operated at 240 degrees centi- 
grade as observed by resistance of the 
winding. The motor should be shut 
down at least once a day to permit ther- 
mal cycling. At periods of 200 hours 
elapsed time (at temperature) the hu- 
midity test should be made to include 
taking insulation resistance data, five- 
minute high-potential test, and _five- 
minute no-load run. Where similar tests 
are to be made at different temperatures 
to explore the slope of the temperature- 
aging curve, it is suggested that the length 
of the running period between humidity 
tests be halved for each 12-degree centi- 
grade increase or doubled for each 12- 
degree centigrade decrease in observed 
temperature by resistance. Such tests 
are now underway by several investi- 
gators comparing silicone and standard 
insulations. It is suggested by the au- 
thors that experimental data from these 
tests be discussed before the Institute as 
the data become available to permit 
rapid evaluation of silicone types of in- 
sulation. 


Conclusions 


It is important to recognize that the 
use of silicone resins in electrical in- 
sulation need not represent any radical 
departures from well-established prac- 
tices. Inorganic components of high- 
temperature insulation have long been 
available and their characteristics proved. 
It was the organic bonds, impregnants, 
and surface treatments which limited the 
thermal endurance of composite insula- 


tion containing mica, asbestos, and fi- 


brous glass. References made in this 
paper to silicone insulation imply the 
substitution of silicone resins for all the 
organic resins in the better grades of 
class-B insulation and do not refer to 
the use of silicone resins as mica sub- 
stitutes in any way. 

Innumerable tests in the laboratory 
and over 50 years of service experience 
have demonstrated that thermal aging is 
the most important single factor in in- 
sulation life. Only after such aging oc- 
curs does good insulation become vul- 
nerable to the other ills which plague it. 
Differences in the thermal endurance of 
various types of insulation have been 
clearly demonstrated to be a function of 
the stability of their essential compo- 


‘nents. Therefore, the recent develop- 


ment of silicone resins promises great 
improvement in thermal stability of in- 
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Table Ill. Dielectric Properties of Typical 
Dow Corning Silicone Fluids 


(At 25 C and 50 Per Cent Relative Humidity) 
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sulation for electric machines as it im- 
proves the weakest link in the insulation 
system. This improvement properly 
utilized by designers can be a great asset 
to the industry. There is no point in 
increasing operating temperature unless 
some useful economic purpose is served, 
but where electric machinery must oper- 
ate at elevated temperatures silicone 
resins and high-temperature insulation 
offer a solution to a previously unsolved 
problem. 

Silicone resins have been demonstrated 
to have thermal stability far beyond 
that of the best of the conventional or- 
ganic materials. It therefore appears 
timely to re-examine the thermal en- 
durance requirements for insulation of 
electric machinery, to evaluate the pos- 
sibile advantages from the use of these 
more heat-resistant materials, and to 
seek means for utilizing them for the 
improvement of electric machinery where 
their use is justified. These general 
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Figure 3. Comparison of the moisture 
resistance of class-B and_ silicone-treated 
insulations on typical a-c generator coils 
during aging at 200 degrees centigrade 


Insulation resistance values were taken after 
one hour immersion in tap water for each 
point 
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problems should be investigated and 
tests made by as many interested en- 
gineers as possible so that a broad per- 
spective may be obtained promptly. 


Appendix. Proposed Equipment 
and Procedure for Standardized 
Humidity Test 


Equipment 


The apparatus to be tested is enclosed in 
a stiitable box or moisture-vapor barrier so 
that it is within the high-humidity atmos- 
phere. The top should be slanting or peaked 
(or otherwise arranged) so that condensate 
does not drip on the winding. It is desirable 
that the sides of the box have thermal insu- 
lation and that the top of the box be un- 
insulated. An open pan of water within the 
enclosure is heated electrically to humidify 
the enclosed air. 


Procedure 


The relative humidity is maintained at 
100 per cent by heating the open pan of 
water within the enclosure to five or ten 
degrees centigrade above the ambient air 
temperature in the enclosure. This should be 
sufficient to produce minute droplet con- 
densate on the frame and insulation surfaces 
of the apparatus. However, it must not 
produce sufficiently severe condensation to 
form puddles or streams of water on the 
insulation. The test equipment should pref- 
erably be located in a room whose ambient 
temperature is between 25 and 30 degrees 
centigrade. Apparatus not open for the 
free circulation of air must have one end 
bracket removed to permit free access of the 
humidified air to all parts of the winding. 
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The Application of Silicone Resins to 


Insulation for Electric Machinery 


J. DeKIEP 


MEMBER AIEE 


Synopsis: Experience with the application 
of silicone resins is described, including 
laboratory tests on materials and coils, as 
well as laboratory tests on rotating appa- 
ratus. Practical problems regarding the 
use of these materials are discussed and 
recommendations made for obtaining an 
adequate high-temperature insulation. 
Thermal aging tests are reported and 
recommendations made as to tentative 
temperature limits for general rating and 
application purposes. 


HE thermal endurance of insulation 

has long been recognized as an impor- 
tant limiting factor in electric-machine 
design. The investigations of numerous 
engineers}? and the electrical-industry 
standards® have clearly indicated that 
operating temperature is the determining 
factor for insulation thermal endurance 
and is, therefore, the primary basis for 
establishing general machine ratings. It 
must be recognized, however, that there 
are frequently other design considerations 
which outweigh temperature limitation. 

The advent of silicone resins is an im- 
portant milestone in insulation develop- 
ment as these resins in combination with 
inorganic insulations such as mica, as- 
bestos, and fiber glass have unusually 
high thermal endurance. It appears that 
' designers may utilize this excellent tem- 
perature resistance in three important 
ways, when permitted by AIEE Stand- 
ards: 


1. To reduce size and weight of some 
apparatus through increase in operating 
temperature. 


2. To permit operation in a high ambient 
temperature. 


‘3. To obtain increased insulation service 
life or reliability where it is desired to main- 
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tain conventional size, weight, and tem- 
perature. 


Silicone-Resin Development 


Recent developments have made pos- 
sible the production of a new class of ma- 
terials known as silicones having certain 
unusual properties which are of vital in- 
terest to the electrical industry. Some 
silicone materials have physical proper- 
ties which are comparable to conventional 
organic materials such as varnishes, oils, 
greases, plastic resins, and film-forming 
materials. They are, however, character- 
ized by a chemical structure in which sili- 
con takes the place of carbon in certain 
portions of the molecule. They have me- 
chanical and electrical stability when ex- 
posed to elevated temperature. Based 
upon recent work by the Dow Corning 
Corporation, it is now apparent that the 
silicone materials can.be produced so 
that they duplicate many of the better 
known organic materials with respect to 
most physical properties. Silicones can 


be “tailor made” for specific applications 


in the same way that organic compounds 
have been developed in the past. Since 
the unusual temperature resistance 
of these materials is of interest to elec- 
trical designers for reasons which will be 
discussed subsequently, a review of pres- 
ent experimental data tending to show 
this unusual thermal stability is in order. 


Material Tests 


One of the simplest tests which can be 
made is to dip a piece of fiber-glass cloth 
into a conventional organic varnish and 
another piece into a silicone insulating 
varnish and then to place the two speci- 
menis in an oven at some elevated tempera- 
ture for a definite period of time. Fig- 
ure 1 shows two samples of fiber-glass 
cloth, one of which was treated in a con- 
ventional phenolic-alkyd varnish which is 


‘used for the treatment of class B appara- 


tus; the other sample was treated in Dow 
Corning 993 silicone varnish. These 
samples were aged at 250 degrees centi- 
grade. In the unaged condition there is 
very little difference in the mechanical 


properties of the two samples. They are 


both good electrical insulators, are not 
seriously affected by immersion in trans- 
former oil, and are quite moisture resist- 
ant. After only two hours’ aging, the 
sample which was treated in organic var- 
nish was seriously affected and after 20 
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hours’ aging had completely deteriorated 
and under no circumstances could be 
considered as a dielectric material, while 
the silicone-treated sample had undergone 
no observable deterioration. 

A more quantitative evaluation of the 
relative thermal stability of conventional 
organic varnishes and silicone varnish 
can be obtained by making the standard 
ASTM flexing life test (frequently called 
heat endurance) for insulating varnishes. 
It has been found that the use of copper 
panels as recommended by ASTM is not 
satisfactory since the copper is prone to 
rapid oxidation and it is desirable to sub- 
stitute either cadmium plated copper or 
aluminum for the test panels. Figure 2 
shows the relative ASTM flexing life of a 
conventional phenolic-alkyd varnish and 
one of the silicone varnishes. It is well 
known that these flexing life tests do not 
indicate the point at which varnish films 
would fail on an electric machine, but 
they are useful for comparing the relative 
order of magnitude of heat endurance. 
The end point of this test corresponds 
roughly to a 14 per cent elongation of the 
film. It is of interest to examine the rate 
at which the maximum elongation for 
failure changes with time and tempera- 
ture. Figure 3 gives the percentage elon- 
gation for failure ont he modified ASTM 
flexing life test plotted against the num- 
ber of hours aging. At 200 degrees centi- 
grade a good phenolic-alkyd organic var- 
nish will last about two hours before fail- 
ure occurs at 14 per cent elongation. One 
silicone varnish under the same condition 
will last about 1,000 hours. At seven per 
cent elongation and 200 degrees centi- 
grade the organic varnish will last about 
40 hours while the silicone varnish will 
last about 1,500 hours. These data indi- 
cate that at the same temperature, the 
silicone varnish may last from 40 to 500 
times as long as an organic varnish. 

A very sensitive test on the relative 
thermal stability of two materials can be 
made by coating copper wire with the 
resins and making elongation tests at 
periodic intervals after aging at elevated 
temperature. Figure 4 gives a detailed 
comparison between a wire enameled with 
an oleoresinous varnish, a synthetic or- 
ganic resin enamel, and one of the silicone 
insulating varnishes. At 150 degrees 
centigrade the silicone-enameled wire was 
aged for 6,964 hours before it failed at an 
elongation of nine per cent while the syn- 
thetic-organic-resin-insulated wire failed 
at a nine per cent elongation after only 
240 hours. At 200 degrees centigrade the 
synthetic-organic-resin-insulated wire 
failed at an elongation of three per cent in 
two hours while the silicone-insulated 
wire was aged for 216 hours before failure 
at the same elongation. 

A critical analysis of all the relative 
data on aging of organic materials and 
silicone materials leads to the conclusion 
that the silicones are highly stable with 
respect to thermal aging; however, since 
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the rate of deterioration with respect to 
different temperatures is not a constant 
factor for either the organic materials or 
the silicone materials, it is necessary to 
compare the two at a specific temperature 
if a comparison of their relative heat sta- 


bility is to be made. It is the opinion of 
the authors that silicone varnishes which 
are now available will protect electric ap- 
paratus for 20 to 100 times as long as con- 
ventional organic materials at the same 
temperature, or to put the matter another 
way, operating temperatures may be 
raised 50 to 75 degrees centigrade when 
these resins are used. 

Since the silicone resins are character- 
ized by extreme heat stability, it would 
be reasonable to suppose that they would 
also require higher temperatures for dry- 
ing and processing. At the present time 
this is the case for most of these. It has 
been found that electric machines insu- 
lated with silicone varnishes must be 
baked at temperatures from 200 to 250 
degrees centigrade for times which are 
comparable to standard processes using 
organic varnishes. There is some indica- 
tion, from recent experimental work, that 
this condition will not always exist. 

Tests on moisture permeability using a 
Payne cup indicate that the moisture 
transmission through films of cured sili- 
cone varnishes is comparable to that ob- 
tained through the better grades of or- 
ganic insulating varnishes and materials 
such as soft vulcanized rubber, molded 
phenolics, or asphalt sealing compounds. 
These tests might lead to the belief that 
very little improvement in the moisture 
resistance of electric machines could be 
obtained by using silicone insulation. 
Actual tests on insulated coils, however, 
indicate that silicone-insulated coils main- 


tain their insulation resistance under high- 


humidity conditions for a much longer 
period of time than do coils insulated 
with organic varnishes. 


High-Temperature Insulating 
Materials 


Extensive tests have indicated that ma- 
terials deteriorate under the influence of 
heat due to two effects which are ap- 
parently independent of each other and 
differ in relative magnitude depending on 
the specific materials. One of these effects 
is caused by oxidation and can be pre- 

” i 


Figure 1. Samples of fiber-glass cloth coated 

with organic resin and silicone resin varnishes 

showing effect of aging at 250 degrees centi- 
grade 


vented to a certain extent by minimizing 
the presence of oxygen. The second ef- 
fect, sometimes called thermal decompo- 
sition, is primarily a function of time and 
temperature. Since most conventional 
organic materials show rapid thermal de- 
terioration below the processing tempera- 
tures for silicone resins, it is desirable 
that, all such materials be eliminated 
from the coils, filling strips, wedges, and 
other insulating structures of a machine. 
Therefore, it has been necessary to de- 
velop a complete line of insulating ma- 
terials based on silicone resins which re- 
place the conventional materials con- 
taining organic matter susceptible to 
thermal decomposition. Silicone-var- 
nished-glass cloth,  silicone-glass—mica 
wrappers, silicone- glass-covered wire, sili- 
cone filling cements, silicone-glass—mica 
tape, silicone-sized glass tape, and sili- 
cone-treated asbestos cloth have been de- 
veloped for limited use in high-tempera- 
ture insulated machines. In certain cases 
it is difficult to eliminate thin layers of 
tissue paper on composite mica insulation 
and before processing in silicone varnish, 
it is desirable to prebake apparatus to 
eliminate the volatile portions of such 
organic material. ; 


Heat, Vibration, and Expansion 
Tests on Coils 


Tests were run on armature coils with 
three different types of class B insulation 
in comparison with high-temperature- 
silicone insulation. These were wound 
into a core and subjected to severe vibra- 
tion and thermal cycling in combination 
with accelerated thermal aging. The 
coils were typical d-c generator armature 
coils and each coil consisted of two single 
coils per slot composed of four strands 
of 0.114 by 0.229-inch copper ribbon. All 
groups had mica ground insulation, but 
numbers 2 and 4 used glass-backed mica. 
Groups 1 and 3 were finished with asbes- 
tos tape and were treated with a high- 
grade organic thermosetting varnish and 
groups 2 and 4 with glass tape. Groups 
1, 2, and 3 were treated with thermoset- 
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ting varnish and group 4 with silicone 
varnish. There were nine coils from each 
group wound in a core as shown in Figure 
5. A fractional-horsepower high-speed 
motor operated on an unbalanced fly- 
wheel to provide severe vibration. All 
the coils were connected in series and ener- 
gized through a cycle drum and a timer so 
that the coils were heated for 12 minutes 
and cooled by a blower for 18 minutes. 
The test ran 16 hours a day for 36 days, 
during which the coil temperatures were 
between 209 and 230 degrees centigrade. 
The asbestos finishing tape in groups 1 
and 3 showed serious thermal deteriora- 
tion and the glass tape in group 2 became 
hard and brittle, while the glass finishing 
tape of group 4 (high-temperature-sili- 
cone insulated) was still soft and flexible. 
Mica treated with silicone resin retained 
considerable more flexibility than the 
class-B mica insulation. The glass-cov- 
ered conductor insulation was in usable 
condition on both groups 2 and 4 but the 
insulation on the wire with silicone treat- 
ment had better flexibility than that 
treated with organic resin. 


Thermal Aging Test of Totally 
Enclosed Induction Motor 


It is believed that the first motor suc- 
cessfully treated with silicone resins was a 
totally enclosed fan-cooled induction mo- 
tor on which tests were started early in 
April 1942. For this test it was designed 
for ten horsepower, three phases, 60 cy- 
cles, 440 volts, four poles, 1,690 rpm. 
It was insulated with the best available 
grade of class-B insulating materials 
using glass and mica and the finished 
winding treated with silicone varnish, 
(Composite high-temperature-silicone in- 
sulating materials were not used as at 
that time they were not available.) 


SUMMARY OF TESTS 


1. Complete engineering tests were made 
including full-load temperature run at rated 
horsepower (100 degrees centigrade rise by 
thermocouple). 


2. The motor was overloaded, the tem- 
perature reaching 416 degrees centigrade in 
11/, hours. : 


8. The load was reduced until the tem- 
perature stabilized at 300 degrees centigrade. 


4, The motor was heavily overloaded for a 
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period of 45 minutes, the temperature of the 
windings reaching 506 degrees centigrade. 


5. After the foregoing tests the motor was 
retreated and then given a thermal endur- 
ance test at a load producing 210 degrees 
centigrade rise by resistance. This test 
continued for a total of 3,876 hours at an 
estimated hot-spot temperature of approxi- 
mately 250 degrees centigrade. 


6. Periodically the motor was dismantled 
for examination and exposed to high hu- 
midity and various insulation tests. 


DETAIL DISCUSSION 


After thermal endurance test of 920 
hours the silicone-varnish treatment was 
in generally good condition. The wind- 
ings stood high-potential and high-fre- 
quency tests at 2,000 volts, insulation-re- 
sistance tests, and high-potential tests 
after exposure to humidity without fail- 
ure. After a severe humidity test with 
end bells removed, the insulation resist- 
ance was reduced but was adequate for 
operation, The motor was again ex- 
amined and given humidity and insula- 
tion resistance tests after 2,250 hours ag- 
ing. The varnish showed slight signs of 
deterioration but remained reasonably 
good. After 3,376 hours of operating on 
the accelerated aging test the motor 
stalled due to bearing failure. The rotor 
conductors melted and flowed over the 
windings as is shown in Figure 6. The 
silicone varnish and insulation were in rela- 
tively the same conditions as when last 
examined. It was evident that the bear- 
ing was the cause of failure. On the ba- 
sis of this evidence it may be concluded 
that the winding and insulation were suit- 
able for further operation. To examine 
the condition of the insulation, the motor 
was stripped. The resin was found to be 
brittle and to powder as the winding was 
stripped. At places the glass tape in the 
end windings broke easily. Loosening 
of the glass was more frequent in the end 
‘windings than in the slots, but glass- 
backed mica cells were still solid and 
flexible to a considerable degree. In 
most places the glass wire covering still 
retained adhesion to the conductors. It 
must be recognized that in this first sili- 
cone-treated motor other resins and bonds 
were used, the silicone varnish being used 
only for final treatments. 
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Thermal Aging Test of Medium- 
Size Three-Phase Generator 


The stator winding of this generator 
was completely insulated with high-tem- 
perature-silicone insulation. This in- 
cluded silicone resins for treatment of the 
glass-covered wire, mica bond, treatment 
of glass cloth and tape, impregnation of 
the coils, and surface dipping of the 
wound stator. All ground insulation was 
glass-backed mica wrapper or tape. 
Treated glass was used only as a separa- 
tor or binder. Slot wedges were of the 
best available grade of phenolic-bonded 
asbestos laminate plus a few made of phe- 
nolic-bonded glass-cloth. 


WATER-SPRAY TEST 


An initial water spray was made to 
check the moisture resistance of the wind- 
ing. During a 48-hour spray test the 
insulation resistance (one-minute value) 
of the winding fell from 28,000 megohms 
to 2,600 megohms, 


THERMAL AGING TESTS 


While heating the stator, the generator 
was driven at normal speed with the sta- 
tor winding short-circuited. Field cur- 
rent was adjusted to produce a stator cur- 
rent of 21/2 times normal, resulting in ap- 
proximately 210 degrees centigrade rise 
by resistance. Thermal cycling of the 
winding was obtained by operating the 
stator on short circuit on alternate days 
only. At other times the stator was oper- 
ated on open circuit with the field over- 
excited. This resulted in approximately 
40 per cent above normal voltage being 
generated in the stator winding producing 
the effect of overpotential test on turn 
and ground insulation. A further pur- 
pose was to provide thermal cycling of 
the windings on these alternate days. 

The following temperatures in degrees 
centigrade were observed on the stator 
and are representative: 


Ambient air temperature.............. 
Winding rise (by resistance)........... 211 


Core rise (by thermometer)............ 94 
Frame rise (by thermometer).......... 42 
Outgoing air rise (by thermometer).... 69 


Periodically during the thermal aging 
test the machine was examined. The 
visual aging of the outer varnish film was 
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TEMPERATURE — C 


Figure 3. Comparison by elongation of 

silicone varnish film 0.002-inch thick and 

organic varnish film 0.002-inch thick after 
thermal aging 


very slight during the whole test. The 
machine operated for.2,966 hours with 
the stator winding at the conditions pre- 
viously described. Based on 211 degrees 
centigrade rise by resistance with a 25-de- 
gree-centigrade ambient temperature and 
a 15-degree-centigrade hot-spot allow- 
ance, this is equal to approximately 250 
degrees centigrade hot-spot temperature. 
At the end of this thermal aging test the 
winding was humidified, by maintaining 
exposed water surfaces heated above the 
ambient temperature in an enclosure. The 
generator was covered with a double 
thickness of waterproof paper and a tar- 
paulin. Water was evaporated at the 
rate of approximately three quarter 
gallon per 24 hours within this enclosure 
and the following values of insulation re- 
sistance observed: 


Stator Winding 


Time of Megohms 
Humidification (One-Minute Value) 
Start Oe: ros. saith cietepstyers 4,900 
BAYS shia.4 o sislenets Mista seaidatehelstaleie = 2,800 
16-day Saesia eke tio s a sinc totes ofeite 1,300 
UO days sags + cpa ees laure eetaes 380 


FInaL INSULATION TESTS 


Immediately upon completion of the 
final humidification test a series of tests 


was made on the stator winding (without 


dryout) as follows: 


1. High-potential test to ground at 1.4 
times rated voltage (60 cycles) for five 
minutes. 


2. Operation open-circuited at normal 
speed with maximum field excitation (40 
per cent overvoltage) for one hour. 

8. Short circuit applied to stator terminals 
with field excitation set for normal open- 
circuit voltage. Applied for two minutes, 
with no evidence of loosening of winding. 
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4. Insulation resistance—10,200 megohms; 
dissipation factor—3.2 per cent. 


5. Intentional destruction by high-poten- 
tial test (without drying out winding). 
Held 1,000 volts and failed at 1,600 volts in 
12 seconds. (Rated operating alternating 
voltage =440 volts.) 


Laboratory Tests on General- 
Purpose Induction Motors 


Numerous totally enclosed fan-cooled 
induction motors have been made using 
high-temperature-silicone insulation and 
subjected to operation at high tempera- 
ture. None of these motors as yet show 
any marked deterioration of the insula- 
tion as indicated by insulation-resistance 
readings and all motors have been sub- 
jected to high-potential tests with no 
breakdowns. The motors listed in Table 
I with the operating temperature and 
time of operation up to date were still 
under test at the time of preparation 
of this paper. 

The table indicates that the use of sili- 
cone varnish and materials will make it 
possible to operate electric apparatus at a 
higher temperature than has been used 
previously. It must be recognized that 
in the use of higher operating tempera- 
tures, other problems must be studied. 
Air gaps may have to be larger to allow 
for more expansion of the rotor, bearings 
will haveto allow for more shaft expan- 
sion, and bearings and lubricants must 
operate at higher temperatures. 


High-Temperature Lubricants 


From the standpoint of machine con- 
struction and operation, it is obvious that 
if the greater temperature stability of sili- 
cone resins and insulating materials is to 
be utilized it is necessary on certain ap- 

‘paratus to obtain lubricants which will 
function at higher temperatures. The 
development of silicone oils and greases 
has advanced to the point where it ap- 
pears that these materials enjoy the 
same superiority over organic lubricants 
as silicone varnishes enjoy over organic 
varnishes. Tests on actual motors have 


Table | 
iD 
Winding (Deg C) 
Motor (Hp) Temperature Hours 


Marca 1945, VoLuME 64, 


Oe eee | 


200 
re 
z !00 
6 a eat 
we an tH 
w 50 | | t 
o SILICONE 
| | Ib 
= 
2 20 +4 tH IL 
w 
Fe) 
10 
z = 1H 
fe) 
pe tall 
st Al 
Oo |__| SYNTHETIC, 
2 ORGANIC 
fe) 
= 
are il 
OLEORESINOUS | 
| 
oO 1 fe} [e} (eo) O° (o} 
= IN wy O 10 ORO 


2000 
5000 


N )» Oo 
TIME — HOURS AT 150 C 


10,000 


Figure 4. Elongation failure versus time for 
resin films on number 18 copper wire 


indicated that the better grade of organic 
lubricants cannot be operated for ex- 
tended periods of time above 90 degrees 
centigrade. Comparable tests on sili- 
cone greases lead to the belief that bear- 
ings lubricated with these materials can 
be operated at about 50 degrees centi- 
grade above conventional limits. Ex- 
tensive tests are now in progress and it 
appears likely that machines will be in 
service which have not only silicone 
treated and bonded insulation but sili- 
cone lubrication as well. 


Review of Design Factors 


A large number of general-purpose in- 
duction motors have been wound using 
silicone-treated materials and silicone as 
an impregnating varnish. On open, 
splashproof, and semienclosed motors 
where the performance of the motor rather 
than the temperature determines the 
amount of material used, the use of high- 
temperature insulation gives no advan- 
tage. The size of these motors is deter- 
mined by the pull-out torque, starting 
torque and starting current, efficiency, 
and power factor and it is found that 
when the above factors are maintained 
at values acceptable to the users, the 
temperature rise is such that present 
class B insulation has sufficient thermal 
stability to give life comparable to pres- 
ent class-A-insulated motors. 

Silicone materials may have a use on 
totally enclosed and totally enclosed fan- 
cooled motors, as the present allowable 
temperature limits definitely determine 


the amount of material used, The design 


of these motors for maximum use of the 
electric parts, keeping the performance 
acceptable as stated above, gives tempera- 
tures somewhat in excess of the allow- 
able class B temperature. For this type 
motor, the use of silicone materials with 
the higher temperatures may be advan- 
tageous. 

Several totally enclosed and fan-cooled 
motors have been made and tested experi- 
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mentally. The performance of these mo- 
tors is not the ultimate performance as 
the electric parts used were those cur- 
rently in use in class-A-insulated ma- 
chines. For a true high-temperature mo- 
tor for maximum use of the material it 
will be necessary to change the relation 
of copper to iron, the quality of the iron, 
length of air gap, and so forth. Further 
studies of this problem are now under 
way. 


Special Considerations and 
Limitations 


There has been considerable discus- 
sion of some of the limitations of silicone 
resins; for example, mechanical fragility, 
low abrasion resistance, and poor oil and 
solvent resistance. In this connection it 
must be recognized that there are many 
of these materials with varying physical 
characteristics. It is true that some, par- 
ticularly the early forms, were consider- 
ably inferior to the better organic resins 
in some of these characteristics. How- 
ever, there is considerable difference be- 
tween silicone resins in this respect. More 
recently developed resins have been even 
better, and are now readily usable. That 
essential silicone characteristic, thermal 
stability, tends to make the resins diffi- 
cult to cure. Asa consequence, full physi- 
cal characteristics, such as abrasion re- 


sistance, may not be developed unless 


proper processing is obtained. In using 
high-temperature-silicone insulating ma- 
terials it is important that precautions be 
taken in every stage of manufacture to de- 
velop the essential physical and chemical 
characteristics of the silicone resins. 

The high baking temperatures (usually 
200 degrees centigrade to 250 degrees 
centigrade) necessary for curing silicone 
resins, in the present state of the art make 
it imperative that composite insulations 
contain little if any organic materials. 
All bonding resins for composite insula- 
tions should be silicone and an absolute 


Figure 5. Test setup for severe thermal aging, 
thermal cycling, and vibration test 
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First silicone-treated motor after 
bearing failure 


Figure 6. 


Operated 3,376 hours at 250 degrees centi- 
grade hot-spot temperature 


minimum of cellulose materials should be 
used for structural purposes. Before ap- 
plying silicone treatment, either by im- 
pregnation or dipping, the coil or appara- 
tus should be baked out, at a temperature 
at least equal to the final baking tempera- 
ture, to drive out all gas from decompo- 
sition of organic materials such as is con- 
’ tained in small percentages of cellulose. 

_ It should be recognized that there is 
much to be learned regarding these new 
silicone compounds and their application 
to electric apparatus Furthermore, the 
high-temperature-silicone insulating ma- 
terials are available in limited quantities. 
It, therefore, appears advisable to re- 
strict the use of high-temperature-silicone 
materials to a few specific applications so 
that this development will be carried out 
in an orderly and progressive manner. 


Interpretation of Tests 


Tests on silicone resins, silicone-treated 
materials, and wound apparatus treated 
with silicone varnishes demonstrate that: 


1. An unusually high order of thermal en- 
durance is obtained. 


2. The materials are usable with relatively 
minor variations in conventional processes 
(mainly in baking temperature). 

8. That onsome types of electric apparatus 
an appreciable advantage may be obtained 
in rating through operating at the higher 
temperatures when such are permitted by 
AIEE Standards. 


Conclusions and Recommendations 


Silicone resins and composite high- 
temperature-silicone insulation materials 
promise considerable improvement in the 
thermal endurance of electrical insulation. 
The exact improvement is difficult to eval- 


uate and will require much additional ex- 
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PEED CONTROL of wound-rotor 

induction motors where the torque 
is in the same direction as the mechanical 
rotation may be accomplished with mod- 
erate success merely by the use of adjust- 
able resistance in the secondary or rotor 
circuit, provided the torque being de- 
veloped by the motor is appreciable. 
Where the torque must be contrary to the 
rotation, for example, crane-hoist lower- 
ing, the problem of control at less than 
synchronous speed becomes much more 
complex, and special consideration in 
control design is required. Such refined 
subsynchronous speed control can be at- 
tained, provided the torque is in excess 
of possibly 35 per cent of full load, by ex- 
citing the motor stator with direct cur- 
rent and adjusting rotor resistance in 
the ordinary way. For those applications 
where the countertorque is less than 50 
per cent normal, or absent altogether, 
satisfactory speed control is provided by 
application of adjustable unbalanced 
polyphase voltage to the motor primary. 
Neither of these systems is entirely satis- 
factory for the complete speed—torque 
range, since the former does not provide 
low torque at high speeds and the latter 
does not provide rated torque at slow 
speeds. Both require considerably 
greater input current than the motor 
would require to develop an equivalent 
countertorque with balanced polyphase 
voltage applied. It is possible, of course, 
to control the countertorque in the ortho- 
dox manner by an adjustable rotor re- 
sistor. This system has been used exten- 
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sively, but is considered satisfactory only 
for certain applications involving pre- 
determined loads. 

The performance characteristics of the 
polyphase induction motor, when operat- 
ing with unbalanced primary voltage, 
have long been understood, and litera- 
ture on the subject has appeared from 
time to time. Reaction to the use of un- 
balanced voltage generally has been 
pessimistic because of the associated 
phenomena of relatively high input cur- 
rent for a given output torque. It is the 
purpose of this paper to describe briefly a 
system of control which incorporates a 
new feature, namely, variable unbalanced 
primary voltage automatically responsive 
to speed. Introduction of variable un- 
balance has made it possible to: 


1.- Employ unbalanced voltage without the 
excessive input current which might be 
expected. 


2. Obtain characteristics providing any 
degree of starting torque from zero to 75 
per cent full load without adjustment of 
rotor resistance. : 


8. Obtain less than synchronous speed 
with no load. 


4. Obtain characteristics providing re- 
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perience and test work. It is believed 
conservative to state that the silicone ma- 
terials with which the authors are familiar 
have from 50 to 75 degrees centigrade 
advantage over conventional class B in- 
sulations. 

It is the recommendation of the au- 
thors that the availability of this new 
type of insulation be recognized at once 
by the assignment of some classification 
or designation to differentiate it from 
class Band C. Itis further suggested that 
a tentative limit be established for this 
insulation at 40 degrees centigrade above 
the present observable temperature (by 
resistance) for class B. Furthermore, an 
increase of five degrees centigrade in hot- 
spot allowance is suggested. On this 
basis, it is suggested that the limiting hot- 


spot temperature for high-temperature- 


silicone insulation (corresponding to the 
130 degrees centigrade limit for class B 


insulation in AIEE Standard 1) be set, 
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at 175 degrees centigrade. It is recog- 
nized that certain industries have special 
standards and that only experience and 
further tests will demonstrate what their 
limits should be. It is the opinion of the 
authors that these recommendations are 
conservative but that the proposed tem- 
perature limits will give designers a sig- 
nificant advantage over class B tempera- 
ture limits. 
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Figure 1. 
characteristics 


TQ-1, 


the new system 


tarding torques which are zero at zero 
speed, and which cover a speed range of 0 
to 35 per cent at light or no load, and 10 
per cent to 150 per cent at full load. 


The essential elements of the control 
system are shown in Figure 10, and in- 
clude a variable impedance reactor, a 
phase shifter, and a speed detector with 
amplifier, in addition to the parts com- 
posing a standard reversing controller. 


Performance With Unbalanced 
Voltage 


The familiar mental conception of the 
reactions taking place in an induction 
motor pictures a single revolving magnetic 
field on the stator, the rotor following at 
somewhat lessened speed, with voltage 
and frequency existing in the rotor wind- 
ings in proportion to the slip. If the ap- 
plied polyphase voltage happens to be 
unbalanced, the revolving field becomes 
unsymmetrical, that is, it does not have 
the same magnitude for all positions on 
the stator. This unsymmetrical field can 
be analyzed by the method of symmetrical 


T2-L2 


Figure 2. Vector relations for 
across motor windings W1 and W2, for the 
four conditions of unbalance producing the 
limiting speed-torque characteristics of 
“2 Figure 1 
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Derivation of the four limiting speed-torque 


TQ-2, TQ-3, and TQ-4 used in 


voltages 


tarding torque. Curve J, shows the cur- 
rent input for balanced voltage, corre- 
sponding to TQ-1. 

From the viewpoint of symmetrical 
components, 7Q1 may be considered to 
be the positive-sequence torque compo- 
nent, where the negative-sequence com- 
ponent is zero. The new system uses a 
minimum unbalance in voltage as caused 
by the displacement voltage vector EX1 
in Figure 2, where EX1 equals 0.23E. 
For the minimum unbalance illustrated 
the positive-sequence speed—torque char- 
acteristic is shown by curve TQP2, and 
the negative-sequence component by 
TQN2 in Figure 1B. The positive com- 
ponent is quite similar to the positive 
component 7TQ1 for balanced voltage, 
except that the magnitude is reduced 
along the torque axis. The loss in torque 
is caused by a net reduction in primary 
voltage (winding W1 96 per cent normal 
and winding -W2 80 per cent normal). 
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Figure 3. Speed- 


torque characteristics 
for motor with speed- 


responsive _variable 


unbalanced voltage 
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from C toward D 


components. By this means this unsym- 
metrical field can be replaced by two 
symmetrical fields, one of which revolves 
in the same direction as the rotor (posi- 
tive sequence) and the other of which 
revolves in the opposite direction (nega- 
tive sequence). The relative magnitude 
of negative sequence increases with the 
degree of unbalance. The net output 
torque of the motor is, of course, the 
algebraic summation of the component 
positive- and negative-sequence torques 
which are developed in the rotor due to 
the positive- and negative-sequence stator 
fields. 


High Secondary Resistance— 
Limited Input Current 


A fundamental of the new system, and 
one of prime importance, consists in the 
use of a single relatively high value of ex- 
ternal rotor resistance for all subsyn- 
chronous speed control which will pro- 
duce the speed-torque characteristic TQ-1 
in Figure 1A. The curve TQ-1. shows 
that within the operating range in the 
fourth quadrant the motor operation is 
stable, that is, an increase in speed is al- 
ways accompanied by an increase in re- 
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The negative-sequence component is 
similar to the positive component, ex- 
cept the magnitude is lower since the un- 
balance is not great, and it is inverted on 
the speed axis since the slip for this field 
is opposite to that for the positive field. 
The motor shaft torque is the algebraic 
sum of the two components, or the char- 
acteristic TQ2. 

If the motor primary voltage is further 
unbalanced by increasing the displace- 
ment vector EX2 (Figure 2) to 0.866Z, 
single phase is essentially applied to the 
motor. The positive (TQP-3) and nega- 
tive (TQN-3) sequence components are 
equal in magnitude for equal degrees of 
relative slip, and therefore the shaft 
torque characteristic TQ3 passes through 
zero torque at zero speed and the shaft 
torque opposes the rotation at all speeds. 

If EX is increased in magnitude still 
further, as shown by E£X3, the phase 
sequence at the motor terminals is re- 
versed and the negative-sequence torque 
component becomes predominant as 
shown by a comparison of TQP-4 and 
TQN-4. The corresponding motor shaft 
torque passes through zero at minus 35 
per cent speed and shows that negative 
torque is developed at zero speed. 
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Speed-Responsive Variable 
Unbalance 


The four speed-torque characteristics 
TQ-1, TQ-2, TQ-3, and TQ-4, each re- 
sulting from the application of different 
values of fixed unbalanced voltage and 
with input current limited, do not cover 
effectively the area of the fourth quadrant 
(Figure 3) and are therefore unsuitable in 
themselves for speed control at all loads. 
The new system provides the necessary 
coverage by effecting an automatic trans- 
fer in response to speed from either of the 
characteristics TQ-3 or TQ-4 at zero 
speed toward or to the characteristic TQ- 


Figure 4. Saturable reactor—arrangement of 
cores and coils 


L2-T2 


2 at any selected negative speed. The 
curves are of the general shape shown in 
Figure 3. They are quite different, par- 
ticularly in the low-torque regions, than 
any speed-torque characteristics hereto- 
fore attained. There may be as many 
intermediate curves as desired, and 
they may originate from either TQ-3° or 
TQ-4 at zero speed. 


Variable-Impedance Reactor 


The vector voltages EX1 and EX2 
and any intermediate value shown be- 
tween L1 and 71 in Figure 2 are produced 
by a single-phase variable-impedance 
reactor connected between these points. 
The vector voltage ZX3 and EX1A and all 
intermediate values are produced by the 
same reactor in combination with a phase 
shifter. It may be argued that with any- 
thing less than infinite impedance, the 
reactor drop EX2 from L1 to T1 cannot 
equal 0.866E. This is true, but if the 
impedance in ohms is not less than 
0.026E?2 motor horsepower there is no 
effective phase rotation at the motor 
terminals and no torque is developed at 
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the shaft. It is desirable that EX1 be 
made as small as possible in order closely 
to approach normal three-phase operation 
for developing high retarding torque. 
Practical considerations, however, place 
a limit on the degree to which EX1 can 
be reduced, and the design is a compro- 
mise between size of the reactor and the 
degree of unbalance that can be toler- 
ated. With a reactor weighing about 20 
per cent of the weight of a six-pole 60- 
cycle motor and capable of a change in 
impedance of 55 to 1, EX1 can be re- 
duced to 0.23E and the maximum result 
is the point 1 curve shown in Figure 3. 
The reactor is of the d-c saturable 
type, where the a-c impedance can be 
varied by control of the core flux with 
direct current. Physically it consists 
of two identical cores mounted adjacent 
to each other, and each with an identical 
a-c coil. (See Figure 4.) The coils are 


_connected in parallel but in reversed re- 


lation such that the flux in the two cores 
is always of equal magnitude but of op- 
posite polarity. Both cores are enclosed 
in a third coil, which is unaffected by a-c 
flux in the cores since their summation, 
due to the opposite polarity, is always 
zero. Application of direct current to 


Figure 5. lHypo- 
thetical equivalent 
circuit and vectors for 
combination  consist- 
ing of motor windings 
and the phase shifter 
RPD-XPD (Figure 2) 


this third coil introduces undirectional 
flux and thus reduces the capacity for 
alternating flux and accordingly the re- 
actance of the a-c coils. The d-c energy 
required for excitation of the reactor is 
quite small compared to the a-c energy 
that may be controlled. Considering 
the maximum a-c volt-amperes at 100 
per cent, the minimum will be eight per 
cent and the direct current energy to 
cause this change will be 0-1.5 per cent, 
for the reactor as designed for this con- 
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BALANCED VOLTAGE 


x £a7-6 
EXCITING COIL. 
MAIN REACTOR 


Figure 6. Circuit for amplification of detector 
output 


trol system. The solid curves in Figure 3 
in the-region below 50 per cent torque are 
steady-state values. The expanded por- 
tions of curves 1, 2, and 3 show a certain 
transient degree of indeterminancy as- 
sociated with rapid changes of torque. 
This is caused by the time constant of the 
d-c exciting circuit of the reactor. The 
motor performance is affected only when 
low flux densities and the associated 
slower time response is involved. 


Phase. Shifter 


The phase shifter is a series reactor 
and resistor combination, indicated by 
XPD and RPD in Figure 2. As con- 
nected, the resistor RPD and motor 
winding W1 form one element ofa wye- 
connected three-phase load. The second 
element is the reactor XPD and winding 
W3, and the third is the reactor (voltage 
drop EX3). The neutral of the wye- 
connected load is therefore the motor 
terminal 71, and the displacement of the 
netitral with respect to L1—L2-L3 deter- 
mines the unbalance of voltages applied 
to the motor windings. Each of the ele- 
ments contains reactance and resistance, 
and each may be resolved into hypotheti- 
cal equivalent circuits per Figure 5, 
where the three elements are Z1, 22, Z3. 
By choice of values for XPD and RPD, 
so that the hypothetical impedance of 
Z2 and Z3 are about half the hypotheti- 
cal impedance of the motor winding with 
the secondary resistor connected, Z2 be- 
comes preponderantly reactance, and 23 
becomes preponderantly resistance. The 
quantity Z1 is much greater than either Z2 
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: MASTER CONTROLLER 
or Z3 when the reactor is unexcited, there- 
fore its effect on the position of the hypo- 
thetical neutral can be neglected, and the 
approximate location can be determined 
by a vector analysis of Z2 and Z3 in 
series across the voltage L2-L3. A vec- 
tor diagram of the component voltages 
through Z2 and Z3 appear in Figure 5, 
showing how the neutral of this system is 
displaced- with respect to the reference 
voltages L1—L2-L3, to produce the vec- 
tor EX3 shown in Figure 2, and reversed 
phase sequence. 


Speed Detector and Secondary- 
Voltage Phenomena 


Direct current for control of the reactor 
impedance must vary, not necessarily 
directly, but at least as a function of mo- 
tor speed. The source of power for con- 
trol of this direct current is the motor 
secondary voltage, and particularly the 
high-frequency modulations that exist 
therein. 

When operating the motor with un- 
balanced primary, the secondary terminal 
voltage is the summation of the positive- 
and negative-sequence voltages being 
generated in the rotor coils. For normal 
operation with balanced primary voltage, 
only the positive sequence exists, and the 
secondary voltage has a perfectly finite 
magnitude and frequency for any selected 
speed (slip). Thus in the increasing 
speed range 0 to minus 100 per cent the 
magnitude increases from Es to 2Es, and 
the frequency increases from 60 to 120 
cycles for 60-cycle applications. The ap- 
pearance of the negative-sequence com- 
ponent, with its descending magnitude 
and frequency (60 to 0 cycles) in the same 
speed range, produces modulation in 
magnitude of the predominating positive- 
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Figure 8. Current in- 
put and per cent 
average heating of the 
three motor primary 


windings for  ten- 
horsepower six-pole 
wound-rotor motor 
“Fast’ and ‘slow’ 


refer to speed, and 
the former is accom- 
panied by high un- 
balance, the latter by 
low unbalance when 
developing a given 
torque. The _ insert 
shows a comparison 
of average winding 


heating associated 
with four different 
systems of control, 


when exerting full- 
load torque at the 
lowest possible speed 


its fundamental frequency. Besides these 
modulations there is still another vari- 
able in the secondary voltage, resulting 
from the variable unbalance. This vari- 
able is indirectly associated with speed 
in such a way that a rise in speed is 
accompanied by a rise in secondary volt- 
age, however only in proportion to the 
torque being developed. Thus as the 
speed rises from 0 to minus 100 per cent 
the magnitude of the secondary voltage 
is largely indeterminate, but its frequency 
has a perfectly definite value for any 
speed. The speed detector therefore has 
been designed for minimum response to 
magnitude of impressed voltage, and 
maximum response to the frequency 
thereof. 

The detector itself consists simply of a 
three-phase transformer operating at high 
flux density, a capacitor in series with each 
primary coil, and a rectifier to convert 
the output to direct current. The im- 
pedance of a capacitor varies inversely 
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Figure 9. Wiring diagram for hoist application 
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with the applied frequency, therefore the 
terminal voltage on the transformer pri- 
mary will increase as the frequency rises 
from 60 to 120 cycles. The wave form 
of the transformer secoridary voltage is 
peaked rather than sine form due to the 
core saturation, and the increased pri- 
mary voltage increases the amplitude of 
the peaks because of increased time rate 
of flux reversal. The increase in ampli- 
tude is accompanied by lessened duration, 
so that the energy per peak remains about 
constant. As the frequency rises there are 
more peaks per unit time, hence the out- 
put of the system varies directly as the 
frequency, except as modified by the rela- 
tively minor motor secondary voltage 
variations from other causes. The in- 
crease due to the presence of the ca- 
pacitors can be made to transcend that 
due to other causes with the result that 
the output of the detector system re- 
sponds fairly well to frequency and con- 
sequently to speed. 

It is necessary that the excitation of 
the main reactor be zero at zero speed, 
hence the detector output voltage exist- 
ing at zero speed must be nullified. This 
is accomplished by paralleling the output 
of the detector with another rectified 
constant voltage and completing the cir- 
cuit for both through a common loading 
resistor. Current cannot flow backwards 
through a rectifier, therefore whichever 
voltage of the two is the higher will 
furnish all the current to the loading re- 
sistor. The two voltages are nearly bal- 
anced with the motor at zero speed, with 
the detector voltage slightly low, so that 
only negligible current can flow to the 
amplifier. Increase in speed towards 
minus 100 per cent causes the detector 
voltage to go into the ascendency to ex- 
cite the amplifier. 


Amplifier 


The energy consumed by the loading 
resistor in the detector system mneces- 
sarily constitutes most of its output, and 
the system is accordingly an inefficient 
device. For this reason it is desirable to 
keep its component parts small and re- 
‘sort to an amplifier to obtain the required 
excitation energy for the main reactor. 
Another reason for use of the amplifier 
lies in the fact that the detector system 
may be standardized and applied to all 
ratings of motors, with the variables be- 
ing taken care of by the amplifier. 

The amplifier is a single-phase a-c 
bridge composed of two reactors, each of 
which is of the same general design as the 
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main reactor, except that the d-c exciting 
coil is omitted from one. The impedance 
of the reactor with the exciting coil is, of 
course, variable and its two a-c coils are 
connected diametrically opposite in the 
bridge as per A in Figure 6. The coils B 
are on the other reactor and are of fixed 
impedance. Output energy from the de- 
tector reduces the impedance of coils A, to 
upset the balance of the bridge and pro- 


duce a potential difference at X and Y 


with consequent input to the exciting 
coil of the main reactor. 


Input Current 


Application of unbalanced voltage to 
the primary windings of a motor, of 
course, produces unbalanced current in- 
put. Reference to Figure 8 indicates 
that, for the particular type of unbalance 
under discussion, the current to two mo- 
tor terminals is somewhat greater than the 
balanced current for equivalent torque, 
and the current to the third terminal 
(with reactor) is always less. Terminal 
current is the vector sum of the motor 
winding currents, and in this case where 
variable unbalance is concerned, both the 
magnitude and phase relation of the com- 
ponent winding currents are variable. 
Thus, to deliver a given torque such as 
100 per cent at low speed, the motor will 
be operating under nearly normal con- 
ditions with low unbalance, and the mag- 
nitude and phase relations of the winding 
current are nearly normal (see Iz1,z2)23 
—SLOW). 

If it is desired to increase speed and 
maintain this same torque, the unbalance 
will be made greater. 

This is accompanied principally by a 
lessened phase displacement between 
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Figure 10 


Dotted curves are characteristics for orthodox 

reversing controller; solid curves show some 

possibilities obtainable with variable un- 
balance 


component winding currents, and some 
increase in magnitude, The terminal 
current changes to I11,22,2;—FAST, as 
shown in Figure 8. The effect of such 
changed displacement angles for the cur- 
rent in the three windings of Figure 2 will 
be appreciated by study of the typical 
vector diagrams in Figure 7. 


Conclusions 


A wiring diagram for this control sys- 
tem, as it would be applied to a crane 
hoist, is shown in Figure 8. The above 
description has stressed fourth-quadrant 
performance and the test curves shown 
were taken with the average primary cur- 
rent limited to 125% at rated load. 
These conditions should not be regarded 
as limitations but rather as particular 
values for a particular application. It is 
self-evident that with the large number 
of control elements available many com- 
binations of values may be used giving 
equivalent variations and modifications in 
performance. 

A simple reversal of motor terminal 
connections produces performance in the 


‘first and second quadrants equal to that 


developed in the third and fourth. 
Figure 9 then shows how this new system 
has produced speed-torque curves filling 
in a much needed portion of the speed— 
torque area, supplying a valuable tool 
for the design engineer. 
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Design of Sealed Ignitron Rectifiers for 
Three- Wire Service 


M. M. MORACK 


MEMBER AIEE 


N the past four years, the many con- 

structional and operational advan- 
tages of sealed ignitron rectifiers have 
greatly aided the war effort by saving 
critical materials and manufacturing fa- 
cilities. Two-wire sealed ignitron rectifi- 
ers! have met industry’s urgent need for 
efficient d-c power and have found wide 
application in the range of 75- to 1,000-kw 
capacity, at voltages ranging between 250 
and 600 volts direct current for general in- 
dustrial, railway, mining, and electro- 
chemical service. 

The field of application of the ignitron 
rectifier is considerably enlarged by the 
introduction of equipments for three- 
wire service, and it is the purpose of this 
paper to describe the design, character- 
istics, and performance of these units. 


The Field for the 
Three-Wire Rectifier 


One field of usefulness of the three-wire 
rectifier is for supplying.d-c power to in- 
dustrial three-wire systems. There is an- 
other application to be found in metro- 
politan districts where steps are being 
taken to retire the Edison three-wire d-c 
system and existing building generating 
plants. In many cases it will not be eco- 
nomical to rewire buildings for a 208-volt 
three-phase 60-cycle supply or to replace 
d-c motors and control for a-c operation. 
The problem of supplying d-c power for 
three-wire systems without the installation 
of rotating apparatus has long delayed 
the conversion in many districts. 

Three-wire sealed ignitron rectifiers 
offer several distinct, advantages when 
compared with other forms of converting 
equipment. The rectifier is largely static, 
thus eliminating special foundation and 
space requirements. Rectifiers are quiet 
in operation and easy to operate. The no- 
load losses are small and the efficiency is 
fairly constant and reasonably high over 
the entire load range. 
ments are factory assembled as unit d-c 
substations thereby minimizing installa- 
tion time and expense. 


Design and 
Operating Characteristics 


Power Circuir$ 
Three-wire service can be furnished by 


rectifiers in a number of ways: Large in- | 


- dustrial three-wire requirements may be 
met by standard two-wire rectifiers op- 
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erating at 250 volts in conjunction with a 
balancer set as shown in Figure 1. The 
alternating voltage of factory distribu- 
tion systems will be above the 208-volt 
level so that rectifier transformers will be 
required. Noise levels and space require- 
ments are not determining factors. 

Another class of three-wire service is 
offered by dry-dock applications where 
250/125-volt equipment is required for 
100 per cent unbalanced operation or for 
double current capacity at 125 volts, 
Here the series or parallel operation of 
two 125-volt rectifiers is preferable. The 
efficiency of this power-circuit arrange- 
ment is about the same as rotating equip- 
ment, but it has the advantage of flexibil- 
ity and ease of operation. For higher rat- 
ings, two delta six-phase double-wye power 
circuits are used in place of the delta 
three-phase single-way” units of Figure 2. 

In larger cities, where programs are 
under way to limit or retire the Edison d-c 
system, the simple and less expensive 
three-wire rectifier shown in Figure 3 is 
applicable. Sealed ignitron rectifying 
elements are arranged in a six-phase 
double-way circuit? to take power from 
the 208-volt three-phase 60-cycle net- 
work. The neutral of the three-wire load 
is obtained from the 208-volt network 
grounded neutral so that the complica- 
tion of the balancer set is eliminated. 

Tests indicate that when a 75-kw 
double-way rectifier is supplied directly 
from the 208-volt network, the output 
voltage will vary from 247 volts at no 
load to 237 volts at full load as shown in 
Figure 4a. ‘This voltage regulation is sat- 
isfactory for single elevators and small 
motors connected to one rectifier. For 
larger numbers of elevators and lighting 
loads, better voltage regulation is needed 
to prevent rough elevator operation and 
lamp flicker. Suitable voltage ratios may 
be obtained by the addition of autotrans- 
formers. 

When autotransformers of five to ten 
per cent of equipment rating are used to 
boost the supply voltage, the natural 
regulation characteristic is shown in Fig- 
ure 4b. The flat voltage characteristic out 
to 100 per cent load, shown in Figure 4c, is 
obtained by the use of voltage regulators. 
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Regulated output characteristics may be 
had without the use of autotransformers 
when a line-to-neutral voltage below 125 
volts is acceptable. 

The double-way power circuit is capa- 
ble of supplying 100 per cent current to a 
completely unbalanced load on the basis 
of rectifying element rating; however, 
such loads produce d-c components in the 
network transformer and thereby tend to 
increase exciting current. For partially 
balanced loads, the line-to-line component 
gives six-phase current wave shapes while 
the unbalanced portion is three-phase 
single-way. Figure 5 shows the network 
high-voltage current wave shape for bal- 
anced and for 50 per cent unbalanced load 
conditions for a rectifier. 

Tests made on a 75-kw three-wire recti- 
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Figure 1. Six-phase double-wye rectifier 
for three-wire service 
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Figure 2. Series connection of three-phase 
zigzag rectifiers for three-wire service 
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fier operating on a 600-kva delta-wye 
transformer bank indicate that the differ- 
ence in temperature rise for the two load 
conditions is due chiefly to the increase in 
core loss. The difference in temperature 
rise for two eight-hour heat runs made 
with balanced and fully unbalanced load 
was about three degrees centigrade. 

In large network transformers, the d-c 
component would have less effect on the 
core loss than shown in the test run since 
the relative size of transformers would be 
greater. Also, the unbalanced condition 
created for test is greater than would be 
encountered in practice where the recti- 
fier would seldom be called upon to fur- 
nish more than 25 per cent unbalance. 

Relative efficiencies for the foregoing 
power-circuit arrangements are shown in 
Figure 6. The efficiency of a 150-kw six- 
phase double-wye equipment including 
the losses of a 15-kw balancer set is shown 
in Figure 6a. A six-phase double-way 
unit of the same rating, operating under 
balanced conditions, gives an efficiency as 
in Figure 6b. Network-transformer losses 
are not included in the calculation of ef- 
ficiency for this arrangement. The series 
connection of 125-volt double-wye rectt- 
fiers gives the lower efficiency shown in 
Figure 6c. 

Sealed ignitron rectifiers are subject to 
fault currents during d-c short circuits 
and arc-backs; however, the design of 
protective equipment provides means 
for limiting both the magnitude and the 
duration of disturbances on the a-c and 
d-c systems. A careful selection of pro- 
tective switchgear, co-ordinated with 
systems, transformer, and rectifier charac- 
teristics, is essential for satisfactory op- 
eration. 

In general, the equipment design al- 
lows factory-assembled unit substations 
consisting of the following components: 


A. Metal-enclosed manually or automati- 
cally operated a-c switchgear. 

B. Main power transformer or autotrans- 
former. 

-C. Metal-enclosed water-cooled sealed ig- 
nitron rectifier and excitation equipment. 


D. Metal-enclosed manually or automati- 
cally operated d-c switchgear. 


Figure 7 shows a typical 150-kw two- 
wire sealed ignitron rectifier suitable for 
250/125-volt operation by addition of a 
balancer set. A 150-kw 250/125-volt rec- 
tifier having a six-phase double-way 
power circuit is shown in Figure 8. The 
a-c breaker and transformer enclosure is 
at the left, the rectifier enclosure is in 
the center, and the d-c control is on the 
right. 


SEALED IGNITRONS 


The design and construction of a mer- 
cury-pool-cathode rectifying element in 
which the control is maintained by a third 
electrode, or ignitor, is shown in Figure 9. 
Elements of the ignitron are a seamless 
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steel water-jacketed resistance-welded 
vacuum chamber containing a main graph- 
ite anode, an auxiliary anode, two ig- 
nitor tips, deionization baffles, and a mer- 
cury-pool cathode. 

Ignitor tips are made of boron carbide, 
a refractory material having high specific 
resistance. The function of the ignitor 
is to control the time at which the anode 
current begins to flow. Once the ignitor 
has initiated the discharge, it has no fur- 
ther effect on the anode current. Control 
is restored to the ignitor when the main- 
anode and auxiliary-anode currents cease 
long enough for the mercury to become 
sufficiently deionized. 

The flexible stranded anode lead, with 
its pressed-copper terminal, is  silver- 
soldered to a steel stud which supports 
the graphite anode. This entire assembly 
is insulated from the cylinder, which is at 
cathode potential, by means of a glass-to- 
metal-alloy seal. These last materials 
have practically the same coefficient of 
expansion over a wide temperature range, 
and their use results in vacuum-tight 
operation. 


After the cathode spot has been created 
by the ignitor, the auxiliary anode func- 
tions to maintain the spot for the remain- 
der of the main anode period. This pro- 
vides ‘sufficient ionization to enable the 
main anode to carry the load current, even 
at small percentages of rating. 

Uniform cooling of all parts of the 
vacuum chamber is accomplished with 
water. Water flow is directed upward by 
helical vanes to avoid air pockets or hot 
spots. < 


Macnetic ExciTaTION EQUIPMENT 


Each anode of an ignitron rectifier is 
associated with an ignitor which requires 
a positive impulse current once each cycle 


Morack—Design of Sealed Ignitron Rectifiers 


300 


VOLTS —D-C 


fo) 25 50 75 
PER CENT LOAD 


Figure 4. Output-voltage characteristics of 
six-phase double-way rectifier 
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Figure 5. Network-line-current wave shapes 
with rectifier load 


to start the arc. In order to fire the igni- 
tors at the correct predetermined time, 
the magnetic-excitation circuit’ shown in 
Figure 10 is used extensively for two-wire 
rectifiers. The phase position of the ig- 
nitor impulses can be adjusted by con- 
trolling the saturation in the phase-shift- 
ing reactor PL. A direct current of 1.5 
amperes furnished by a regulator may be 
used to vary the firing point of the ignitor 
over an angle of approximately 50 degrees 
as shown in Figure 11. 

For double-way three-wire rectifiers, ig- 
nitors which are 180 degrees apart in 
phase relation operate at different cathode 
potentials and an insulating transformer 
is used in the circuit. In addition, a 
phase shift between 180-degree ignitors 
is required for line-to-neutral regulation. 
The excitation circuit is arranged as in 
Figure 12. 

The operation of the circuit is similar 
to that of Figure 10 except that a pre- 
saturating winding is provided on the 
nonlinear reactor FL for shifting the 180- 
degree ignitor peaks with respect to each 
other. When a direct saturating current 
is applied in one direction, the positive 
peak advances and the negative peak re- 
tards. When the saturating current is 
reversed the peaks shift the opposite way. 
In this manner a ten-degree dissymmetry 


can be used for the line-to-neutral voltage 


regulation. 
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Figure 6. Over-all efficiencies for 250/125- 
volt 150-kw ignitron rectifiers 
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Figure 
rectifier rated 150 kw, 250/125 volts direct 


VOLTAGE-REGULATING EQUIPMENT 


e 

Rectifiers in common with other elec- 
tric apparatus have regulation. To miti- 
gate the drop in direct voltage, and to 
compensate for variations in the rectifier 
supply voltage, the phase position of the 
ignitor voltage is varied with respect to 
the positive half-cycle of anode voltage 
by a direct voltage regulator as shown in 
Figure 13. 

The regulator consists of a rheostatic 
element, and a magnetic voltage-sensitive 
element connected by a spring-balanced 
mechanical link. In the regulator circuit, 
the rheostatic element forms one arm of 
a resistance bridge connected across the 
output of the rectifier. The saturating- 
current windings of the phase-shifting re- 
actors PL in the excitation circuit of Fig- 
ure 10 are connected between the mid- 
points of the bridge. When the d-c 
output rises, the carbon stacks forming 
the rheostatic element are tilted, and their 
resistance increases. This change of re- 


sistance in one arm of the bridge results 
in decreased current flow in the satu- 
rating windings of the phase-shifting reac- 
tors, thus phase retarding the ignitors, and 
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Figure 10. Magnetic excitation system for 


two-wire rectifiers 
a 


decreasing the direct voltage. The rheo- 
stat is provided for adjustment of the 
voltage to be held. The regulator will 
maintain the selected voltage from no load 
to full load within plus or minus one per 
cent, within the range of 15 per cent volt- 
age control imposed by the limitations of 
the excitation circuit. For parallel opera- 
tion of two or more rectifiers, an equalizer 
connection is made by joining the equaliz- 
ing coils in series across the opposing volt- 
age drops of the cathode shunts of the two 
machines. 

The voltage-regulating equipment for 
the six-phase double-way three-wire rec- 
tifier uses two regulators, one to main- 
tain line-to-line voltage, and the other to 
regulate the line-to-neutral voltage at one- 


“half the line-to-line value. From Figure 


14 it will be noted that the line-to-line 
regulator is similar to the bridge regulator 
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of the two-wire rectifier in that all igni- 
tors are phase advanced or retarded in re- 
sponse to variations in the output voltage. 

To accomplish line-to-neutral voltage 
regulation, additional means are provided 
for phase shifting the ignition points of 
rectifying elements 180 degrees apart in 
phase relationship. The line-to-neutral 
regulator has a main coil connected in 
series with the voltage-adjusting rheostat 
across the line-to-neutral voltage. The 
rheostatic elements, fixed resistors, and 
firing reactor saturating windings FL form 
a bridge connected across line-to-neutral 
voltage. Two rheostatic elements are 
normally open and two are normally 
closed, so that movement of the linkage 
in one direction increases current in one 
element and decreases current in the 
other, thus allowing current to change 
in magnitude and direction through the 
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Phase-shift characteristics of mag- 
netic excitation circuit 


Figure 11. 
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Figure 12. Magnetic excitation system for 


three-wire rectifiers 
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Figure 13. Woltage-regulating equipment for 
two-wire rectifier 


saturating windings in accordance with 
the line-to-neutral voltage. 


BALANCER SET 


Three-wire service is provided from 
two-wire rectifiers by a balancer set con- 
nected across the 250-volt d-c output to 
furnish the neutral connection. A typical 
balancer-set control circuit is shown in 
Figure 15. With rectified voltage avail- 
able, the balancer set is started by closing 
the line contactors LE-1 and LE-2 by 


- means of the control switch. Accelerating 


contactor A is then picked up by the volt- 
age relay AR. The coil of relay AR is 
connected across the balancer set through 
a resistor and measures the counter elec- 
tromotive force of the set.. The accelerat- 
ing contactor A energizes relay CBR 
which in turn closes contactors CB-1 and 
CB-2. 

A field rheostat is provided to allow 
shifting the position of the neutral with- 
out affecting the line-to-line voltage. 

“Relay OL-3 is of the thermal-overload 
type and serves to protect the balancer set 
against excessive unbalanced load. Ex- 
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Figure 14. Voltage-regulating equipment for 


three-wire rectifier 


cessive current in the neutral will de-ener- 
gize the balancer set and disconnect all 
load from the rectifier. 

The overload relays OL-1 and OL-2 
serve to protect the balancer in event of 
an arc-back. Relays OL-4 and OL-5 are 
of the hand reset type and serve to discon- 
nect the load circuit in case of fault. 
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Figure 15. Balancer-set circuit for two-wire 


rectifiers 


A—Accelerating contactor 
AR—Acccelerating relay 
CB—Circuit-breaker contactor 

CBR—Auxiliary relay - 
OL—Overload relay 

*—Resistor 
SW—Switch 
FU—Fuse 


Morack—Design of Sealed Ignitron Rectifiers 


The rating of the balancer set is deter- 
mined by the requirements of the applica- 
tion. A balancer set of 25 per cent of 
the rectifier rating is sufficient for most 
applications. 


REGENERATIVE-BRAKING PROTECTIVE 
EQUIPMENT 


A rectifier operating under normal con- 
ditions will not carry reverse current, and 
any load which tends to regenerate will 
cause the d-c bus voltage to rise. Pro- 
tection must be provided by a “pump- 
back” resistor, connected across the bus by 
a contactor whenever reverse power is en- 
countered, and removed when the re- 
generation ceases. The resistor is usu- 
ally designed to absorb about ten per cent 
of the rectifier rating and is sufficient for 
cranes, elevators, and other similar loads 
where regeneration occurs at infrequent 
intervals, 

The operation of the protective equip- 
ment may be understood by reference to 
Figure 16. Whenever regeneration is 
present the bus voltage will rise rapidly 
provided there is no other load which can 
absorb the regenerative power. A fast- 
acting relay VR is adjusted to operate ata 
voltage ‘slightly higher than the normal 
rectifier rating. The coil of VR is ener- 
gized through the timing-relay contacts 
TR. The coil. circuit TR is completed 
through the normally closed interlock on 
the main contactor M. 

The operation of VR closes M, connect- 
ing the protective resistor across the line. 
The bus voltage is maintained by the rec- 
tifier and VR remains closed until the 
contacts TR open after a time delay ob- 
tained by the long time constant of the 
circuit and a copper-jacketed coil. If re- 
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Figure 16. Regeneration-control circuit 


M—DMain contactor 
VR—Voltage relay . 
TR—Time relay 
TC—Timing capacitor 
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Lightning Investigation on Transmission 


Lines—VIIl 


W. W. LEWIS 


FELLOW AIEE 


REVIOUS papers of this series gave 

data on a lightning investigation 
carried on co-operatively by a number of 
power companies and the General Elec- 
tric Company, and the seventh paper of 
the series! brought the data up to and in- 
cluding 1938. Additional papers?* cov- 
ered special angles of the investigation. 

The present paper discusses an inves- 
tigation, under the joint sponsorship of 
the American Gas and Electric Service 
Corporation, of voltages, currents, and 
rates of change of voltage at five stations 
of the Appalachian Electric Power Com- 
pany in Virginia; data on currents in 
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generation still persists when TR opens, 
the circuit will recycle. 


Application 


The design of sealed-ignitron-rectifier 
equipment for three-wire operation is de- 
termined to a large extent by the ature 
of the application. The six-phase double- 
wye power circuits offer the best efficiency 
and output wave form but require the 
added complications and losses of a bal- 
ancer set. Series connection of 125-volt 
rectifiers eliminates the balancer equip- 
ment, provides flexibility, and is suitable 
for 100 per cent current unbalance, but 
gives six per cent lower efficiency and 
higher no-load losses. 

The six-phase double-way power circuit 
offers the best solution to the change-over 
problem. Such equipment is economical 
to build and requires a minimum of space 
‘which is usually hard to find in existing 
‘buildings. The rectifier provides a me- 
dium efficiency of 86 percent. Satisfactory 
voltage regulation can be provided by 
-autotransformers and voltage regulators. 
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towers and strokes on the lines of five 
different power companies; and some 
additional information on the distribu- 
tion of current in counterpoise wires 
and driven rods, and voltage gradient in 
the vicinity of towers on the Consumers 
Power Company system in Michigan. 


The Wave-Slope Indicator 


The wave-slope indicator first was used 
in 1939 on the 132-kv lines of the Appa- 
lachian Electric Power Company in Vir- 
ginia.4 The object was to obtain an idea 
of the rate of change of the voltage of 
transient waves from lightning and 
switching traveling into the stations. 


Table |. Wave-Slope-Indicator Link Ar- 
rangement and Ratio 
ES 

Link 

No. Turns in Coil Ratio 
Din eee es vee BS ibie arcrcrete Yelp) 5/8 tw Scare el orale 610 
eis iit ieteie yack 10s Pade aoe oe crete © 246 
Bente goa Cite elas SB cp nice tear choot ae 98 
LOA eis) BOP SD ATES bin Ld ASSEN fiekel fetes 39 
Distaohaereus Adjacent to 10-turn coil........ 15.6 
Giese Adjacent to 10-turn coil........ 6.25 
ia rate ares Adjacent to 10-turn coil........ 2.5 
Soxuprgrrs Adjacent to 10-turn coil........ 1.0 


OO 


Rectifier ratings and the number of 
units required will also depend upon the 
application. For elevator loads, particu- 
larly in hotels, apartment houses, and 
office buildings it is good practice to have 
a 100 per cent reserve or stand-by unit, 
which will permit the rectifier in service 
to be removed. For reasons of safety, 
such service must continue under all con- 
ditions and a satisfactory solution to the 
problem is to provide two complete inde- 
pendent rectifiers with provisions for 
rapid change-over in case of direct-voltage 
failure. Simple switching provides pre- 
selection of normally operating and re- 
serve rectifiers. Where requirements are 
less severe and where units may be re- 
moved for maintenance and inspection, it 
is not necessary to provide a stand-by 
unit. 


Conclusions 


The basic problems of sealed ignitron 


rectifiers for three-wire service have been 


solved and the equipments are highly reli- 


able when properly applied, installed, and 
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Essentially the instrument is a com- 
bination of a coupling capacitor, con- 
nected between conductors and ground, 
and surge-crest magnets to read the crest 
or maximum current through the ca- 
pacitor. 

The crest of the capacitor current is 
directly proportional to the maximum 
rate of change of capacitor voltage, that 
is, 


ee 
dt 
in which 


I=crest of current through capacitor 
C=capacitance of coupling capacitor 


de 
— = maximum rate of change of voltage 


dt 


A measuring range from 10 to 10,000 
amperes crest capacitor current was ob- 
tained through eight magnetic links. 
Links were located in air cores of low- 
inductance coils and at selected spacings 
adjacent to these coils. By selecting the 
turns in the coils and the link spacings, a 
magnetization ratio of 2.5 was obtained 
between adjacent links, thus giving a 
ratio between links 1 and 8 of about 610. 
These ratios were verified by laboratory 
tests with the cathode-ray oscillograph, 
in which current surges of known magni- 
tude and wave shape were used. 

Links were installed in the cores of 35-, 
10-, 3.5-, and 1.5-turn coils; also four ad- 
ditional links were placed adjacent to the 
10-turn ‘coil. The numbering of the 
links and the approximate ratios were as 
shown in Table I. 

The original arrangement was con- 
tinued during the years 1939, 1940, and 


serviced. The type of power circuit is de- 
pendent on the requirements of the appli- 
cation. Tests show that the additional 
heating in network transformers resulting 
from the unbalanced load on the six- 
phase double-way circuit will be negligible 
and that the circuit offers an efficient, 
economical, three-wire rectifier where 208- 
volt power is available. The equipment 
is semiautomatic in operation, so that 
periodic inspection and cleaning is all 
that is necessary to insure continuous 
and reliable operation. 
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Table II. Wave-Slope-Indicator Calibration 


Undamped-Surge Oscillatory Calibration 
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D =direct reading on surge-crest ammeter (SCA) 


1941, modified somewhat in 1942, and 
again in 1943. The 35-turn coil and link 
1 of the original installation were omitted. 
The final connections were as shown in 
Figure 1. 

Carrier-current coupling capacitors of 
0.00025, 0.0005, 0.001, and 0.0015 micro- 
farad which were on the system were util- 
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Figure 1. Final avealgnedndies arrange- 


ment of 1943 


Numbered capsules represent magnetic links 
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R=reverse reading on surge-crest ammeter 


ized. A total of 26 instruments was lo- 
cated on ten circuits at Glenlyn, Claytor, 
Roanoke, Reusens, and Fieldale. 

A typical calibration curve of one of the 
coils is shown in Figure 2, and Figure 3 
shows the relation between maximum- 
voltage wave slope and crest capacitor cur- 
rent for each value of capacitor used. A 
range of voltage steepness of from 10 to 
10,000 kv per microsecond was covered 
by the arrangement. 


SPECIMEN LABORATORY CALIBRATION 


The arrangement of coupling capacitor, 
coils, and magnetic links, as used on the 
transmission line and shown in Figure 1, 
was calibrated in the laboratory with 
surge-generator discharges of differing 
voltage wave shapes. These wave shapes 
were of three general types as to polarity 
—unidirectional, oscillatory, and repeated 
unidirectional of mixed polarities. Repre- 
sentative of these calibrations is one which 
included the application of both damped 
and undamped oscillations and provided 
a direct comparison of numerical values 
of voltage wave slopes recorded by 
cathode-ray oscillograph with those in- 
dicated by the magnetic links. 

For both the damped and undamped 
circuits the wave slope was varied over a 
considerable range by varying the surge- 
generator excitation voltage. Magnetic 
links occupied all link positions from 2 to 8 
as shown on Figure 1, and three groups of 
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CRO =cathode-ray oscillograph tr =trace 


links were used for checking purposes. 
Tables II and III summarize data col- 
lected for these calibrations and show the 
several steps involved in interpretation 
of wave-slope values. As both the 
damped and undamped waves were os- 
cillatory, a two-link oscillatory calibra- 
tion was used, such as shown in Figure 5 
of reference 5. : 

In Tables II and III, column 1 gives 
the surge-generator excitation voltage, 
which was increased progressively to pro- 
vide for some range of wave slopes. 
Column 2 is the reference number for 
individual link positions as indicated in 
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SURGE-CREST AMMETER — SCALE READING 


40 60 80 
Figure 2. Typical calibration curve for one 


‘of the wave-slope-indicator coils 


Calibration of 3.5-turn coil, link 3, ammeter 
reading versus amperes 
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Table Ill. Wave-Slope-Indicator Calibration 
Damped-Surge Oscillatory Calibration 
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D direct reading on surge-crest ammeter (SCA) 


Figure 1. Columns 3, 4, and 5 are three 
groups of magnetic-link records, each 
obtained by the application of a single 
surge of the same wave shape as obtained 
at each excitation voltage of column 1. 
These three groups of links were used to 
check link variations on the same surge. 
In column 6 are given the average values 
for each link position for the three groups 
of links. In the measurement setup 
magnetization of links 2, 3, and 4 is nor- 
mally opposite from that of links 5, 6, 7, 
and 8. For convenience in analysis, 
however, records from links 5, 6, and 7 
have been put down in these tables in re- 
verse to their actual polarity. 

In the interpretation of wave slopes the 
oscillatory-calibration method requires 
the calculation of an inner-link—outer- 
link ratio as given in column 7. This ratio 
is the same as that for a normal surge- 
crest-ammeter two-magnetic-link station, 
as used extensively for tower leg, line 
conductor, and down-leads in previously 
reported field lightning investigations. 
In this wave-slope method the inner link 
is the link operating in the next stronger 
magnetic-field position to any other link. 
For instance, link 2 of Figure 1 in the 10- 
turn coil is inner link to link 3 in the 3!/2- 
turn coil. Relative field intensities be- 
tween link positions is 2.5 to Ti 
tables the inner-outer-link ratio is en- 
tered on the corresponding inner-link 
line. If we refer now to the appropriate 
oscillatory-calibration curve, the per 
cent oscillation and capacitor currents of 
column 8 and 9 are read directly. 

— done similarly for each inner-link—outer- 
dink combination of adjacent links. The 


oo 
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R=reverse reading on surge-crest ammeter 


Table IV. Wave-Slope-Indicator Records—Analysis by 


ty = trace 


CRO =Cathode-ray oscillograph 


Link Position, 1939 to 1943, 


Inclusive 


Appalachian Electric Power Company 132-Kv System 


Range, No. at or Percentage 
Ky Per Links Links Links Total Above at or Above 
Microsecond 2-3 3-4 4-5 and 5-6 No. Level Level 2 
11=20) See bie 2" Ty ciate otehate'e Uae Bobone Ochs cooroustets I) w eyantietore B89). a spate cies 100.0 
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current values of column 9 are translated 
to wave-slope values, column 10, by use 
of a curve such as shown in Figure 3. 
When more than one value of wave slope 
for a single surge application can be de- 
rived from the magnetic links, the values 
should check and be averaged for the 
final wave-slope value. Such averages 
are given in column 11, and in column 12 
are recorded wave-slope values derived 
from cathode-ray oscillograms. A per- 
centage comparison of magnetic-link 
values and cathode-ray oscillograph 
values is given in column 13. 
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The deviations for these tests range up 
to nine per cent which is the measure- — 
ment accuracy of the magnetic links as 
commonly used for crest surge currents. 
In deriving wave-slope values from the 


magnetic links, some measure of expe- 
rience in weighting of values from differ- 
ent link positions is required. In general, 
surge-crest ammeter readings below 10 
and above 90 on the instrument scale 
were rejected as possibly affected by 
small residuals and saturation levels. 
The basic calibration curves on which 
all the field interpretations are made were 
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Table V. Surge Voltages on Station Busses, 1940-1943, Inclusive 
Appalachian Electric Power Company 132-Kv System 


—EE nn 


——— 


No. at or Percentage 


R f 
Voltage, Above at or Above 
Kv 1940* 1941* 1942+ 1943 ** Total Level Level 
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* Roanoke and Claytor stations. 


** Roanoke station only. 


Table VI. Insulation Flashover Strength of 
Lines and Stations Under Investigation on 
132-Ky System of Appalachian Electric 
Power Company 

iam betor LIitestyanmisyeunvare oxsneteleiets. © 6 
Number of circuits.............-..- 10 
Number of overhead ground wires.. 1 per line 
Number of stations.............. 5 
Number of connected lines at 

SHES babe donde ad COnoo ooo aon 2to5 
Number of insulator units in line 

suspension strings (spaced 43/4, 

5) and) 51/¢ inches). 2... 500000: 10 to 12 


Flashover of line-insulator strings 


(1.5x40 positive wave) 790 to 1,080 kv 


Number of circuits equipped with 


protector twhes ia. js).7se oo oe 2 oe 4 
Discharge voltage of protector 
; tubes 

1.5x40 positive wave........... 680 kv 

1.5x40 negative wave........... 760 kv 
Number of insulator units in re- 

duced line insulation (spaced 

43/5, 5, and 51/s inches), 5 

towers adjacent to station (on 

all except tube-equipped lines).. 9 
Flashover of reduced line insula- 

tion (1.5x40 positive wave)...... 720 to 890 kv 
Bus-insulation flashover strength 

1.5x40 positive wave........... 590 kv 

1.5x40 negative wave........... 770 kv 


Number of three-phase lightning 

ale sintermtine sev sue cio ies caus 16 

Rating of arresters, 60-cyclerms...106, 109, 121 kv 

Arrester-gap breakdown (1.5x40 
voltage wave) or JR drop at 
5,000 amperes (10x20 current 


wave) 350 to 425 kv 


_ built up similar to the calibration checks 
of Tables II and III, requiring, of course, 
the use of generated wave shapes includ- 
ing a wide range of damping factors. 


WAVE-SLOPE-INDICATOR RECORDS 


The analysis of the wave-slope-indica- 
tor records was made by two methods. 
The first method of analysis consisted of 
classifying the records according to the 
ratio of adjacent-link readings and using 
an appropriate set of calibration curves. 
The purpose of this method was to deter- 
mine the rates of voltage change from 
surges due to all causes. 

The second method of analysis con- 
sisted of grouping the records according 
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+ Roanoke, Claytor, and Fieldale stations. 


Table VIA. Comparison of Insulator Units 
Spaced 534 Inches Apart 


No. of Flashover Ky Flashover Ky 
Insulator 1.5x40 1.5x40 
Disks Positive Wave Negative Wave 
Siete demote sate FBO sicpspuereis oa 760 
OS shai Wess5 SGOs cricisecrs obese 845 
LO eae sistete seats GAB Pia cacesueretels 930 
LL lterteete tase 1,025 See Nehee ee 1,015 
LO ten See aers IGLOS ncester we oe 1,105 


to link position. The purpose of this 
method was to determine the origin of 
the surges; that is, whether due to 
lightning, switching, or a combination of 
both, 


ANALYSIS BY First METHOD 

The classification by the first method 
is as follows: 
Class 1—Unidirectional surges only. 


Class 2A—Oscillatory surges from three- 
link readings. 


Class 2B—Oscillatory surges from two-link 
readings. 


Class 3—Superimposed repeated 
Rate of voltage change doubtful. 


surges. 


Class 4—Single-link readings. Surge char- 
acteristics uncertain; calibrated as uni- 
directional. 

Class 5—Adjacent link polarities reversed. 
Surge characteristics uncertain. 


During the years 1929 to 1943, inclu- 
sive, there were 979 records in all, with 
one class-5 record of 810 kv per micro- 
second in the year 1942. 


ANALYSIS BY SECOND METHOD 


The records in classes 3, 4, and 5, com- 
prising about 40 per cent of all the rec- ° 
ords, are somewhat uncertain, and there 
is some doubt as to their correct interpre- 
tation. These records, therefore, have 
been rejected in making the analysis by 
the second method. In this analysis of _ 
the wave-slope records it was found by 
specially staged tests made in 1939, that 
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the links nearest the current-carrying 
coils of the wave-slope indicator are al- 
ways affected by switching surges. As 
the distance between the links and the 
coils increased, the effect diminished 
rapidly, and links 5 and 6 did not appear 
to be affected appreciably by switching 
surges. Records from links 2 and 3 
therefore were considered to be due prin- 
cipally to switching; records from links 
3 and 4 were considered to be due to 
switching or lightning or a combination 
of both; records from links 4 and 5 or 5 
and 6 were considered to be due to light- 
ning only. 

A summary of the 589 records, accord- 
ing to the second method of analysis, for 
the five years, 1939 to 1943, inclusive, is 
given in Table IV. 

In Figure 4 are plotted as abscissas the 
percentage of records at least equal to the 
kilovolts per microsecond as ordinates. 
The kilovolts per microsecond are given in 
zones, and in each case the bottom figure 
of the zone is plotted as ordinate, except 
for the three highest figures of 520, 524, 
and 550, which are plotted individually. 
Abscissas are plotted logarithmically. 
By this method of plotting a logarithmic 
curve will appear as a straight line, which 
permits ready extrapolations, 

The sensitivity of the method does not 
lend itself to readings under about ten 
kilovolts per microsecond. Probably 
there are a large number of surges below 
this value which are not recorded. If 
these had been recorded, the percentage 
value for all other ranges would be re- 
duced somewhat and the whole curve 
lowered. 

Based on the data plotted, it would 
appear that surges were recorded about 
in the following order: 


One in 2 (50 per cent)—at least 100 kv per 
microsecond. 


One in 10 (10 per cent)—at least 225 kv per 
microsecond. 


One in 100 (1 per cent)—at least 415 kv per 
microsecond. 


One in 1,000 (2/10 per cent)—at least 605 kv 
per microsecond. 


One in 10,000 (2/100 per cent)—at least 795 
kv per microsecond. 


Surge Voltages at Stations 


Surge voltages were measured at Roa- 
noke and Claytor stations of the Appa- 
lachian Electric Power Company in 1940; 
at Roanoke, Claytor, and Fieldale in 
1941 and 1942; and at Roanoke only in 
1943. The surge-voltage recorder with 
insulator string potentiometer was used. 
One instrument is used per phase and 
gives direct and reverse readings for 
each surge.® ‘ 

As shown in Table V, 429 surges were 
recorded. The highest voltage recorded 
was 525 kv, and 50 per cent of all the 
surges were at least 145 ky. 

Table VI gives the flashover strength 
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wave slope for various coupling capacitors 


_ of the transmission-line and station insu- 


KILOVOLTS PER MICROSECOND 


lation for the lines and stations at which 
instruments were located. The line in- 
sulation varies both in number and spac- 
ing of disks, so that the flashover ranges 
between 790 and 1,080 kv for the 1.5x40 
positive wave. The negative-wave flash- 
over with the 1.5x40 wave is not appre- 
ciably different from the positive, as 
will be seen from the comparison of in- 
sulator units spaced 5%/, inches apart,’ 
given in Table VIA. 

All lines, exept those equipped with 
expulsion protector tubes, have reduced 
insulation for five towers (approximately 
one mile) out from the station. Nine 
disks of various spacings are used in this 
section, both in suspension and strain, 


Figure 5 (right). 


526-5 


Station-arrester cur- 


rents at 132-kv sta- 


tions of the Appa- 


lachian Electric 


Power Company, 
124 records, 1940 
to 1943, inclusive; 
and for comparison 
1,608 records from 
distribution circuits, 
and 459 records of 
station arresters 11 


to 132 kv® 


le} 10 20 


conductor by insulator flashover or ex- 
pulsion-protector-tube operation. The 
voltage reaching the station will there- 
fore be limited to the reduced line-insula- 
tion flashover or tube-discharge voltage of 
the order of 680 to 850 kv. The waves 
will have some chance to attenuate in 
traveling to the station and then will be 
limited by the bus insulation to 590 to 770 
kv and further by the arresters to 350 to 
425 kv. 

All of the measured voltages are well 
within the reduced line insulation, or ex- 
pulsion-protector-tube, or bus-insulator 
flashover, and all but about six per cent 
are under the voltage assigned to the ar- 
testers. 

In this investigation when a surge 


0.01 , O.I 


with a flashover ranging from 720 to 850 
kv. On the tube-equipped lines the in- 
coming voltage is held to 680 kv with 
the 1.5x40 positive wave and 760 ky with 
the negative wave. The bus insulators 
will flash over at 590 kv with the 1.5x40 
positive wave and 770 kv with the nega- 
tive wave. Three types and ratings of 
station arresters are used, and it is esti- 
mated that with the 1.5x40 voltage wave 
or the 10x20 current wave, the arresters 
will hold voltages ranging from 350 to 
425 ky. . 

With the line arrangement, that is, 
one or two circuits vertically arranged 
and one overhead ground wire, it is not 
likely that very many strokes will make 


direct contact with the conductors, but 


_ in most cases the voltage will get onto the 
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Figure 4. Rates of change of voltage at 

132-ky stations of the Appalachian Electric 

Power Company, 589 records, 1939 to 1943, 
~ inclusive 
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enters a station from a line it has any- 
where from one to four other outgoing 
lines on which to dissipate itself, and also 
from one to four power transformer banks 
and from two to five banks of lightning 
arresters. If a surge impedance of 500 
ohms is assumed for the lines and 3,000 
ohms for the power transformers, and if 
the arresters which do not come into play 
until the arrester gap breaks down are 
neglected, the incoming surge encounters 
a surge impedance all the way from about 
125 to 430 ohms. This decrease in sta- 
tion surge impedance compared to the in- 
coming line surge impedance will cause 
the voltage surge to decrease to four 
tenths to nine tenths of the incoming 
surge. If the incoming surge is assumed 
to be limited to 680 to 850 kv by the re- 
duced line insulation or expulsion pro- 
tector tubes, then the bus voltage will be 


' reduced to about 275 to 765 kv by the 


station surge impedance. The basic-im- 
pulse insulation level!? for 138-kv appara- 
tus is 650 kv, and in some of the most 
favorable station arrangements a volt- 
age well below this value is held by the 
station impedance alone. 


Current in Overhead Ground Wires 
and Line Conductors and in 
Station Arresters 


In Table VII are summarized the over- 
head-ground-wire currents measured near 
stations in 1940 to 1943, inclusive, a total 
of 133 readings. The maximum current 
recorded was 36,000 amperes with 50 per 


Figure 6 (right). 


Currents in lightning 
strokes; 2,721 rec- 
ords from 11 lines 
66 to 220 kv on five 


EN 


systems, 1933 to 
1943, inclusive; and 
for comparison, data 
on 734 strokes from 
seven lines on four 
systems, 1933 to 
1936, inclusive’ 
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Table VII. Overhead-Ground-Wire Current Near Stations, 1940-1943, Inclusive 


Appalachian Electric Power 


Company 132-Kv System 


No. at or Percentage _ 
Above at or Above 

1943 Total Level Level 
arse Oingyaranataiter 20 a ereseretane BSS ay aoe Sh 100.0 
may peeieccani ac iD ave (caegs tne US conederonevane 85.0 
BAN eee aah AVS cetosteete TEP lees 83.6 
en eee Fas as Geert, WO mca. eteteees 52.6 
pe Ener yetows Satiaiisae AOA Reale Glo 36. 

5 he ora Al ee aan 3 


OIC IOP Ggioo 0-9550 
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do oWoa paar ct Iieio cap vores @adadoosk 4.51 
Rite) Wigte uetenots ta Dien, o leeheLete Bie voter tals ke 3.76 
Ne eyols ctolete’s Where Re. Ae 2 el 50 
sponaedouagn see Fe MAen sees. sue) 
cee OO Mes ePerert, 133 


Range of 
Current, 
Amperes 1940 1941 1942 
UCSC NN) is oiib BOE O00 UO OROUD OCD OOORoCmG.. A 
LOND) gio ain cononanns Joo do OCOD ODE Oa crete 
1,501-2,000 ...... DA! te letchels ONS ae Seo Oise euae 
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Table VIII. Line-Conductor Current 


Range of 
Current, 
Amperes 1940 1941 1942 
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cent of all records at least equal to 2,200 
amperes. 

In the four years 1940 to 1943, inclu- 
sive, 290 records were obtained of line- 
conductor current adjacent to stations. 
The data are given in Table VIII. The 
maximum current recorded was 11,500 
amperes, and 50 per cent of all the rec- 
ords were at least equal to 1,800 amperes. 

In Table IX are given the records of 

’ station-arrester current for the four years 
and five stations under investigation. 
There were 124 records in all. These 
data are plotted in Figure 5, with am- 
peres as ordinates and per cent of records 
at least equal to the ordinates as abscissas. 
The maximum arrester current recorded 
is 3,600 amperes, with 50 per cent of the 
records at least equal to 400 amperes. 

Contrast these data with the curve on 
Figure 5, reproduced from a paper by 
McEachron and McMorris. This curve 
was plotted from 1,608 records obtained — 
from 1934 to 1937 on distribution circuits 
of four companies, ranging from 120/240 
to 24,000 volts, both urban and rural. . 
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at Stations, 1940-1943, Inclusive 
Company 132-Kv System 


No. at or Percentage 
Above at or Above 
1943 Total Level Level 
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The maximum current recorded was 
something above 25,000 amperes with 50 
per cent of all the records less than 1,300 
amperes. 

These distribution circuits are exposed 
to direct strokes of lightning, and the 
arresters are as a rule near the stroke. 
On the other hand, the stations in our 
investigation are shielded from direct 
strokes and are only subject to traveling 
waves, so that the duty on the arresters 
is comparatively mild. 

Gross and McMorris® have recorded 
currents in station arresters of 22- and 
33-kv lines up to 12,000 and 15,000 am- 


Figure 7. Currents in 
towers, 2,721 records 
from 11 lines 66 to 
220 kv on five sys- 
tems, 1933 to 1943, 
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peres, with, however, 4,100 amperes 
maximum on 132-kv lines. Here again, 
the low-voltage lines probably are not 
equipped with overhead ground wires, 
and the conductors are exposed to direct 
strokes. The conditions therefore are 
more severe than on higher-voltage lines 
where the conductors and stations are 
shielded. The middle curve on Figure 5 
is reproduced from reference 9 and is 
plotted from 459 records of station-ar- 
rester current on lines of the American 
Gas and Electric @ompany, ranging from 
11 to 132 kv, obtained during the years 
1936 to 1939, inclusive. 

Hansson and Waldorf!4 report the re- 
sults of an investigation of current in 26 
banks of arresters at 66-, 132-, and 220- 
ky stations, during the years 1935 to 


1942, inclusive. A total of 53 records was: — 


obtained, the maximum current being 
7,400 amperes through one of the 66-kv 
arresters. Six per cent of the discharges 
exceeded 2,700 amperes, and 66 per cent 
were less than 1,000 amperes. 


Lightning Current in Towers and 
Strokes 


In Figure 1 of reference 1, cumulative 
curves of tower and probable stroke cur- 
rent were given for 734 strokes, occurring 
during the years 1933 to 1936, inclusive. 
These data were secured on the Wallen- 
paupack-Siegfried 220-kv line of the 
Pennsylvania Power and Light Com- 
pany;!!_ Glenlyn—Roanoke 132-kv line 
of the Appalachian Electric Power Com- 
pany;!? Philadelphia—Delaware Stateline 
66-kv line of the Philadelphia Electric 
Company; and a group of Pennsylvania 
Water and Power Company lines, namely: 
Safe Harbor—Westport-Takoma 220-kv 
line, Safe Harbor—Perryville 132-kv line, 
Holtwood—Coatesville 66-kv line and 
Holtwood-York 66-kv line.?% 

‘Columns 2, 3, and 4 of Table X of the 
present paper give the data from which 
the stroke-current curve of Figure 1, 
reference 1, was plotted, and columns 2, 
8, and 4 of Table XI, the data from 
which the tower-current curve was — 
plotted. 

Since 1936 a large amount of additional 
data have been accumulated on the 
Pennsylvania Water and Power Com- 
pany’s lines, including, in addition to the 
lines previously listed, the Safe Harbor- 
Riverside 220-kv, the Holtwood—Balti- 
more 66-kv, and the Philadelphia Road— 
Gunpowder 110-kv lines;!4 also, on the 
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Table IX. Station-Arrester Current, 1940-1943, Inclusive 100-kv Shoshone-Denver line of the 
Public Service Company of Colorado.’ 


For the Pennsylvania Water and Power 
Company’s lines data up to and including 


Appalachian Electric Power Company 132-Kv System 
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Table X, 734 strokes), and the stroke- 
ee... current curve of column 7, Table X, 2,721 
Table X. Currents in Lightning Strokes strokes; and in Figure 7 the tower-cur- 


Eleven Lines of Five Systems, 66 to 220 Kv, 1933 to 1943, Inclusive rent curve of reference 1 (column 4, 
__~=«s- Table XI, 734 strokes), and the tower- 


current curve from column 7, Table XI, 
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six strokes to the Consumers’ Power 
Company 140-kv N-14 line occurring 
in the years 1937 to 1941, inclusive, were 
analyzed. In the years 1942 and 1943 
three additional strokes took place to 
this line. These will be discussed briefly. 

Stroke 14. Some time prior to May 
5, 1942, a stroke hit the ground near 
tower 7666 in section A, equipped with 
parallel continuous counterpoise and 
right-angle counterpoise. Current flowed 
into the stroke over the continuous coun- 
terpoise and overhead ground wire from 
two spans each side of tower 7666. At 
tower 7666 the following conditions pre- 
vailed: 


Toward tower 7666: 
From overhead ground 


WVINC MOE FT) ohetojars ete o 3 8,600 amperes 
From continuous coun- 

HELPOISEst chet che @ Sie 80 7,300 amperes 
From right-angle coun- 

LEEPOISCe saiueleteiaiate sere oor 1,000 amperes 

Totale theses deetiane. 16,900 amperes 


Away from tower 7666: 
In west right-angle 
counterpoise toward 
stroke to ground ....—16,000 amperes 


Similar occurrences have been noted 
from time to time on the Pennsylvania 
' Power and Light Company 220-kv line 
and the 100-kv line of the Public Service 
Company of Colorado. The transmission 
system, that is, overhead ground wire 
and counterpoise or counterpoise alone, 
has acted as a carrier to gather in the 
current for the stroke at one side of the 
transmission line. 

Stroke 15. This stroke occurred in 
April 1943 in section C, equipped with 


Table XIl. 
Consumers Power Company 140-Kv, 7-20 Line 


right-angle counterpoise and driven rods. 
The stroke contacted the overhead 
ground wire just north of tower 7717, and 
current was picked up and fed into the 
stroke at this tower and the adjacent 
towers 7716 and 7718. Table XIA shows 
the current pickup at these towers. 

As in the previously reported strokes, 
the driven rod picked up about 80 per 
cent of the current, with the other 20 per 
cent coming in on the right-angle counter- 
poise. 

Stroke 16. This stroke occurred on 
September 6, 1943, in section C (right- 
angle counterpoise and driven rods). 
The stroke occurred to the overhead 
ground wire between towers 7717 and 
7718, and the overhead ground wire 
brought in current from a distance of five 
to six towers each side of the point of 
stroke. The total pickup by the counter- 
poise and driven-rod system was about 
111,000 amperes, of which 82,000 am- 
peres, or 74 per cent, came in by way of 
the driven rods, and 29,000 amperes, or 
26 per cent, by way of the right-angle 
counterpoise, neglecting the small amount 
via the tower footings. 


Voltage Gradient in Vicinity of 
Towers 


There were no strokes in 1942 to the 
section of the 140-kv 7-20 line of the Con- 
sumers’ Power Company equipped to 
measure voltage gradient in the vicinity 
of towers. Two strokes occurred in this 
section on September 6, 1948, stroke 17 
to the overhead ground wire between 
towers 4405 and 4406 and stroke 18 at 
tower 4411. Readings were obtained at 
five towers in each stroke, but good cor- 


Surge Resistance of Tower Footings 


relation between tower current and the 
potential from tower to probe rod six feet 
away from the tower was secured only at 
two towers in stroke 18. 

Table XII repeats the information for 
six strokes and nine towers first given in 
Table XVI of reference 3, and also gives 
the information for the two towers in 
stroke 18. In addition, there are given 
data for eight towers in strokes 7 and 8, 
in which the readings of voltage between 
the tower and probe rod were uncertain, 
because the lightning-stroke-recorder film 
flashed over. However, since we know 
the flashover voltage of the film, we can 
put this voltage down as a minimum value 
and figure out the ratio of Rs/Rn, knowing 
that the actual ratio is somewhat greater 
than the value given. Data also are in- 
cluded on one additional tower for stroke 
7 and two additional towers for stroke 
11, which were omitted previously, be- 
cause the lightning-stroke-recorder read- 
ing in each case was just a trace. Values 
of five and seven kilovolts have been as- 
signed to the traces and the readings in- 
cluded. 

This gives a total of 22 readings, which 
can be considered good data or support- 
ing data. Seventy-seven readings were 
rejected because either the current or 
voltage readings were missing or doubtful. 

Figure 2 of reference 3 is redrawn as 
Figure 8 in this paper, with the nine 
original points, five additional good 
points, and eight points which are uncer- 
tain as to ratio of R,/Rn, except that we 
know the ratio is greater than the plotted 
value. The drawn curve is actually the 
same as that given in Figure 2 of reference 
3, the additional points only serving to 
tie the curve down a little more firmly. 


— 
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9/15/1936 
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Total tower current (column 5) assumed 1.5 times measured current in tower legs, to take care of cross-member current. 


* From Table XVI of reference 3. 
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Figure 8. Ratio of surge resistance during 

natural lightning strokes to normal tower- 

footing resistance plotted against product of 
current and normal footing resistance 


Additional probe rods were driven in 
1943 at a distance of 12 feet from the 
tower. These, like the original rods six 
feet from the tower, were driven five feet 
deep. Lightning-stroke recorders were 
mounted on the first set of probe rods and 
coupled by voltage divider between the 
rods, so that surge voltages between the 
rods would be read. 

Two good records were obtained in 
1943. Several other simultaneous read- 
ings were obtained of voltage between 
tower and first probe rod and between 
first and second probe rods, but no read- 
ings or uncertain readings of tower cur- 
rent. No attempt will be made to ana- 
lyze these readings until further reliable 
data have been accumulated. 


Conclusions 


1. Rate of change of voltage has been 
measured at five stations on the 132-kv 
system of the Appalachian Electric Power 
Company over a five-year period. The 
highest measured rate of change was 550 kv 
per microsecond, with 50 per cent at least 
equal to 100 kv per microsecond. These 
data should have an important bearing on 
fixing a reasonable front-of-wave test for 
apparatus. 


| Baal 


2. Voltages up to 525 kv were measured 
on 132-kv station busses over a four-year 
] period. This voltage is limited by the line 
and bus insulation, the lightning arresters, 
and the station surge impedance. 


3. Currents up to 36,000 amperes were 
measured in overhead ground wires near 


“Marcu 1945, VouumE 64 
StS eee 


© (9) Original points, Figure 2, reference 3 
@ (5) Additional good points 

6 (8) Points which are probably low 
because lightning-stroke recorder flashed over 


stations and up to 11,500 amperes in line 
conductors of 132-kv lines over a four-year 
period. On a well shielded line, direct 
strokes are intercepted by the overhead 
ground wires, and current gets onto the con- 
ductors only through flashover of the line 
insulators or the protective tubes. The 
conductor-current magnitude is further 
modified by the outgoing lines and arresters. 


4. Currents up to 3,600 amperes were 
measured in station arresters on 132-kv 
lines over a four-year period. This value 
should be contrasted with a current of 
25,000 amperes measured in distribution- 
circuit arresters,’ and 15,000 amperes in 
low-voltage-transmission-circuit arresters.’ 
It appears that in stations with well-shielded 
incoming lines both voltage and current 
magnitudes are of very moderate values. 


5. Stroke-current and tower-current data 
are available from 11 lines of five com- 
panies, gathered during a period of 11 years 
and totaling 2,721 strokes. The maximum 
stroke current was 218,000 amperes and the 
maximum tower current 132,000 amperes. 
Of the total strokes 82 per cent were nega- 
tive and 18 per cent positive. 


6. A few additional readings are available 
from the setup on the 140-kv system of the 
Consumers’ Power Company, designed to 
evaluate the surge resistance of towers. 
These data tend to anchor somewhat more 
firmly the curve first given as Figure 2 of 
reference 3 and to reinforce the conclusions 
previously drawn that the ratio of surge 
tower-footing resistance to normal tower- 
footing resistance decreases with increased 
current and increased resistance, and that 
this ratio may be as low as 0.04 for the 
sandy soil conditions and the magnitude of 
resistance and current encountered. 
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| mission Lines, S. K. Waldorf. 


A paper by I. W. Gross and G,. D. 
Lippert gives further details of the in- 
vestigation on the American Gas and 
Electric Company system;!® another re- 
cent paper is pertinent to our present 
investigation in that it discusses the im- 
pulse characteristics of. various types of 
soils and electrodes. '® 
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Power Supply for A-C Arc Welding 
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HE rapid growth of a-c arc welding 

in the last ten years has resulted in 
a-c welding becoming a large fraction of 
all arc welding rather than a negligible 
proportion. As power loads due to a-c 
are welding become larger, questions arise 
in the minds of users and power-supply 
authorities about power requirements of 
a-c welders and the effect of a-c welders 
on power circuits. In some instances arc 


welding has been confused with resist- - 


ance welding, although the two are en- 
tirely different from the standpoint of 
power supply. This paper presents data 
useful for determining the effects of a-c 
arc-welding loads on electric power cir- 
cuits. 

A-c are welders may be divided into 
two general types—industrial welders and 
utility welders, For industrial service, 
welders must be suitable for high-speed 
high-quality welding, must be designed 
for quick and easy arc starting, and must 
be usable with long welding leads. This 
requires fairly high open-circuit voltage 
for easy are starting and stability of cur- 
rent. Industrial welders generally in- 
clude capacitors for power-factor cor- 
rection. Utility welders are built in low- 
current ratings, usually 200 amperes and 
below and are characterized by low open- 
circuit voltage, low kilovolt-ampere de- 
mand, simplicity of construction, and 
low cost. They are intended for use in 
small shops for repair work where their 
slow arc starting, slow operation, and cur- 
rent variation with arc length are not too 
objectionable. 

High - reactance transformer - type 
single-operator welders are used almost 
universally for a-c welding. They are 
two-winding transformers, not autotrans- 
formers, for obvious reasons of safety. 
A-c arc welders are rated in terms of weld- 
ing amperes rather than kilovolt-amperes. 


Industrial-Duty Welders 


Industrial-duty welders are built for 
- primary power circuits of 220-, 440-, or 
550-volt rating and step down the volt- 
age to approximately 75. Although 
voltages as high as 100 have been used, 
industrial-duty welders generally range 
from 70 to 80 volts open circuit. In- 
cluded in the welder is an adjustable re- 


Paper 45-28, recommended by the AIEE committee 
on electric welding for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
. ary 22-26, 1945. Manuscript submitted Novem- 
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actance, sometimes as a separate reactor 
but more often the reactance is incorpo- 
rated in the transformer. The reactance 
absorbs the voltage difference between 
the 75 volts open circuit and the 20 to 
40 volts of the welding arc and furnishes 
the necessary impedance to stabilize the 
arc. The voltage drop in the reactance 
adds vectorially in quadrature to the 
equivalent resistance voltage of the arc 
to equal open-circuit voltage. With 
usual arc voltages permitted by metallic- 
welding electrodes and with the usual 
open-circuit voltages, the reactance volt- 
age is 75 to 85 per cent of open-circuit 
voltage and, during the start of a weld 
with the electrode short-circuited, is 
equal to 100 per cent. Adjustment of the 
reactance therefore permits accurate con- 
trol of welding current because the react- 
ance is the largest impedance in the cir- 
cuit. 

The usual ampere ratings for industrial 
hand welding are 200, 300, 400, and 500 
amperes. The usual range of output is 
from 20 per cent to 125 per cent of the 
rating. The adjustment above 100 per 
cent not only permits occasional short 
jobs to be done at higher than rated cur- 
rent, but, even more important, it per- 
mits welding to be done at rated current 
with welding leads as long as 150 feet. 

Figure 1 shows a simple equivalent cir- 
cuit of an arc-welding transformer. The 
capacitors, shown dotted, generally are 
included in heavy-duty industrial welders 
to. improve power factor and reduce cur- 
rent demand from the primary circuit. 
The vector diagram of primary voltage 
and current in an a-c arc welder illus- 
trates the effect of capacitors in reducing 
current and improving power factor. 
Figure 2 shows kilovolt-ampere input and 
power factor of 300-ampere a-c welders 
with and without power-factor correction. 

Welders with built-in power-factor 
correction generally are designed to op- 
erate at 0.75 to 0.85 power factor at rated 
load. The power factor becomes unity 
at approximately half load, and the pri- 
mary current is leading at lighter loads 
and at no load. This leading current is 
often useful for improving the over-all 
power factor of the primary circuit when 
other low-power-factor equipments such 
as motors are connected to the same cir- 
cuit. 

Where large numbers of high-power- 
factor welders are connected to a single 
circuit and where welding loads are such 
that the majority operate idle or lightly 
loaded, the total leading current may 
become undesirably high. In such cases 
automatic voltage-reducing controls(Idle- 
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matic controls) of certain types are 
useful. Figure 3 illustrates a widely 
used control. The principal function of 
the control is to reduce the open-circuit 
voltage of the welder when idling to a 
fraction of normal, thus reducing the 
shock hazard to the welding operator. 
The control connects the capacitors and 
welder to the primary line only during 
welding and immediately disconnects 
them when welding ceases. On 440-volt 
circuits where the capacitor voltage is 
the same as line voltage and, therefore, 
not connected to autotransformer con- 
nections on the welder primary, the user 
has the choice of operating with the ca- 
pacitors permanently connected to the 
primary line or of permitting the control 
to connect them only during welding. 
He can thus adjust the circuit to suit his 
operating conditions. The data given 
later in the paper under duty factor may 
be used as a guide to determine the pref- 
erable connection. 

Figure 4 shows secondary volt-ampere 
curves of a typical industrial a-c arc 
welder. Each curve applies for one set- 
ting of the control reactance. Most in- 
dustrial welders have-stepless adjust- 
ment of reactance so that there is an in- 
finite number of these curves between 
minimum and maximum. 


EFFECT OF PRIMARY-VOLTAGE 
VARIATION 


A-c welder rated input current and 
kilovolt-amperes are based upon operation 
at rated primary voltage: 220, 440, or 550 
volts. Many industrial circuits actually 
operate at average levels higher than 
these nominal values, often at 110 per 
cent. Figure 5 shows how the primary 
kilovolt-ampere input is increased by 
overvoltage. The curves are based on 
maintained rated secondary load. The 
are voltage will stay constant as deter- 
mined by the electrode and length of 
arc, but with increasing primary voltage 
it will be necessary to readjust the cur- 
rent control to prevent current from in- 
creasing. With constant secondary cur- 
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A-c-arc-welder equivalent circuit 
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and vector diagram 
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rent the transformer primary current 
also must stay constant except for the 
small effect of the increased exciting 
current required by the transformer core. 
Therefore, the kilovolt-ampere input to a 
low-power-factor welder increases as the 
primary voltage increases, the increase 
being principally the extra reactive kilo- 
volt-amperes required to absorb the dif- 
ference between the fixed-load voltage 
and the higher open-circuit voltage. Ina 
high-power-factor welder the capacitor 
kilovolt-amperes increase as the square 
of the voltage and more than balance the 
increase of inductive kilovolt-amperes so 
that the current input decreases as the 
voltage increases. 


No-Loap SwITCHING TRANSIENTS IN 
A-C Arc WELDERS 


Figure 6 shows transient primary volt- 
ages and currents which occur when ap- 
plying or removing excitation with no 
load on the secondary circuit. These tests 
were made on a standard welder rated 550 
primary volts, 500 amperes secondary 
current, rated welder with and without 
power factor correcting capacitors. 
Switching was done with a standard 600- 
volt safety switch of snap-action type. 
Power supply was one-phase of a 550-volt 
two-phase 60-cycle 600-kva shop circuit 
used principally for power supply to 
motor-driven machine tools in a machine 
shop. The impedance of the supply cir- 
cuit was such that the voltage drop at the 
welder primary terminals, when loaded 
at 500 amperes secondary current, meas- 
ured approximately two per cent. 
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Figure 2. Input kilovolt-amperes and power 


factor of an industrial 300-ampere a-c welder 


at standard 40-volt load 


A—Low-power-factor welder 
B—High-power-factor welder 


_ welder. 


An inrush surge of exciting current oc- 
curs when any transformer is switched 
on a power line, unless the switch is 
closed at very nearly the instant of maxi- 
mum voltage. The magnitude of the 
surge depends upon the design of the 
transformer. A welder consisting of a 
low-reactance transformer with separate 
secondary reactor may have very large 
instantaneous-current surges up to per- 
haps 20 times normal primary-load cur- 
rent.” High-reactance transformers gen- 
erally draw low inrush currents due to 
the high reactance of the primary winding. 
The highest crest current measured on 
the high-reactance welder previously, re- 
ferred to was two times the crest of nor- 
mal rated current, although calculations 
indicate as much as three times might 
occur, if the circuit were closed at ex- 
actly voltage zero. Inrush-current peaks 
of this magnitude die down rapidly and 
have usually no noticeable effect on the 
primary circuit. They cause much less 
voltage drop in primary circuits than the 
starting of an equivalent motor. 

When a high-power-factor welder is 
switched on the line, a surge current may 
flow in the capacitors as shown in the 
oscillogram of Figure 6B. Currents ap- 
proaching five times normal have been 
measured, but the duration of the cur- 
rent flow is so short—generally less than 
0.001 second—that the effect on the pri- 
mary circuit is negligible. Instantaneous 
overvoltages of 25 per cent above normal 
have been measured: of the same short 
duration. 

Switching-off excitation of a low-power- 
factor welder may result in a transient- 
voltage rise as will be seen in Figure 6A. 
This voltage depends upon the speed at 
which the switch can interrupt the excit- 
ing current. High-speed snap-action 
switches may cut off current so rapidly 
that the inductive kick can cause consid- 
erable voltage rise. A rise 84 per cent 
above normal was measured on this 
welder. A 

Oscillograms of switching-off excitation 
from a high-power-factor welder show 
that, as would be expected, the capaci- 
tors completely eliminate overvoltage. 
(See Figure 6B.) The energy storage 
capacity of the capacitors is so high that 
any stored inductive energy in the trans- 
former core cannot affect the capacitor 
voltage measurably. After removal of 
excitation, the capacitors discharge slowly 
through the transformer winding, oscil- 
lating at a decreasing frequency because 
of the nonlinear characteristic of the 
transformer core. 


SwitcHING oF ARC WELDERS WHEN 
LOADED 


Starting and finishing a weld switches 
the load on the secondary side of the 
It will be seen from the curves 
of Figure 4 that a reactance-controlled 
industrial welder limits the short-circuit 
current at the start of a weld to a value 
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Figure 3. A-c arc welder with automatic 
voltage-reducing (Idlematic) control 


not much higher than normal welding 
current. There also may be a transient 
overcurrent for one or two cycles of the 
type caused by switching a reactive load 
on an a-c line. However, the resistance 
of the electrode, its contact resistance, 
and the resistance of the welding cable 
and transformer are large enough to hold 
the transient overcurrent to a low value, 
usually much less than 1.5 times the 
steady-state current. Therefore, starting 
a welding arc does not result in large cur- 
rent surges. A typical oscillogram of 
welding current and arc voltage in Figure 
7 shows that neither starting mor ex- 
tinguishing a welding are causes ob- 
jectionable transients. Starting the arc 
can cause momentary currents seldom 
exceeding approximately 1.5 times nor- 
mal. Extinguishing the welding arc by 
withdrawing the electrode is a slow proc- 
ess requiring several cycles, so that the 
current and voltage in the reactance de- 
crease gradually and no overvoltage oc- 
curs. 

The additional oscillograms of Figure 
8 show primary and secondary voltages 
and currents occurring when a welding 
arc is started and stopped at various 
loads. Figure 8A shows start and finish 
of a 300-ampere welding load on a low- 
power-factor welder. Figure 8B shows a 
500-ampere load on a high-power-factor 
welder. Figure 8C is included to show 
that at loads less than half rating the load 
current of a high-power-factor . welder 
may be less than no-load current. This 
also is shown by the curves of Figure 2. 
As will be seen from these oscillograms, 
the transition from leading no-load cur- 
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Figure 4. Output volt-ampere curves of 
300-ampere industrial welder 
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rent to load current occurs smoothly 
without objectionable transients. The 
slight notch in the top of the no-load cur- 
rent is caused by the fact that, as in all 
transformers, the core exciting current is 
peaked, and, being opposite in phase to 
the capacitor current, subtracts from its 
crest. 

Figure 9 shows current and voltages 
measured when starting and finishing a 
weld in a high-power-factor arc welder 
with Idlematic control. The action of 
the control is illustrated clearly. by these 
oscillograms. Before starting the weld 
the contactor is open, leaving the capaci- 
tors and the welder primary winding dis- 
connected. The welder secondary is ex- 
cited from the control at reduced voltage 
—approximately 30 volts. When the 
electrode is touched to the work, the 
welder secondary voltage becomes nearly 
zero, and the control voltage is impressed 
on the contactor coil. When the con- 
tactor closes, it connects the welding load 
and the capacitors simultaneously to the 
line. The control is designed so that the 
contactor holds in, as long as welding 
load is maintained. When the welding 
arc is extinguished, normal open-circuit 
voltage appears on the secondary circuit 
for about two cycles at which time the 
contactor drops out disconnecting the 
capacitors and welder primary and re- 
ducing secondary voltage to. normal 
idling voltage. The capacitors are dis- 
charged automatically through a dis- 
charge resistor. Overvoltage from switch- 
ing off the welder exciting current is pre- 
vented by the control circuit which con- 
nects the welder secondary terminals to a 
resistor before disconnecting the welder 
primary terminals. 

The two oscillograms in Figure 9 were 
not taken at the same time or set up, 
which accounts for the different scales of 
voltages and currents. The somewhat 
rounded top of the secondary voltage in 
the first oscillogram is caused by the im- 
pedance voltage drop in the long second- 
ary leads used in this test, as voltage 
_ measurement was made at the trans- 
former not at the arc. The actual wave 
shape of any a-c metallic-welding arc 
voltage is very flat-topped. 


EFFECT OF POWER-FACTOR-CORRECTING 
CAPACITORS ON PRIMARY SWITCHES 


Tests previously described indicate that 
capacitors prevent overvoltage in switch- 
ing unloaded welders off the line. This 
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would indicate that the interrupting 
duty on the switch is reduced by the 
presence of the capacitors. Although no 
comparative tests are available on loaded 
welders, the following facts may be in- 
dicative: There have been reported in- 
stances of primary-switch failure on low- 
power-factor welders occurring when the 
welding electrode froze to the work, main- 
taining a secondary short circuit, which 
had to be interrupted by opening the 
primary switch. In this case the load 
voltage is zero and the power factor of the 
primary current is very low—five to ten 
per cent. Therefore, the inductance 
built into the welder for the purpose of 
making the welding arc stable makes the 
arc in the switch very difficult to inter- 
rupt. On the other hand, a series of tests 
made on several types of commercial 
horsepower-rated switches connected to a 
short - circuited power - factor-corrected 
welder indicated that the switches cleared 
the circuit with less disturbance than was 
normal for the same current and power 
factor without capacitors. Apparently, 
the capacitors hold switching-surge volt- 
ages so low that they lessen switch inter- 
rupting duty considerably. 

Capacitor current itself is interrupted 
easily by a switch. Capacitor-current 
surge on closing the switch has not been 
found to cause trouble, as switches used 
with arc welders are capable of closing on 
several times as much current as that 
caused by the amount of capacitance used 
in a welder. 


EFFECT OF CAPACITORS ON EXTERNALLY 
CAUSED SURGE VOLTAGES 


Switching-surge overvoltages occur on 
all types of electric power circuits, but 
they are of comparatively high frequency 
and extremely short duration—a few 
thousandths of a second. Although no 
evidence is available to indicate that they 
present a shock hazard to the welding op- 
erator, it is interesting to note that the 
power-factor-correcting capacitors on a 
welder present a very effective barrier to 
high-frequency voltage. 


PHASE UNBALANCE 


The question of phase unbalance due 
to the application of single-phase welding 
transformer loads occasionally is en- 
countered. This is usually an academic 
question; cases where phase unbalance 
from this source have proved actually 
troublesome are very rare. Perhaps the 
interest in this question arises from con- 
fusion of a-c arc welders, having rela- 
tively low kilovolt-ampere input, with 
resistance welders having relatively large 
kilovolt-ampere input. A good rule of 
thumb says that even without the bal- 
ancing effect of polyphase motors run- 
ning on the same line, no troublesome 
voltage unbalance will occur, if the kilo- 
volt-ampere input to the arc-welding 
transformer does not exceed approxi- 
mately half the kilovolt-ampere rating 
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PER CENT INPUT CURRENT AND KVA 
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PER CENT RATED INPUT VOLTAGE 
Figure 5. The effect of higher-than-rated 
input voltage on a-c arc welders operating 


at rated current 


of the three-phase distribution-trans- 
former bank to which it is connected. 
When a number of a-c welders are sup- 
plied by a polyphase line, they may be 
connected to different phases in order 
to balance their load, except when the 
transformers are to be operated in paral- 
lel. 


Duty FAcToR 


The arc-welding duty cycle varies 
widely, not only from plant to plant, but 
also from hour to hour in the same plant. 
(In this paper the term ‘“‘duty cycle” 
will mean a group of specified intervals 
of arc time and idle time; for example, 
five minutes on and five minutes off. 
Duty factor is the ratio of arc time to the 
total time under consideration.) The 
majority of welders-are used in manual- 
welding duty, and the following com- 
ments are confined to this class of service. 
Automatic, or machine are welding, when 
properly applied, involves very high duty 
factors and sometimes relatively long in- 
tervals of continuous load, so that for 
most purposes it can be considered as con- 
tinuous duty. 

Basically, the usual manual-arc-welding 
duty consists of about 1 to 1!/. minutes 
under load, followed by 10 to 15 seconds 
idling, resulting in a short-time duty 
factor of 80 to 90 per cent. However, 
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Figure 6. No-load switching of arc-welding 
; transformers 


A—Low-power-factor welder 
B—High-power-factor welder 
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this cycle is rarely repeated more than 
eight or ten times before a longer idling 
interval takes place, so that all-day duty 
factors may run as low as ten per cent or 
as high as 50 or 60 per cent, depending 
on the nature of the work. 

Advantage may be taken of these facts 
in providing electric service for groups of 
arc welders. Table I lists a conservative 
method of calculating primary-line ca- 
pacity to supply a group of welders. 

This table is usable for either low- 
power-factor welders or power-factor- 
corrected welders, using in either case the 
actual. primary current input when 
delivering rated welding current. Wir- 
ing according to this table will carry, 
without being overloaded, the current 
from 50 per cent of welders operating at 
full load and 50 per cent idling, when low- 
power-factor welders are used, and will 
carry the current from 60 per cent of the 
welders at full load and 40 per cent idling, 
when power-factor-corrected welders with 
permanently connected capacitors are 
used. 

Table I also can be used when welders 
are distributed among the phases of a 
three-phase circuit by the following pro- 
cedure: Consider each group of three 
welders connected to the three phases as 
a single unit of current rating 1.73 times 
the primary rating of an individual welder 
and use the table as though the three were 
a single welder. 

A single high-power-factor welder with- 
out Idlematic control, or its equivalent, 
will draw considerable leading-power- 
factor kilovolt-amperes while the welder 
is idling. The maximum 15-minute kilo- 
volt-ampere demand will depend to a 
considerable extent on the duty factor, 
as well as on the amount of the capacitive 
kilovolt-ampere drawn by the capacitors, 
since it will involve a base load drawn 
by the capacitors during idling, plus inter- 
vals of somewhat higher kilovolt-ampere 
load during actual welding. The peak de- 
mand of a single welder will occur during 
the very short intervals when the welder is 
- short-circuited in striking the arc and 

usually will have a maximum _ possible 
value of less than twice the kilovolt-am- 
pere input at normal rated load. 

When idlematic control is used, the 
capacitors usually are switched off, along 
with the welder primary, whenever the arc 
is broken. This eliminates the no-load 

capacitive kilovolt-ampere as a factor in 
the maximum kilovolt-ampere demand, 
which then will be some lower value, de- 
pending on the duty factor.. 

If a large number of welders without 
power-factor correction operate as a 
group, diversity begins to influence both 


maximum demand and peak demand. 
Figure 10 shows the shape of the welding- 
load curve for a group of 238 operators 
in a shipyard. (The recording ammeter 
from which this curve was derived -ac- 
tually measured one-seventh of the total 
load, which accounts for the relatively 
low currents indicated.) The average 
load was one-quarter of the connected 
load, indicating an average all-day duty 
factor of 25 per cent. (In this case con- 
nected load is assumed to be the total 
rated input of the number of welders 
equal to the number of operators work- 
ing that day.) The 15-minute maximum 
demand was 26 per cent of the connected 
load, and the short-time peak indicated 
on the original ammeter record was only 
30 per cent of the connected load. 

Studies of the load imposed by smaller 
groups of welders show that diversity 
may be expected to reduce the 15-minute 
maximum demand drastically when more 
than four or five units are operating. 
Five units may have only 77 per cent as 
much maximum demand per unit as a 
single machine, and 20 units only 65 per 
cent as much. 

Likewise, the peak short-time demand 
per unit will be reduced when sufficient 
numbers of welders are involved. In 
one case it was found that the expected 
peak demand per unit began to decrease 
when the number of welders reached six 
or seven and decreased fairly uniformly 
to about 80 per cent of the single-unit 
peak demand when 50 welders were in- 
cluded in the group. 

With high-power-factor welders not 
equipped with Idlematic control, it is 
possible that the maximum demand may 
be the capacitive no-load kilovolt-amperes 
of the machines. Unless the duty factor 
is unusually high, the maximum demand 
of the group when operating under load 
will be reduced, because the leading 
kilovolt-amperes of those units which are 
idling will cancel all or a part of the lag- 
ging kilovolt-amperes drawn by the 
loaded units.-’But the capacitive kilo- 
volt-amperes of the entire group may be 
drawn all at once during meal hours or 
rest periods, and this frequently will be 
the determining factor in the 15-minute 
maximum demand. The peak demand 
per unit will be reduced slightly (at nor- 
mal duty factors) by the leading kilovolt- 
amperes of idling units. 


POWER FACTOR 


In the matter of power factor to be ex- 
pected from groups of high-power-factor 
welders, duty factor again plays an im- 
portant part: Unless the capacitors are 
disconnected automatically when weld- 
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Figure 8. Oscillograms of currents and 
voltages during start and finish of a-c arc welds 


A—300-ampere weld on a low-power-factor 
welder 
B—500-ampere weld on a high-power-factor 
welder 
C—150-ampere weld on a 500-ampere 
high-power-factor welder 


ing stops, the capacitive kilovolt-am- 
peres of the idling units is available to 
improve the power factor of ‘the system 
on which they are connected. 

Figure 11 illustrates how power factors 
on various feeders will vary, depending 
on whether or not the capacitors are 
switched off at no load. These data are 
calculated for current designs of 300-am- 
pere welders, the a-c units being equipped 
with ten kilovolt-amperes in capacitors 
and the d-c units being ordinary three- 
phase motor-driven generator sets with- _ 
out power-factor correction. In the cal- 
culations the welders are assumed to be 
operating on a load of 200 amperes at 30 
volts with a 45 per cent duty factor. If 
the duty factor were higher, the power 
factor of the d-c units would be higher and 
that of the a-c units more lagging. 

By comparing the figure for feeders A 
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Figure 9. Oscillograms of weld on a high- 
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Figure 10. Arc-welding-current load drawn 
by 35 operators of a group of 238, averaging 
160 amperes each 


Indicated average-duty factor 25 per cent, 
demand factor 26 per cent, peak demand 
1,700 amperes (30 per cent) 


and C, it can be seen that, if the a-c 
welders are on the same line with induc- 
tion-motor-driven d-c welders, the use of 
permanently connected capacitors re- 
duces the average kilovolt-amperes in the 
feeder and so improves the power factor. 
But if only a-c welders are on the feeder, 
then automatic. disconnection of the 
capacitors is preferable. The latter is 
also true from the point of view of the 
total load drawn by all three of the feed- 
ers illustrated. 
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Utility Welders 


Usual ratings for utility-duty welders 
are 100, 150, and 200 amperes, although 
some, both larger and smaller, are used. 
The primary power source for such 
welders is generally 230 volts, as circuits 
of 460-volt rating are seldom available in 
locations where utility welders are used 
and 115-volt circuits rarely have suffi- 
cient current capacity. Because circuits 
on which utility welders are used are 
small and often serve lighting loads, it is 
important to keep the demand of the 
welder low to avoid excessive regulation 

and flicker of lights. Heating of power 
supply circuits and transformers seldom 
will be important because of the inter- 
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mittent nature of the load. These fac- 
tors indicate that the first principle in 
design of utility welders should be lowest 
possible primary kilovolt-ampere demand. 
Also, it is desirable to keep the power 
factor high. The use of very low open- 
circuit voltage accomplishes both ends 
by reducing the kilovolt-ampere demand 
and by increasing the ratio of arc voltage 
to open-circuit voltage, thus increasing 
the power factor. Open-circuit voltages 
in the range of 40 to 60 volts are ade- 
quate for maintenance of a stable welding 
arc at low currents with present-day 
heavily coated a-c welding electrodes, 
although arc starting may be difficult 
and time-consuming, particularly when 
welding on clean smooth sheet steel. 
Another desirable design feature is 
strict limitation of the maximum obtain- 
able output to prevent overload on the 
power circuit. The overtravel of current 
adjustment normally included in indus- 
trial welders is not necessary in utility 
welders, because there is less need for 


Figure 11. Typical 
Df, load conditions on 
32. |O67# 99 feeders supplying 


300-ampere welders 
operating at 200 
amperes 30 volts, 
0.45 duty factor 
from one load-center 
substation 


long welding leads and high output. 
Large welds for repair of heavy metal 
sections always can be made by multiple 
passes. 

The characteristics of a design which 
might be suggested by the preceding dis- 
cussion are shown in Figure 12. Such a 
welder would be suitable for operating 
standard one-eighth-inch a-c steel weld- 
ing electrodes, and thus would be suit- 
able for most repair welding. Its nominal 
rating probably would be 100 amperes 
based on the customary standard of 30- 
volt arc. The actual output would be 
about 120 amperes, if a 25-volt arc is 
held on the maximum setting. 

The curves of kilovolt-ampere demand, 
power factor, and regulation apply only 
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Figure 12. Utility-welder volt-ampere curves 
with curves of regulation of power source, 
welder kilovolt-amperes, and power factor 
when welder is operating at maximum setting 


A—Three-kilovolt-ampere distribution trans- 
former 


B—Five-kilovolt-ampere distribution  trans- 


former 
C—49-mile 6,900-volt rural line of 30 miles 
of number 6 conductor, ten miles of number 
8 conductor, and two miles of number 11 
conductor 


to the maximum setting of the welder; 
demand and regulation will, of course, 
decrease at reduced current settings. 
The line-regulation curve is based on a 
line likely to be found in rural areas. 
Power lines in urban areas would have 
less regulation. 


It should be appreciated that the 
points shown by the curves at zero-load 
volts occur only momentarily, when the 
electrode is touched to the work to start 
the arc. 


The maximum 15-minute demand ofa . 
welder of this design would not exceed 3.5 
kva. A consumer supplied at 230 volts 
from an individual distribution trans- 
former large enough to handle an electric 
range would not require additional trans- 
former capacity to supply the welder.. 
This is based on the assumption that the 
consumer will tolerate light flicker on 
his premises caused by his own welding 
load, since he is not likely to operate the 
welder many hours per year during hours 
that lights are on. It is not feasible at 
present to generalize upon regulation 
problems on systems where several con- 
sumers are served from a common dis- 
tribution secondary circuit because of 
variation of circuit design used in different 
localities. 
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Dodge Chicago Plant's Electric-Power- 
Distribution Scheme With Aiirplane- 


Engine-Testing Power Recovery 


E. L. BAILEY 


FELLOW AIEE 


HE Dodge Chicago plant was built to 

manufacture airplane engines for su- 
perbombers and the entire project was 
designed exclusively for that one purpose. 
The plan called for much more than the 
usual assembly of parts, as it was the 
intent that this plant make practically 
everything from castings on through to 
the finished motor. Accordingly, there 
are aluminum and magnesium foundries, 
forge, heat-treat, and machine shops as 
well as assembly and testing buildings. 
There are 19 principal buildings with 
their particular use broadly indicated by 
their names. The site covers over a 
square mile. 

A list of the equipment in these build- 
ings gives us the connected load, but the 
use factors for this equipment in each 
area had to be determined and assigned 
in order to obtain the power required. 
Fortunately, when the illumination level 
and type of lamp were selected for an 
area, it was straightforward arithmetic to 
determine the lighting load, as it is con- 
sidered 100 per cent load factor; but the 
power demand was much more difficult to 
determine. The machine shop, our 
building 4, for example, being the largest 
one-floor building in the world, covers 
over 80. acres and contains over 6,000 pro- 
duction machine tools as well as heat- 
treat, plating, battery charging, convey- 
ors, air-conditioning, building utilities 
and countless other special features. The 
estimate for machine demand for all of 
the buildings is shown in Table I. 

At the center of each area of approxi- 
mately 2,000 kva a double-ended unit 
substation is placed consisting of two 
1,000-kva three-phase 12,000/480-volt 
transformers and their associated circuit 
breakers, each feeding a group of radial 
distribution circuits of approximately 400 
to 600 amperes. The 480-volt bus may 
be paralleled to give service on any cir- 
cuit in case of emergency by opening one 
secondary line breaker and closing a tie 
breaker. The transformers with their as- 


sociated feeder circuits normally are oper- 
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mittee on industrial power applications for pres- 
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ated with the tie breaker open, as one 
approaches very close to the limit of the 
rupturing capacity on the circuit break- 
ers when the tie breaker is closed. The 
primary feeds for the two transformers in 
one substation come from different ca- 
bles, but there are five transformers on 
each cable. By this means a dual primary 
feed on each substation area is obtained, 
but a separate primary-switch position is 
not tied up for each transformer. There is 
some variation from this plan as some loca- 
tions did not warrant the installation of 
two transformers, in which case only 
one was installed with a throw-over pri- 
mary feed where the operation of the cir- 
cuit was considered important. The 
lighting of about 12,000 kw is supplied 
from the same substations through 50- 
kva air-cooled transformers (480 volt to 
120/240 volt) properly disposed through- 
out the areas. Combination high-inten- 
sity tungsten units are used for the general 
lighting of about 25 foot-candles, aug- 
mented by fluorescent or individual tung- 
sten units for the more critical visual 
tasks. Fluorescent lamps are used in the 
offices. 

From all these data approximately 
90,000-kva connected load was estimated 
with 39,000-kw probable maximum de- 
mand for the plant. However, originally 
it was provided with only 30,000-kva 
feed from two 15,000-kva 33-kv cireuits 
in order that it would not be overequipped 
for power supply. A curve of the esti- 
mated load per month was laid out for 
contact with the public utility company so 
that it could provide facilities required 
for the plant as the load grew. It was 
with some temerity that such a curve was 
given, but subsequent experience has 


been gratifying, as there was not too 
much divergence from it for many 
months. About a year ago, however, 
loads indicated that a third 15,000-kva 
line would be required. It is now installed 
along with step-type voltage regulators so 
that now a 45,000-kva power supply is on 
a firm basis. 


Power-Recovery Engine Test 


When the production engine-test equip- 
ment was being considered, it was imme- 
diately evident that the output of these 
engines, being over 2,200 horsepower, 
would require very substantial equip- 
ment. Further, the amount of power 
seemed worthwhile salvaging if possible. 
The engine test requires that the engine 
be loaded under all conditions of speed 
and torque that might be expected in 
flight. 

There are at least four commonly ac- 
cepted plans for loading airplane engines 
for test. One is simply to install a special 
propeller or club on to the engine and 


‘arrange suitable air-control ducts or tun- 


nels to direct and control the air and 
noise so that speed—torque curves can be 
taken. Such a scheme generally is known 
as a club test. This involves no electric 
connections other than some scheme for 
starting the engine and some blowers to 
carry away the excess fumes and create 
conditions similar to those in flight sur- 
rounding the motor. The actual horse- 
power developed by an engine while driv- 
ing a club propeller has to be determined 
by calibration. 

There are three common electrical 
schemes available; the simplest is what is — 
known as an inductor-type absorption 
machine, which is simply a short-cir- 
cuited water-cooled armature mounted in 
a frame, hung on bearings with a beam 
scale to measure the torque. This is 
quite satisfactory and is used by several 
of the engine builders. The engine has to 
be cranked for starting by auxiliary 
equipment as the inductor alternator will 
not develop torque as a motor. 

The second electrical method makes use 
of an a-c generator connected to the en- 


General view of Dodge Chicago 
plant 


Figure 1. 
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gine through some sort of slip coupling, 


either a fluid or magnetic type. Both of 
these schemes are used. ‘The results ob- 
tained from these hookups also are quite 
satisfactory. An excellent power factor 
is maintained on these circuits as the 
generators are all synchronous type. The 
power output of the engine is determined 
by the electric output of the generators 
plus the generator losses and the slip- 
coupling losses. This all can be figured 
out quite simply with the calculated 
curves of generator losses plus slip-cou- 
pling losses and the electric-power meas- 
urements. Load can be determined 
within plus or minus 11/2 per cent which is 
quite satisfactory for commercial pur- 
poses. 


The last scheme for loading the engine » 


is by making use of the variable-speed 
generators. Here the slip couplings are 
eliminated. The generator operates over 
the testing-speed range of the engine out- 
put shaft. The calibration of the electric 
meters may include the generator losses 
so that direct readings can be taken for 
use in a simple equation that will give 
correct engine horsepower output. 

In the variable-speed generator the slip 
losses all are dissipated in an air-cooled 
resistor so that no problem arises regard- 
ing coolant supply. 

It seemed that the simplicity of the 
slip-ring induction generator solidly cou- 
pled to the engine without any expensive 
and troublesome slip coupling would make 
the most suitable device for loading these 
high-power-output variable-speed engines. 
Experience with this type has been 
most satisfactory from both operating 
and maintenance point of view. 


Description of Typical Test Cell 


The test-cell operation is understood 
most clearly by referring to the cut-away 
drawing (Figure 4). The newly as- 
sembled engine mounted on a heavy sup- 
porting frame is run into a test cell shown 
as test cell 32 where the engine-output 
shaft is connected by asimple coupling (not 
a slip coupling) directly to the generator 
installed on the other side of the cell (see 
Figure 3). Ignition, oil, gas supply, car- 
buretor, air, and so forth are connected to 
the engine by means of quick connectors, 
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Figure 2 (left). 
Typical 2,000-kva 
12,000/460 - volt 


unit substation 


Figure 3 (right). 
Power - absorption 
generators 


and the engine is ready to run when the 
soundproof door of the cellis closed. Since 
this is an air-cooled engine which exhausts 
into the cell, exhaust and supply fans are 
required to produce air movement similar 
to flight conditions. (These are marked 
clearly in the drawing.) A forced-air- 
cooled grid resistor with drum-type con- 
trol is located on the roof of the building 
for dissipating the slip losses from the gen- 
erator secondary circuits. 

In using the slip-ring induction gen- 
erator, the excitation, of course, comes 
from the supply line. Accordingly, the 
power factor will not be any better on this 
generator circuit than that of any normal 
induction motor of this horsepower and 
speed, so power-factor correction must be 
made for the circuit, preferably by a syn- 
chronous motor or capacitor, or both, as- 
sociated with the test stand. By using a 
300-horsepower synchronous motor to 
drive the cooling fan plus 180 kva of 
static capacitor, it is possible to supply suf- 
ficient leading current to give a minimum 
operating condition of approximately 
90 per cent power factor. 
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Figure 4. Test-cell 
building number 5 


Cross section of test- 

cell building show- 

ing location of equip- 
ment — 
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Bailey—Electric-Power-Distribution Scheme 


Immediately below the generator room 
is located a switching and transformer 
room containing also the shunt and series 
capacitors and various devices for opera- 
tion of the cell. 

Refer to Figure 5 for the sequence of 
operations for a typical test run as fol- 
lows: 


The remotely controlled air circuit breaker 
in the test building substation is closed by 
the test operator from his control booth 
connecting the slip-ring generator, syn- 
chronous-motor-driven supply fan, and a 
shunt-type static capacitor to the bus of a 
2,500-kva 12,000/2,300-volt 60-cycle trans- 
former which, in turn, is connected through 
a series capacitor to the 12-kv plant system 
bus. 


When the switch is closed, the engine is 
cranked at low speed, as full secondary or 
rotor resistance is placed in the circuit, 
while the supply-fan motor, being thrown 
across the line, quickly comes up to 
speed. The shunt-type capacitor helps 
reduce the current inrush, and together 
with the synchronous motor, when up to 
speed and properly excited, brings the 
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2—Torque Instrument Te we eeAGREIN es DIANE NE. cee cts disir «tub. 8 1,350. O98) 22 5tae.¢ 1,300... 5... BO 2ee...Ses 1,350 
A—Hisgh-voltage feeders Miscellaneous outside lighting and power.......6- ese eee eee eeeeenees 500 100 600 
B—Supply fan 78,150 48,200 12,800 61,000 
C—Induction generator 
D—Vernier resistors 
E—Leading resistors sure that air and oil are as required, the be noted that several test cells are grouped 
R—Receiver ignition on the engine is closed, the throt- on a 2,300-volt bus. Feeders extend to 
E—Transmitter tle opened, and the resistor adjusted to various plant loads from this bus, in- 
LD—Loading drum give the speeds and loads specified by the cluding all the cell auxiliaries. This was 


M—Drum motor 
PS—Position selector 
Pl—Position indicator 
PT—Power transformer 


power factor of the group to a satisfac- 
tory value for all loads and speeds. 

The series capacitor shown in the sup- 
ply line to the 2,500-kva transformer elimi- 
nates the voltage drop due to the react- 
ance loss in the transformer, so that 
there is no disturbance on the 2,300-volt 
bus when one of these units is started. 
This use of a series capacitor is believed to 
be the first large-scale application of such 
a device in an industrial plant, and it is 
gratifying to report trouble-free perform- 
ance. 

After a short period of motoring, to be 


f 


oa i 


engineers for the test. An indicating 
kilowatt meter connected in the stator 
circuit indicates the power flow back to 
the a-c system and also is used to indicate 
the engine brake horsepower as: 


Engine brake horsepower = 
(stator power+stator losses) Xactual speed 
synchronous speed 


A factory curve gives losses at all out- 
puts, with conversion factor applied so 
that a value K from the curve times ac- 
tual speed = brake horsepower. 

The power. recovery from this system 
is completely automatic. Engines are 
started, tested, and removed from the 
cells with no disturbance of any kind. 

Examining the wiring diagram, it will 


Bailey—Electric-Power-Distribution Scheme 


designed so that the recovery power 
would operate these associated loads with 
minimum loss and also reduce the ca- 
pacity of the transformer that connects to 
the 12-kv system bus. 


Conclusion 


Although the electric power system was 
designed and installed during the war, it 
has met adequately the exacting require- 
ments of this large manufacturing project, 
and the power recovery system for the 
engine test not only has given us very re- 
liable easily operated trouble-free testing 
facilities, but also enabled us to supply 
from an otherwise wasted source over 
4,000,000 kilowatt-hours per month or 
20 per cent of the electric power required 
for the project. 
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Investigation of Hot-Spot Temperatures 


in Integral-Horsepower Motors 


L. E. HILDEBRAND B. M. CAIN F, D. PHILLIPS 
MEMBER AIEE ASSOCIATE AIEE MEMBER AIEE 

W.R. HOUGH J. G. ROSSWOG C. P. POTTER 
MEMBER AIEE ASSOCIATE AIEE FELLOW AIEE 


HE revision of American Standard 

C50, ‘Rotating Electrical Machinery,” 
resulted in various suggestions for chang- 
ing the method of measuring the tem- 
perature rise of motors and for establish- 
ing temperature-rise limits to be used 
with these methods. A review of the 
temperature tests taken in the past in- 
dicated that they are of little value for 
comparing the various methods. Few 
tests included temperature measurements 
by more than one method, and none of 
them had enough embedded detectors to 
measure accurately the hot-spot tem- 
perature. In order to obtain accurate 
data, the authors were asked to make and 
report the results of temperature tests 
on integral-horsepower motors. It was 
believed that the data thus obtained 
would be valuable to the standardizing 
committees of the AIEE, the American 
Standards Association, and the National 
Electrical Manufacturers’ Association, as 
well as to motor users. 


Scope of Tests 


Temperature tests were made on open, 
plain enclosed (nonventilated), and to- 
tally enclosed fan-cooled polyphase in- 
tegral-horsepower motors. The tem- 

_ perature rise of the stator windings was 
measured by four methods: 


1. Mercury thermometer. 


2. Surface thermocouples on the hottest ac- 
cessible part of the winding. 


3. Resistance. 


4. Embedded thermocouples (using enough 
to locate the hot spot). 


First Set of Tests* 


DESCRIPTION OF Motors TESTED 


In order to obtain a comparison be- 
tween the temperature rise by ther- 
mometer, surface thermocouple resist- 
ance, and embedded detector, con- 
tinuous temperature tests were made on 
a three-horsepower 1,750 rpm three-phase 
squirrel-cage induction motor in the 225 
One set of readings was taken 
with the parts assembled as a totally en- 
closed fan-cooled motor. The other set 
was taken with the external fan and fan 
cover removed. 


* Data reported by General Electric Company, 
Lynn, Mass. 
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LOCATION OF TEMPERATURE INDICATORS 


A single thermometer for taking coil 
temperatures was inserted under a felt 
pad cemented to the outside surface of 
the end windings on the end opposite the 
fan. It was impractical to attempt to 
place a thermometer on the fan end of 
the motor. <A hole was drilled in the end 
shield to admit the thermometer. The 
hole was closed around the thermometer 
with putty. The felt-pad method of 
mounting the thermometer required more 
time for preparation than the usual putty 
method, but the results are considered 
more reliable. 

Thermocouples for taking coil surface 
temperature were attached to the outside 
surface of the windings with felt pads and 
cemented in place. Two thermocouples 
were used on each end of the winding, 
one at the top and one at theside; making 
a total of four. 

Thermocouples for taking internal 
coil temperatures were put in place with 
the windings. These were located in the 
center of the slot portion in both top and 
bottom coils. Five thermocouples were 
used, two in one slot and one each in three 
other slots. Two other thermocouples 
were placed between the slot insulation 
and the core iron. 


4 
TEST PROCEDURE 


Resistances of the windings were 
measured with a Kelvin double bridge. 
Cold and hot resistance were taken in 


Paper 45-33, recommended by the AIEE committee 
on electric machinery for presentation at the 
AIEE winter technical meeting, New York, N, Y., 
January 22-26, 1945. Manuscript submitted 
November 17, 1944; made available for printing 
December 18, 1944, 


L. E, HILDEBRAND and B. M. Carn are electrical 
engineers with General Electric Company, Lynn, 
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This paper, a summary of four conference papers 
presented at the conference on temperature meas- 
urements at the summer technical meeting, St. 
Louis, Mo., June 26-30, 1944, was prepared by a 
subcommittee composed of W. R. Hough, F. D. 
Phillips, and C. P. Potter. 


The committee apologizes for having made various 
changes in the original reports. In order to follow 
the same form throughout it was necessary to rear- 
range some of the material, and, in order to con- 
serve paper, it was necessary to omit some of the 
more detailed information. 
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accordance with routine methods. For 
cold resistance machines must have stood 
for at least five hours, and all tempera- 
tures must agree with ambient tem- 
perature. Hot resistance is taken as 
quickly as possible after shutdown. For 
these tests the elapsed time was 30 to 40 
seconds. — 


RESULTS 


The results of four heat runs are shown 
in Table I. Conclusions from these data 
apply, of course, only to small integral- 
horsepower plain enclosed and enclosed 
fan-cooled induction motors. The data 
show that 


1. With sufficient care it is possible to ob- 
tain temperatures with mercury thermom- 
eters equal to those with thermocouples. 


2. Each of the four methods of measure- 
ment indicate essentially the same tempera- 
ture. 


Any one of them, therefore, may be con- 
sidered as representing the temperature 
of the hottest spot within a small margin. 

It can be assumed safely that if the 
highest observed rise by resistance or by 
one of four thermocouples or one of four 
carefully installed thermometers is 65 
degrees centigrade, then the temperature 
of the hottest spot is between 65 and 70 
degrees centigrade. 


DISCUSSION AND CONCLUSIONS 


Conclusions from the three investiga- 
tions can be applied only to induction 
motors, since further testing is necessary 
to establish relationships for d-c machines. 
From the data already obtained it is 
evident however, that the relationship 
between observed surface temperatures 
and the temperature of the hottest spot 
for induction motors is quite different 
from that for d-c motors. 

For all classes of machines the pone 
of reference is the temperature of the hot- 
test spot. This temperature, of course, 
cannot be determined except on a basis of 
probability, even though one were to take 
many more temperature readings than 
are possible on commercial machines. A 
practical method of measurement, there- 
fore, must be chosen, considering ex- 
pediency and availability of measuring 
apparatus. The necessary sacrifice in 
probable range between the observed tem- 
perature and the true hot spot should be 


consistent with sound economics based 


on expected useful life of the insulation. 

For induction motors in small in- 
tegral-horsepower sizes of the following, 
conclusions appear to be sound based on 
data from this paper. - 


(a). Temperature by Resistance. Tem- 
perature by resistance at the moment of 
shutdown obtained by extrapolating a cool- 


ing curve is very close to the temperature of 


the hottest spot. The temperature so ob- 
tained does not differ greatly from that 
which would be obtained if a large number of 
temperature measurements were taken, in- 
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cluding embedded detectors. This is for 
both open and totally enclosed machines, 
although the difference between the ob- 
served temperature and the hot spot is un- 
doubtedly greater for open machines. 


Temperature by resistance obtained froma 
single hot-resistance reading taken within 50 
seconds after shutdown is within eight per 
cent (five degrees at 65 degrees centigrade 
rise) of the maximum obtained from a cool- 
ing curve. 


Since cooling curves require more effort to 
obtain and interpret, their use does not 
appear to be justified. 


The chief advantage of temperature meas- 
urement by resistance is its simplicity. The 
chief disadvantages are necessity for extreme 
care in determining cold resistance, the need 
for accurate resistance bridges, and the un- 
certainty of relying on a single reading 
which must be taken with extreme care. 


(b). Temperature by Thermocouples on 
End Windings. Temperature by thermo- 
couples on the end winding is very close to 
the temperature of the hottest spot. This is 
true for both open and totally enclosed ma- 
chines, although the maximum difference be- 
tween the highest observed temperature and 
the hottest spot is undoubtedly greater for 
open machines. Using more thermo- 
couples reduces the average value of this 
difference so that more margin must be per- 
mitted for a single reading than when four 
or more readings are taken. 


The chief advantages of thermocouples for 
temperature measurement on end windings 
are: 


1, They are easy to install. 


2. They can be installed without interfering with 
the normal ventilation of the machine. 


8. They can be installed on coil surfaces not readily 
accessible to mercury thermometers. 


Table | 
Temperature Rise 
By Mercury By Surface By 
Thermometer Thermocouple Resistance 
De- Per De- Per De- Per Degrees 
grees Cent grees Cent grees Cent Centigrade, 
Centi- of Centi- of Centi- of Hot Spots by 
Speed, grade, Hot grade, Hot grade, Hot Embedded 
Phase Enclosure Rpm Actual Spot Actual Spot Actual Spot Detector 
i a Plain enclosed........ PROOCDS so. OSs si 0GR anti." Saeed (ii peer NOAA Teens 59 
33, ales Plain enclosed........ 1ROO ASST Fe? oy ey Oy Aiea 3 rre ae G2 ve TOO! crew, se eae 62 
Swans a Enclosed fan-cooled...1,800...57 ..... D4 CLE. Ban TOS oie CLF A .0% LOOK. «2 8en 61 
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Highest of four thermocouples on outside surface of end windings. 
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Winding 
by Surface Winding 
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4, Because they are easy to install, a relatively 
large number of thermocouples can be used with less 
time required to prepare the machines for the heat- 
ing test than when using a smaller number of ther- 
mometers. 


The disadvantage of the thermocouple is 
that its use requires a thermocouple po- 
tentiometer which must be kept in good 
calibration to be reliable. 


(c). Temperature by Mercury Thermome- 
ter on End Windings. Temperature by 
thermometer on the end windings is the 
same as that obtained by thermocouple, if 
special care is used in installing the ther- 
mometer and if the size of the machine per- 
mits making a good application of the ther- 
mometers. 

The chief advantage of thermometers for 
temperature measurement on end windings 
is that they are readily obtainable. The 
chief disadvantages of thermometers are: 


1. Because of their apparent simplicity, they are 
likely to be used carelessly. 


2. Greater skill is required to obtain accurate read - 
ings than is required with thermocouples. 


3. Thermometers are difficult to install, because 
they are not readily accommodated by the me- 
chanical structure. 


4. Because they are difficult to install, the tendency 
is to use too few. 


Second Set of Testst 


DESCRIPTION OF Motors TESTED 


As wide a variety of motors as possible 
was selected from motors in current pro- 


duction, and it was possible to obtain 


open, dripproof, enclosed, and enclosed 
ventilated motorsin a wide range of speeds 
and horsepowers. All were three-phase 
squirrel-cage motors, both normal and 
high torque, normal and high slip; all 
were insulated before test, and the 
majority were random-wound, though 
the larger sizes have form-wound coils 
insulated before insertion in the slot. 


LOCATION OF TEMPERATURE INDICATORS 


In order to obtain the hot spot, thermo- 
couples were installed in the slots at 
various points, since it was found, by 
previous tests, that the hottest spot was 
located in the slot. Sixteen or more were 
used and were distributed, four near the 
bottom of the motor, four near the top, 
and four at each side, and were located 
next to the iron, between the two coils, in 
the coils, and under the wedge. The 
hottest temperature was obtained be- 
tween the coils or next to the wedge. 

Thermocouples were located in eight 
places on the coil ends—at the top, bot- 
tom, and sides on each end of the motor, 
and care was taken to install them in the 
locations giving the highest temperatures. 
Lamination temperatures were taken in 
8 to 12 locations on open or splashproof 
motors and in two or more locations 
(through holes bored in the frame) on 
enclosed motors. 


TEST PROCEDURE 


Temperature rises were measured by 


surface thermometer (thermocouple), sta- 


+ Data reported by General Electric Company, 
Schenectady, N. Y. 
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Table III 
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/ 


Temperature Rise (Running) 
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Winding 
Winding by by Surface Winding by 
Thermometer Thermocouple Resistance 
De- Per De- Per De- Per Degrees 
grees Cent grees Cent grees Cent Centigrade, 
Per Centi- of Centi- of Centi- of Hot Spot by 
Type of Heat Cent grade, Hot grade, Hot grade, Hot Embedded 
Enclosure Run Load Actual Spot Actual Spot Actual Spot Detector 
Fan cooled...... Continuous.... 75..%... ST Ao ae Sole LG QO. a ceed 2 Ore SoU mterenarets 35.0 
Fan cooled...... Continuous....100..... A825... 90 Bt 40s 4 dO2s Ol cm pOSinOue OU Oceans 53.7 
Fan cooled...... Continuous....125..... SOs, SOS epewhs S404 se OO ail» oro p50 pe OOO cietotaie 91.6 
Fan cooled...... 60 minutes....150..... 89. Oe SEO ie SOB an ae HOO ee pe) Oaee Distal Doli iore sears 104.0 
Fan cooled...... 380 minutes....170..... 97.0. ..80.9.4.104.85. .87.3.. 115.00. 9527.0. .40. 120.0 
Plain enclosed....Continuous.... 75..... SOniMarerae Lice BBS EL ODcd circ! AO Oits LOA Osgortagn 39.8 
Plain enclosed....Continuous....100..... 57.0.,..91,.0 5G0).050 295.98. 6052; 96.7252. 62.6 
Plain enclosed....Continuous....115..... VO Omen Ol Oncwalie Olle Oo cores, Saas) Oouorels telere 83.5 
Plain enclosed....60 minutes....166..... 50.0...86.6 EHSL Oe oie or OO Octet Ot 2 eiclsieiere 57.7 
Plain enclosed....30 minutes....250..... 67:.0...85.2,..-69.5...88.5... 78.5.. 99.8...... 78.6 
ODPEI ria) siejecs oie S:5:5 Continuous....100..... Z0E5 2... 82 Oe e soos Sree Oke ditee TOLnOe MSOs calatese le 37.1 
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OPER Haters lsyaiele. «516 60 minutes....145..... (Ua nah Ane ee Sabot Sooke on ALAS cae we piace 83.8 
Openhss ctersiore Mh stars 80 minutes....170..... G2NOo MH OOLO ne OGL ce See Ste OD sO ei Ode ae eeletere 109.3 
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Table IV 


Temperature Rise (After Shutdown) 


Winding 
Winding by by Surface Winding 
Thermometer Thermocouple by Resistance 
De- Per De- Per De- Per Degrees 
grees Cent grees Cent grees Cent Centigrade, 
Per Centi- of Centi- of Centi- of Hot Spot by 
Type of Heat Cent grade, Hot grade, Hot grade, Hot Embedded 
Enclosure Run Load Actual. Spot Actual Spot Actual Spot Detector 
Fan cooled...... Continuous.... 75..... 3310);.94.3.... 31.6),.90.4... 32.5.3 93.6...... 35.0 
Fan cooled...... Continuous....100..... 50.8.:.94.5.... 49.5. .92:2... 538:5:.. 99.6...... 53.7 
Fan cooled......Continuous....125..... 86.0. .93.9.... 84.4. .93.1... 88.0.. 96.0...... 91.6 
Fan cooled...... 60 minutes....150..... 96.0. .92.2.... 93.8..90.2... 97.5.. 93.7......104.0 
Fan cooled...... 30 minutes....170..... 105.5. .86.1....109.0..88.9...115.0.. 93.8...... 122.5 
Plain enclosed....Continuous...., 75..... 88.5. .95.5.... 38.1. .94.5... 40.5..100.5...... 40.3 
Plain enclosed....Continuous....100..... 59),.25,.94.5.5.. 60.0.'.95.9:.. 60.55. 9627. i. 36 62.6 
Plain enclosed.,..Continuous....115..... T Se Were Ok cOciiete did oWiaresO Sid elie ek oa cad el ois olavel 83.5 
Plain enclosed... .60 minutes....166..... $4-015.93 26.06 204.6..94:5... 00-82. GB 2.ccecs 57.7 
Plain enclosed....30 minutes....250..... 74.0..90.004..5 75.85.9225 26 °78.65.00 SOR a eee 82.2 
Open evar etches Continuous....100..... BAO MOUs Ose ee Oe Sic sOlol vice (2s eie GOs os ste cvehs 37.1 
LO} Se OED Continuous....125,.... 58.5..91.8.... 59.6. .93.6... 61.5.. 96.5...... 63.7 
Opeireres ters cleielerous 60 minutes....145..... TORO. Oscee COeSs OL. Oven id cp snot Oo cattle 83.8 
Openieiiis ola eieie.etet- 30 minutes....170..... 94.0. .86.0....104.4..95.5... 95.5.. 87.2...... 109.3 


tor-winding resistance, and embedded 
temperature detector (thermocouple). No 
mercury thermometers were used, as our 
practice is to use thermocouples only in 
obtaining temperatures on heat runs, par- 
ticularly on enclosed motors, since we 
have found thermocouples more conven- 
ient and easier to install properly than 
thermometers, as well as easier to read. 

Cold resistance and temperature of the 
motor were carefully measured to obtain 
the correct base for determining the tem- 
perature by resistance. After shutdown, 
resistance readings were taken as soon as 
possible and continued for 30 minutes. 
Cooling curves were plotted for each run 
and extrapolated to shutdown time to 
determine temperature rise by resistance. 
Failure to begin readings quickly and to 
_ carry them far enough to determine the 
slope of the curve would result in large 

or in the temperature as observed. 

The results of the temperature tests are 
shown in Table II. 
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DISCUSSION AND CONCLUSIONS 


For open motors the conventional 
hot-spot allowance for thermometer meas- 
urement is given in AIEE Standard 1 
as 15 degrees centigrade. The tests re- 
corded in Table II indicate that this al- 
lowance is adequate. The same standard 
gives a conventional hot-spot allowance 


by resistance measurement of five degrees 
centigrade. American Standard C€-50 
gives a limiting temperature rise for gen- 
eral-purpose open motors as 50 degrees 
centigrade and for other motors as 60 de- 
grees centigrade. Tests indicate that the 
temperature difference between hot spot 
and rise by resistance is variable, depend- 
ing on motor speed and the intensity of 
ventilation over the coil ends. For open 
motors it appears that rise by resistance 
is not a satisfactory method of arriving 
at hot-spot temperatures. 

For enclosed motors and enclosed fan- 
cooled motors, the conventional hot-spot 
allowance for thermometer measurements 
is ten degrees centigrade, and for tem- 
peratures by resistance measurements 
five degrees centigrade. These tests show 
that coil-end surface temperatures, hot- 
spot temperatures, and temperatures by 
resistance measurements are equal within 
fairly narrow limits. This is due to the 
fact that intense ventilation of coil ends 
does not take place in motors of these 
types. The heat generated is dissipated 
through the enclosure, and the tem- 
peratures of the various internal parts of 
the motor are quite uniform. The hot- 
spot allowance of five degrees centigrade 
between rise by resistance and hot spot 
is adequate. Because of the convenience 
of the rise-by-resistance method for 
motors of these types, this method is 
strongly recommended for enclosed mo- 
tors. 


‘Third Set of Tests** 


DESCRIPTION OF Morors TESTED 


The motors tested were NEMA frame 
254, five horsepower, three phase, four 
pole, 60 cycle, of fan-cooled, plain en- 
closed, and open construction; windings 
in all cases were semienclosed slot, 
random-wound, with class-A insulation, 
and untaped coils, varnish impregnated. 
Temperature tests included continuous 
60-minute duty and 30-minute duty for 
each enclosure. Fan-cooled motors had 
one outer fan at the end opposite the 
drive end which forced air across the 
outer surface of the stator. 
closed motors were of the type having the 


*% Data reported by Reliance Electric and Engi- 
neering Company, Cleveland, Ohio. 
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Temperature Rise 


Thermometer, 


Thermocouple, Resistance, 


Per Cent of Hot Spot Per Cent of Hot Spot Per Cent of Hot Spot 


Tests Enclosure Time Running Maximum Running Maximum Running Maximum 
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Plain en-— 


outer surface of the stator core exposed. 
Open motors were of the double end venti- 
lation construction. The stators were of 
the dripproof type with air discharge 
from the lower half of the stator only. 


LOCATION OF TEMPERATURE INDICATORS 


Temperatures of cores and windings 
were obtained while running, and after 
shutdown by means of thermometers, 
surface thermocouples, and embedded 
thermocouples. The location of thermom- 
eters and thermocouples for all motors 
is shown in Figure 1, reference 1, which 
represents an axial cross section of the 
motor in the vertical plane. In addition 
to the thermocuples shown, the open 
motor included 14 additional thermo- 
couples. These were spotted in every 
third coil to determine the temperature 
distribution circumferentially around the 
stator. 


TEST PROCEDURE 


The conventional method of measuring 
resistance of the windings, terminal to 
terminal, was used following shutdown 
and included a series of readings which 
could be plotted against time, and the 
curve extended to the instant of shutdown. 
Tests were taken at various percentages 
of rated load to produce a relatively wide 
spread in resulting temperature rise. 


RESULTS 


The pertinent information obtained 
from these tests is given on Tables III 
and IV. Both tables give the conditions 
of test, including enclosure, time, and 
load. Table III gives maximum tem- 
perature rises observed during running 
and including the instant of shutdown, 
and, in addition, the temperature rise 
by resistance as determined within .ap- 
proximately one minute or less after shut- 
down. The hot-spot temperature rise is 
the highest observed temperature rise 
by embedded thermocouple during run- 
ning. The percentage of the maximum 
observed rise to the hot-spot rise is given 
ineachcase. Table IV differs from Table 
III only in that the values of maximum 
temperature rise are those observed 
either during running or after shutdown, 
depending on which were higher. Table 
V is a summary of the average results of 
like conditions of enclosure and time and 
includes only the percentage relation to 
the hot-spot temperature. 


DISCUSSION AND CONCLUSIONS 


1. Temperature Rise During Running 
and After Shutdown 


(a). There is a substantial difference be- 

tween temperature rises by thermometer 

during running and after shutdown. The 

temperature rises increase after shutdown in 
_ practically all cases. 

(b). There is no significant change in tem- 

perature rise by surface thermocouple after 
shutdown except in the case of intermittent 
ratings. In the case of 60-minute ratings, 
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the change is minor. In the case of 30- 
minute ratings, it may be substantial. 


(c). In all cases the rise by resistance did 
not increase after the instant of shutdown. 
The rise by resistance by the conventional 
method as determined within one minute 
after shutdown in all cases was within six 
per cent of the rise at the instant of shut- 


lower coil sides. In all cases the hot spot 
was at the top of the stator. 


(c). On open motors the hot spot in all 
cases was in the coil side farthest from the air 
gap at the top of the stator. The position 
varied between the center of the core and 
the end of the core. 


down. On the average, it was within three 3. Relation of Rise by Resistance to Rise 
per cet. by Embedded Thermocouple 
(d). There is no significant change in tem- With the number and distribution of 
perature of the hot spot after shutdown ex- the embedded thermocouples, it might 
Table VI 
Temperature Rise 
By Mercury By Surface By 
Thermometer Thermocouple Resistance 
De- Per De- Per De- Per Degrees 
grees Cent grees Cent grees Cent Centigrade, 
Centi- of Centi- of Centi- of Hot Spot by 
; Per Cent grade, Hot grade, Hot grade, Hot Embedded 

Enclosure Winding Load Actual Spot Actual Spot Actual Spot Detector 
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Ope cates ts Treated...:.. L6Oviges BS acres dO nacht OOv 4c d00's.0.5 sere Me Biedine ate Scuanchalerstenars 94.4 


Table VII. Summary of Tests on 


Integral-Horsepower A-C Motors 
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Temperature Rise 


Resistance, Per 


Thermometer, Surface Thermocouple, 

Manufacturer Enclosure Per Cent of Hot Spot Per Cent of Hot Spot Cent of Hot Spot 
General Electric, 
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cept in the case of intermittent ratings of 
less than one hour. 


2. Location.of Hot Spot 


(a). On the fan-cooled motors the hot spot 
was always near the ends of the stator coils 
‘between the upper and lower coil sides. In 
all cases except one it was at the end op- 
posite the outer cooling fan. The position 
varied between the top and bottom of the 


stator. 


(b). On plain enclosed motors the hot-spot 
location varied with the degree of load. 
Under normal loads the hot spot was in the 
coil nearest the air gap in the slot portion. 
During overload conditions including inter- 
mittent duty the hot spot was near the end 
of the stator coils between the upper and 
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be expected that there would be close 
agreement between the average rise by 
embedded thermocouples and the rise 
by resistance. Actually, this was not 
the case. In practically all cases the rise 
by resistance was higher than the average 
of the rise by embedded thermocouples. 


4. Relation of Hot-Spot Allowance to 
Motor Enclosure and Time Rating 


The results show that the hot-spot al- 
lowance should consider both enclosure 
and time rating. 


DEDUCTIONS 


1. Thermometer, surface thermocouple, 
and resistance methods all can give suffi- 
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ciently consistent results to be recognized as 
approved methods. 
(a). The resistance method most nearly approaches 
hot-spot temperatures and consequently should be 
the preferred method. 


(b). The surface thermocouple next to the resist- 
ance method most nearly approaches hot-spot tem- 
peratures and should be the next preferred method. 


(c). The thermometer method should be the least 
preferred method. If it is used, the maximum rise 
during running or after shutdown should be the 
basis of measurement rather than maximum rise 
during running. 

9. The allowable temperature rise in each 
case should be based on determination as 
follows: 

(a). Resistance method—the temperature rise to 


be determined by resistance measurement within 
one minute after shutdown. 


(b). Surface thermocouple—the temperature rise 
to be determined by the maximum observed reading 
during running or after shutdown. 


(c). Thermometer method—the temperature rise 
to be determined by the maximum observed reading 
during running or after shutdown. 


Fourth Set of Testst 


DESCRIPTION OF Motors TESTED 


Two 40-horsepower 1,750-rpm_ three- 
phase squirrel-cage motors were tested 
at various loads as reported in AIEE 
TRANSACTIONS! pages 468-72, September 
1939. One of these motors was an open 
motor, and the other was a totally en- 
closed fan-cooled motor. 


LOCATION OF TEMPERATURE INDICATORS 


In order to be sure of finding the hot 

spot 40 embedded detectors were in- 
stalled in the totally enclosed fan-cooled 
motors, as shown in Figure 1 of reference 
1. A mercury thermometer extended 
through a slot in the end plate and the 
bulb of the thermometer was immediately 
adjacent to a surface thermocouple. There 
were 34 embedded detectorsin the open mo- 
tor, as shown in Figure 2, reference 1, and 
again the bulb of the mercury thermom- 
eter was immediately adjacent to a sur- 
face thermocouple. The surface thermo- 
couples and the thermometer bulbs were 
on the outside of the tape which covers 
the free ends of the windings and were 
covered with a small amount of sealing 
compound. The embedded detectors 
were located in various parts of the slots 
and in various parts of the free ends; a 
complete record of their location may be 
found in paper referred to. 


TEST PROCEDURE 


Continuous temperature tests were 
made at various loads, and the tem- 
perature readings were taken while the 
motors were running. A double bridge 
was used to measure the resistance of the 
stator winding. At the end of each run 
the rotor was stopped very quickly, and 
the stator resistance was measured in a 
minute or less. 

The results of nine heat runs are shown 
in Table VI. 


t Data reported by Wagner Electric Corporation, 
St. Louis, Mo. 
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in Fractional-Horsepower Motors 


L. H. HIRSCH 


NONMEMBER AIEE 


L. W. WIGHTMAN 


NONMEMBER AiEE 


O. G. COFFMAN 


NONMEMBER AIEE 


HE revision of American Standard 

C50, “Rotating Electrical Machinery,” 
resulted in various suggestions for chang- 
ing the method of measuring the tem- 
perature rise of motors and for establish- 
ing temperature-rise limits to be used 
with these methods. A review of the 
temperature tests taken in the past 
indicated that they are of little value for 
comparing the various methods. Few 
tests included temperature measurements 
by more than one method, and none of 
them had enough embedded detectors to 
measure accurately the hot-spot tem- 
perature. In order to obtain accurate 
data the authors were asked to make tem- 
perature tests on fractional-horsepower 
motors and to report the results. It was 
believed that the data thus obtained 
would be valuable to the standardizing 
committees of the AIEE, the American 
Standards Association, and the National 
Electrical Manufacturers Association, as 


_well as to motor users. 


R. F. MUNIER 


ASSOCIATE AIEE 


F. S. HIMEBROOK 


MEMBER AIEE 


M. L. SCHMIDT 


MEMBER AIEE 


T. Cc. LLOYD 


ASSOCIATE AIEE 


C. P. POTTER 


FELLOW AIEE 


Scope of Tests 


Temperature tests were made on open 
and totally enclosed (nonventilated), 
single-phase, polyphase, and d-c frac- 
tional-horsepower motors, with treated 
and untreated windings. The tempera- 
ture rise of the stator windings was 
measured by four methods: 


1. Mercury thermometer. 


2. Surface thermocouples on the hottest ac- 
cessible part of the winding. * 


8. Resistance. 


4. Embedded thermocouples (using enough 
to locate the hot spot). : 


First Set of Tests* 


DESCRIPTION OF Motors TESTED 


In selecting motors for tests, three 
types were chosen. They were a one- 


* Data reported by Century Electric Company, 
St. Louis, Mo. 


DISCUSSION AND CONCLUSIONS 


While it is possible to obtain fairly 
accurate measurements of temperature 
using mercury thermometers in motors 
which are so constructed that a ther- 
mometer can be placed in the right loca- 
tion, it should be borne in mind that 
many motors have mechanical features 
which prevent the satisfactory use of 
mercury thermometers without mutilat- 
ing the motors. In such cases the tem- 
peratures taken are quite likely to be 
lower than the true values, and the actual 
operating temperatures of such motors are 
a good deal higher than the observed read- 
ings. 

On the other hand, thermocouples are 
flexible and may readily be placed on the 
hottest parts of windings so that read- 
ings taken using surface thermocouples 
are more nearly correct than those which 


are obtained by using mercury ther- 


mometers. It is, suggested therefore, 
that the use of mercury thermometers 
be discouraged. This might be done by 
specifying the use of thermocouples and 
eliminating the use of mercury thermom- 


Investigation of Hot-Spot Temperatures 


eters, or by specifying a new method 
which would consist in the determination 
of temperatures by means of thermo- 
couples applied to the hottest part of the 
machine accessible to thermocouples. 


Summary of Data Reported by 
All Companies 


A brief summary of the preceding data 
is given in Table VII. In this table, as 
in the preceding tables, the maximum 
temperature obtained by embedded de- 
tector is considered the hot spot. When 
temperatures by surface thermocouple 
or resistance exceed those obtained by 
means of the embedded detector, either 
one of two conclusions may be reached; 
either the embedded detector was not 
placed in the hottest part of the winding, 
or an error was made in the measure- 
ments. 


Reference 


1, MEASUREMENT OF TEMPERATURE IN GENERAL- 
PURPOSE SQUIRREL-CacE INDUCTION Morors 
C. P. Potter. AIEE Transactions, volume 58, 
1939, September section, pages 468-78. ; 
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Figure 1. Sectional view showing ventilation 
and location of thermocouples in Century 
single-phase motors 


Figure 2. Sectional view showing ventilation 
and location of thermocouples in Century d-c 
motors 


fourth-horsepower 60-cycle 1,750-rpm 
single-phase capacitor-start motor, a 
one-half-horsepower  60-cycle  1,750- 


rpm, repulsion-start induction-run motor, 
and a one-half-horsepower, 1,750-rpm 
d-c compound motor. These motors 
were tested first as open motors and then 
as nonventilated enclosed motors. The 
windings of all motors were given an in- 
sulating-varnish treatment before tests 
were made. 


LOCATION OF TEMPERATURE INDICATORS 


Thermocouples were placed at various 
positions in the stator coils at the time the 
coils were put in the slots. Figures 1 and 
2 show the location of the thermocouples 


Paper 45-32, recommended by the AIEE committee 
on electric machinery for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 


ary 22-26, 1945. Manuscript submitted Novem- 
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13, 1944. 
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This paper, a summary of six conference papers 
presented at the conference on temperature meas- 
urements at the summer technical meeting, St. 
Louis, Mo., June 26-30, 1944, was prepared by 


a subcommittee composed of W. R. Hough, He 


Phillips, and C. P. Potter. 


The committee apologizes for having made various 
changes in the original reports. In order to follow 
the same form, it was necessary to rearrange some 
of the material, and, in order to conserve paper, it 
was necessary to omit some of the more detailed 


information. 


in the a-c and d-c motors respectively. 
Thermocouples were placed on the stator- 
coil extensions as shown. Thermometers 
were placed as close to the thermocouples 
on the extensions as practical. 


TEST PROCEDURE 


Each motor was loaded and run until 
temperatures had become constant. 
Readings of all thermocouples and ther- 
mometers were taken while the motor was 
running. Resistance readings were taken 
as soon after shutdown as practical, and 
the time was recorded. Several more 
resistance readings were taken over a 
period of five minutes, and a curve was 
drawn with ordinates as resistances and 
abscissas as time. The extension of this 
curve to zero time gives an approxi- 
mate value of resistance at the instant of 
shutdown. This value was used in cal- 
culating the temperature rise by resistance 
shown in the accompanying tables. 

Temperatures of the repulsion start 
and the d-c wound rotors were taken by 
resistance method and by thermometers 
after the motor was shutdown. To ob- 
tain thermometer readings the motor was 
rerun and disassembled. The time after 
shutdown for recording thermometer 
temperatures was approximately three 
minutes, 


RESULTS 


The hot-spot temperatures in both the 
open-type a-c motors occurred in the 
winding extension on the air-exhaust end. 
In the enclosed a-c motors the hot spot oc- 
curred at the center of the slot midway 
between the ends of the core, although the 
embedded detectors in the coil ends were 
within a few degrees of the hot spot. In 
the d-c motor the hot spot occurred in 
the center of the shunt coil on both the 
open and enclosed motors. 

A comparison of temperatures is shown 
in Table I, which also presents the rela- 
tion of thermometer, thermocouple, and 
resistance values as a percentage of the 
hot spot. From the table there seems to 


be a definite relation between tempera- 
tures as taken by hot-spot and Tesistance 
methods. The average ratio between 
resistance and hot spot for both the open 
motors and enclosed motors is 94 per 
cent. Comparison of temperatures by 
surface thermocouples and thermometers 
shows fairly consistent results, but not so 
close as hot spot and resistance. For 
thermometer readings the bulbs were 
placed on the extension close to the ther- 
mocouples and readings taken without 
disturbing the motor assembly. The 
difference between these two methods 
probably is caused by the difficulty of 
holding the thermometer bulb in place 
due to its size and shape, whereas the 
thermocouple can be tied in place with 
little chance of its shifting. 

The difference between surface in- 
dicators and hot-spot or resistance meth- 
ods is quite large on the d-c motor. The 
ratio between hot-spot and resistance 
temperature was 92 per cent for the open 
motor and 96 per cent for the enclosed 
motor. However, the ratio between hot- 
spot and coil-surface temperatures was 
51 per cent for the open motor and 76 per 
cent for the enclosed motor. This shows 
that the movement of ventilating air 
over the field coils plays a great part in 
reducing the temperature of the coil sur- 
face, but a tightly wound coil completely 
enclosed with heavy wrappings of in- 
sulating materials is a very poor radiator 
for the heat generated within the coil. 


DISCUSSION AND CONCLUSIONS 


In general the relation between hot- 
spot and resistance measurements in 
open and enclosed fractional-horsepower 
motors tested is a fixed value. 

Measurement of temperatures by re- 
sistance is simple and, if done carefully 
with reliable instruments, is quite ac- 
curate. In taking resistance measure- 
ments a definite interval of time after shut- 
down should be established or the results 
extrapolated back to the time of shut- 
down. 
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Measuring resistances of wound rotors 
presents ‘problems, especially in small 
motors. The inaccessibility makes it 
difficult to get good contact to the wind- 
ings and can be a serious source of error. 
For this reason resistance measurements 
of wound rotors cannot be relied upon. 

The relation between the resistance 
method and surface temperatures for 
d-c motors is different from that for the 
a-c motors tested. 

The values for temperature by resist- 
ance are the instant of shutdown values 
and were obtained by plotting the resist- 
ance-time curves and extrapolating back 
to the instant of shutdown. All tem- 
peratures were taken while the motor 
was running. 


Second Set of Tests* 


Tests were conducted on five standard 
open-protected motors having four-, six-, 
and e ght-inch stator-punching diameters 
and rated as follows: 


DESCRIPTION OF Motors TESTED 


1/9 horsepower, 115 volts, 60 cycles, single 
phase, 1,725 rpm, split phase, general pur- 
pose. 

1/, horsepower, 115 volts, 60 cycles, single 
phase, 1,725 rpm, capacitor start, general 
purpose. 


1/, horsepower, 115 volts, 60 cycles, single 
phase, 1,725 rpm, split phase, short-hour 
service. 

1/, horsepower, 220 volts, 60 cycles, three 
phase, 1,725 rpm, polyphase, general pur- 
pose. 


1/, horsepower, 115 volts, 60 cycles, single 
phase, 1,725 rpm, capacitor start, general 
purpose. 


All of the single-phase motors had the 
main winding placed in the bottom of the 
slots with the auxiliary winding on top 
of it and displaced 90 electrical degrees. 
The polyphase motor had a symmetrical 
winding. All windings were treated with 
a standard grade of commercial varnish. 
Ventilating openings were located in the 
lower quadrant of the front and back end 
shields, beneath the oil reservoirs. The 
ventilation of the general-purpose motors 
is shown in Figure 3 and the ventilation 


* Data reported by Emerson Electric Manufactur- 
ing Company, St. Louis, Mo. 


Figure 3. Sectional view showing ventilation 
in Emerson general-purpose motors _ 
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Table II 


Temperature Rise 
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* Resistance readings taken within one minute of shutdown. 
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* Resistance readings taken within one minut. of shutdown. 


of the short-hour-service motor is shown 
in Figure 4. The centrifugal starting- 
switch mechanisms were located in the 
front end of the single-phase motors 


LOCATION OF TEMPERATURE INDICATORS 


The frame temperatures were obtained 
from thermocouples placed at approxi- 
mately the middle of the frame, on the 
top of the motor. It was possible to ob- 
tain the winding temperature by ther- 
mometer for the eight-inch stator motor 
only. The thermometer was placed 
against the outermost part of the stator 
winding, at the end of the motor from 
which the ventilating air was exhausted. 
The bulb of the thermometer was covered 
as specified in American Standard C50- 
1943, paragraph 2.056. The tempera- 
tures by surface thermocouples were ob- 
tained from thermocouples placed among 
the outer conductors of the stator 
winding end wire, at the end of the motor 
from which the ventilating air was ex- 
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hausted. The resistance readings that 
were used in determining the temper»- 
ture value from differences of resistances 
were taken using a Wheatstone bridge. 
For the purpose of determining the hot- 
spot temperature value, tiermocouples 
were placed at various locations within 
and around the windings, as these wind- 
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Figure 4. Sectional view showing ventilation 
in Emerson short-hour-service motors 
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ings were placed in the stator core. The thermometer (when taken), resistance- 


highest reading obtained from each test 
was considered the hot-spot value. 


TEST PROCEDURE 


The motors were tested first as open- 
protected machines. A set of four or 
more temperature tests were made at 
different loads for each motor, so that 
curves could be drawn to obtain tem- 
perature values at desired intermediate 
load points. Final thermocouple and 
thermometer readings were taken while 
the motors were still running, after con- 
stant values had been reached. Resist- 
ance readings were obtained within one 
minute after shutdown. Motors in the 
six- and eight-inch frames then were 
tested in the same manner as totally en- 
closed machines. The various tempera- 
ture indicators were not disturbed when 
the motors were changed from open- 
protected to totally enclosed conditions. 
The internal ventilating fans were re- 
tained when the motors were totally en- 
closed. . 


RESULTS 


As a result of this investigation it was 
found that in all instances, for open-pro- 
tected motors, the hottest spot was at the 
air-exhaust end of the motor at approxi- 
mately the center of the stator winding, in 
the end wire about one-half inch outside 
of the lamination stacking. In all of the 
motors that were tested, the air entered 
and left by way of openings in the lower 
quadrant of the end shields. The highest 
temperature was always approximately 
180 degrees from the center of these open- 
ings. ; ; , 
For totally enclosed motors, this loca- 
tion also provided the maximum tem- 
perature, though frequently there were 
other locations equally hot. 

Curves were drawn making it possible 


- to determine the load and the frame and 
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method, and hot-spot temperature rises 
corresponding with thermocouple tem- 
perature rises of both 40 degrees centi- 
grade and 50 degrees centigrade for open- 
protected motors, and 55 degrees centi- 
grade and 65 degrees centigrade for totally 
enclosed motors. 

These final data are tabulated for open- 
protected motors in Table II and for 
totally enclosed motors in Table III. 

For the open-protected motors, the 
values of the thermocouple and resistance 
temperature rises, as a per cent of the 
hot-spot value, are as follows: 


Thermocouple: Average, 90.8; minimum, 
86.5. ° 


Resistance: Average, 95.3; minimum, 93.4. 


For totally enclosed motors, the per- 
centage values are as follows: 


Thermocouple: Average, 96.3; minimum, 
91.2. 


Resistance: Average, 98.4; minimum, 96.3. 


a 


DISCUSSION AND CONCLUSIONS 


From these tests, it is concluded that it 
is possible to determine the hot-spot tem- 
perature-rise values in fractional-horse- 
power a-c motors either by means of 
thermocouple readings as described here- 
in, or by determining the temperature 
rise from differences of resistances. It is 
thought that, if the minimum ratio of 
temperature rises be used, there would 
exist little probability that the estimated 
values would not be on the safe side, yet 
would be sufficiently close to the actual 
values so as not to provide an overcon- 
servative figure. 

’ The resistance method appears to be 
the more valuable, since the difference be 
tween the average and minimum ratios of 
temperature rises, as given under the 
heading of ‘‘Results,” is only about two 
percentage points. The corresponding 
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ratio based on thermocouple readings is 
about five per cent. 

It is concluded that it is safe, for open- 
protected motors, to consider a tem- 
perature-rise value by thermocouple as 
representing 85 per cent of the hot-spot 
value and to consider a temperature-rise 
value determined from differences of re- 
sistances as representing 92 per cent of the 
hot-spot value. 

For totally enclosed motors, it is con- 
cluded that it is safe to consider a tem- 
perature-rise value by thermocouple as 
representing 90 per cent of the hot-spot 
value and to consider a temperature-rise 
value determined from differences of re- 
sistances as representing 95 per cent of the 
hot-spot value. 


Third Set of Tests* 


DESCRIPTION OF Motors TESTED 


The motors tested were rated 1/39, 1/4, 
1/;, and */, horsepower at 1,725 rpm. 
The polyphase motors were all one-third 
horsepower and were approximately the 
same physical size as the one-fourth-horse- 
power single-phase motors. The windings 
of half of the motors were impregnated 
with an insulating varnish in the con- 
ventional manner. The rest of the 
motors were built with preimpregnated 
insulation and did not have the con- 
ventional varnish impregnation after 
winding. 

Both the open and totally enclosed 
motors had fans on both ends of the rotor. 
In the open motors both fans draw air in 
at the bearing and expel it through open- 
ings in the periphery of the end shield. 
In the totally enclosed motors the fans 
merely stir up the air. The open motors 
were protected to such an extent that 


eee ee ee 
* Data reported by General Electric Company, 
Fort Wayne, Ind. 
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Figure 5. Schematic location of temperature 
indicators in General Electric motors 


O Mercury thermometers 
x Surface thermocouple 
O Embedded detectors 
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Figure 6. Temperature rise by mercury ther- 
mometer of General Electric motors 


60 70 


o Impregnated winding 
x Preimpregnated winding 


mercury thermometers could not be 
placed on the windings without dis- 
assembly. 


LOCATION OF TEMPERATURE INDICATORS 


Twenty thermocouples were embedded 
in the winding of each motor in an en- 
deavor to locate the hot spot and deter- 
mine the magnitude of the temperature 
gradients in the winding. Four were em- 
bedded in the approximate center of the 
end turns, two on each end. Four were 
embedded in the center of slots, two in 
the slot having the highest space factor 
and two in the slot having the lowest 
space factor. Twelve were distributed 
around the periphery of the slots at the 
center of the stacking, four between the 
slot wedge and the tooth lip, four at the 
side of the slots, two at the bottom of the 
slots between the iron and the slot in- 
sulation, and two at the bottom of the 
slots between the slot insulation and the 
winding. 

When the stator was ready for as- 
sembly, four thermocouples were in- 
stalled between turns in the end turns, 
two in each end. It would be possible to 
install thermocouples in similar locations 
in almost any fractional-horsepower in- 
duction motor without damage to the 
winding, but it would not be possible so to . 
place mercury thermometers. The loca- 
tion of these thermocouples is shown sche- 
matically in Figure 5. 


TEST PROCEDURE 


The steady-state temperature rise of 
the stator windings was measured by 
four methods: embedded detector, re- 
sistance, thermocouple at the hottest spot \ 
accessible in the completed stator, and 
mercury thermometer. 
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TEMPERATURE RISE °C 


30 40 50 60 70 
HOT SPOT TEMPERATURE RISE °C 
Figure 7. Temperature rise by resistance of 
General Electric motors 


o Impregnated winding 
x Preimpregnated winding 


Cold resistance was measured after 
“soaking” the motors for approximately 
12 hours in a closed room. At least six 
measurements of resistance were made 
during the first three minutes after shut- 
down to establish a cooling curve. In 
almost every test, the first reading was 
within 30 seconds of shutdown. The 
cooling curve was plotted on semi- 
logarithmic paper and extrapolated to 
shutdown time to determine the tempera- 
ture rise by resistance. 

After the first two heat runs, holes were 
drilled in the motor shells so that two mer- 
cury thermometers could be placed per- 
manently on the windings. It normally 
would not be possible to place mercury 
thermometers in an equally good position 
on motors intended for service, but it 
would be possible on motors selected as 
representative of a lot. 

All tests were taken at an ambient 
temperature of 25 to 35 degrees centi- 
grade in substantially still air. A dyna- 
mometer load was used to obtain ap- 
proximately 55-degrees-centigrade rise 
on totally enclosed motors and 40-degrees- 
centigrade rise on open motors by mer- 
cury thermometer. 

The maximum temperatures obtained 
by four methods in 16 heat runs are shown 
in Table IV. 


DISCUSSION AND CONCLUSIONS 


In the following discussion, hot-spot 
temperature is defined as the highest tem- 
perature measured by embedded ther- 
mocouple. Analysis of the complete test 
data indicates that it is very improbable 
that the true hot spot is significantly 
higher in the motors covered by this re- 
port. 

The temperature rise (highest reading) 
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40 


50 
HOT SPOT TEMPERATURE RISE °C 


Figure 8. Temperature rise by surface thermo- 
couple of General Electric motors 


o Impregnated winding 
x Preimpregnated winding 


by mercury thermometer, resistance, 
and end-turn thermocouple is plotted 
against hot-spot temperature in Figures 
6, 7, and 8. The curves, which are 
straight lines through the origin, show 
average-, maximum-, and minimum-tem- 
perature rise as a function of hot-spot- 
temperature rise. A wide spread be- 
tween curves indicates poor co-ordination 
with true hot-spot temperature; that is, 
a poor method. 

In actual testing, the measured tem- 
perature rise is, of course, the independ- 
ent variable, and the hot-spot tempera- 
ture which is to be controlled is the de- 
pendent variable. Table V shows the 
range of hot-spot temperatures which 
would be obtained with certain arbitrarily 
selected measured temperature-rise limits. 

The principal advantages and dis- 
advantages of the three methods used are 
as follows: 


Mercury Thermometer: 
Advantages: Equipment 
established practice. 


availability ; 


Disadvantages: Large difference between 
measurement and hot spot; extreme diffi- 
culty in properly placing thermometers in 
small and in totally enclosed motors. 


Table V 
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Measured Range of Hot Spot 
Tem- Rise Rise 
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usually no disassembly or damage; good 
co-ordination with hot spot. 


Disadvantages: Requires more skill and 
care, since only one reading is obtained. 


Thermocouple: 

Advantages: Easy to measure temperature 
at several places, good co-ordination with 
hot spot, continuous readings during run. 
Disadvantages: Relative scarcity of in- 
struments; disassembly before and after 
test; same low temperatures as mercury 
thermometers, if end turns are heavily taped 
or puttied. 


The characteristic which it is desired 
to controlis the hot-spot temperature. It 
generally is agreed that the hot-spot tem- 
perature is not directly measurable on 
normal commercial machines by simple 
methods. Since a secondary measure- 
ment is necessary, the quantity measured 
should be related closely to hot-spot tem- 
perature so that, first, the user will be 
protected ddequately and, second, the 
average motor will nat have an un- 
necessarily large size. 

According to this criterion, the meas- 
urements of temperature rise by resist- 
ance and by thermocouple in the end 
turns are equally good. Both methods 
measure a temperature considerably closer 
to hot-spot temperature than mercury 

_ thermometers do, and, at least in totally 
enclosed motors, the measurement is a 
more consistent indication of hot-spot 
temperature. Since measurement by 
resistance and by end-turn thermocouple 
appear to be equally accurate and, depend- 
ing on testing conditions, either may be 
more convenient than the other for a par- 
‘ticular motor, both methods should be 
recognized in the standards. The mer- 
cury-thermometer method, which is both 

‘Jess accurate and less convenient, should 
be discontinued. : 

‘In determining the standard tempera- 
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perature rise by this method and hot-spot 
temperature rise should be given the most 
weight. According to this criterion, 
65-degrees-centigrade rise by resistance 
or end-turn thermocouple is equivalent to 
55-degrees-centigrade rise by mercury 
thermometer for totally enclosed motors, 
and 60-degrees-centigrade rise by re- 
sistance or end-turn thermocouple is 
equivalent to 50-degrees-centigrade rise 
by mercury thermometer in open motors. 


Fourth Set of Tests* 
DESCRIPTION OF Motors TESTED 


The test motors were built using all 
standard parts except the stators. The 
stators were the standard ones used for 
dripproof motors of their rating, except 
that they were wound with a number of 
thermocouples embedded in the slots 
and in the end tutns. The same stators 
were used for all tests of a given rating 
regardless of the effect of the enclosure 
on the temperature rise at rated load. 

Three different four-pole 60-cycle induc- 
tion motors were tested, a three-fourths- 
horsepower polyphase squirrel-cage mo- 
tor, a three-fourths-horsepower single- 
phase repulsion-start motor, and a one- 
fourth-horsepower, single-phase repulsion- 
start motor. Each of the three-fourths- 
horsepower motors was tested with the 
following constructions: 


1. Dripproof. 
2. Totally enclosed nonventilated. 
3. Totally enclosed fan-cooled. 


The one-fourth-horsepower motor was 
tested only in the dripproof and totally 
enclosed nonventilated constructions. 
Ventilation of the dripproof motors was 
eR pie Be ee 


* Data reported by The Master Electric Company, 
Dayton, Ohio. 
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obtained by the use of a single fan 
mounted inside the end shield at the shaft- 
projection end of the rotor or armature. 
The totally enclosed nonventilated motors 
were entirely self-cooled. Motors using 
totally enclosed, fan-cooled construction 
were cooled in the conventional manner 
by a fan mounted on a shaft projection 
opposite the normal projection. Such 
motors had no internal fan. 

Dripproof end shields were used rather 
than the old-style open shields, because 
most present-day fractional-horsepower 
open motors are practically dripproof 
motors. 


LOCATION OF TEMPERATURE INDICATORS 


For the determination of the hot spot, 
thermocouples were placed in the winding 
when the conductors were being inserted 
in the slots. The locations of these in- 
dicators are shown in Figures 9 and 10. 
In addition an indicator was placed be- 
neath the slot insulation to allow the 
measurement of the iron temperature. 

It should be noted that it is a simpler 
problem to locate the hot spot in a poly- 
phase stator than in a single-phase stator, 
because the heat is generated uniformly 
in a polyphase stator, whereas the usual 
single-phase stator has regions of greater 
and lesser heat generation, depending 
upon the distribution of the winding. 

The hottest accessible spot in the 
polyphase motor was determined by tests 
to be between stator coil ends at the end of 
the winding opposite the shaft projection. 
In subsequent tests a thermometer was 


Figure 9. Thermocouple and thermometer 
locations in slots and coil ends of Master poly- 
phase stator 


O Mercury thermometer 
x Surface thermocouples 
o Embedded detectors 


Figure 10. Thermocouple and thermometer 
locations in slots and coil ends of Master 
single-phase stator 


OD Mercury thermometer 

x Surface thermocouples 

o Embedded detectors 

A Hottest spot accessible to surface thermo- 
couple 
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inserted here (see Figure 9) and the ex- 
posed portion of its bulb covered with 
modeling clay as recommended in AIEE 
Standard 9.. A thermocouple was tied in 
place as close to the thermometer bulb as 
was possible. 

The construction of the single-phase 
motors was stich that the thermometer 
(see Figure 10) had to be placed on the 
outside of the coil-end extension. In 
this type of motor a much more desirable 
place was available for the location of a 
thermocouple, namely in the interstice 
formed where the coils were tied on the 
ends. A surface thermocouple was placed 
at this point. 


TEST PROCEDURE 


Motors were loaded until the tempera- 
ture rises were approximately 40 degrees 
centigrade for the dripproof construction 
and 55 degrees centigrade for the totally 
enclosed constructions. Each test was 
continued until all temperature indicators 
remained constant for at least four con- 
secutive readings spaced 15 minutes 
apart. After shutdown the resistance of 
the stator was measured several times in 
a period of approximately five minutes to 
permit extrapolation of the time-resist- 
ance curve back to the time of shutdown. 

The same stator and temperature 
indicators were used for all tests of a 
given rating and were in exactly the same 
locations. 

Results of these tests are shown in 
Table VI. 


DISCUSSION AND CONCLUSIONS 


Hottest Spot in Stator. It was found 
that the hottest spot in each of the motors 


end turns, at the top of the winding op- 
posite the shaft-projection end of the 
stator. In the case of totally enclosed 
motors there were often several spots at 
the maximum temperature, but the loca- 
tion just described was always one of 
these. 

Hottest Normally Accessible Spot in 
Stator. An examination of the data 
for the three-fourths-horsepower poly- 
phase motor shown in Table VI indicates 
that when thermometers and thermo- 
couples are placed identically there is rela- 
tively little difference between their 
indications. In cases where construction 
is such that the thermometer can have 
only a limited contact with the winding, 
the use of properly placed thermocouples 
gives a definite advantage because of the 
ease with which a surface-thermocouple 
may be inserted in a desirable location. 

All of the data shown herein indicate 
that the hottest accessible spot in an in- 
duction-motor stator which is ventilated 
by a single internal fan is at an interstice 
in the coil-end connections at the end 
opposite the fan. 

Temperature Rise as 
Change in Stator Resistance. 
perature rise calculated from the change 
in stator resistance can be seen to provide 
a dependable means for determining the 
temperature rise of stators. 

For greatest accuracy the resistance 
should be measured at suitable intervals 
up to about five minutes after shutdown, 
the curve of resistance versus time after 
shutdown plotted, the curve extrapolated 
back to zero time, or time of shutdown, 
and the stator resistance at this time de- 
termined. This curve may be plotted 
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tested was located near the center of the on ordinary co-ordinate paper. Usually 
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ve nvestigation of Hot-Spot Temperatures 


The tem- 


it will be almost linear, unless the final 
temperature reading is less than 85 per 
cent of the shutdown value. 

In general for fractional-horsepower 
motors there is less than one per cent error 
in the resistance value, if it has been 
measured in less than one minute after 
shutdown. 

Comparison of Results. Examina- 
tion of the data shows that for plain 
totally enclosed motors all three of the 
methods of temperature measurement 
used provide consistent results which do 
not differ greatly from the hot-spot tem- 
perature. The data also indicate that for 
dripproof and totally enclosed fan-cooled 
motors the thermometer method is con- 
siderably less consistent than either of the 
other two methods. 


Fifth Set of Tests 


DESCRIPTIONS OF Motors TESTED 


Tests were made on fractional-horse- 
power motors employing laminations in 
common use. These had four flats form- 
ing four open sectors between core and 
shell. Other designs used completely 
round laminations with better op- 
portunity for heat conduction from lami- 
nations to outer shell. Ventilation with 
such construction was by fans at both 
ends. 

In all cases the slots were insulated by 
0.010-inch insulating paper. Formvar 
or enamel-insulated wires were used, and 
the windings were not varnish treated. 

No attempt was made to use windings 
representing commercially acceptable tem- 
perature rises. The enclosed motors were 
not intended for such service and in some 
cases the load was reduced to prevent 
excessive final temperatures. 

Past experience indicated that the fans 
used with this line of motors differed in 
their effects with direction of rotation. 
For that reason many of the tests were 
repeated with reversed rotation, forming 
a convenient check on results. 


LOCATION OF TEMPERATURE INDICATORS 


Approximately 64 thermocouples were 
used with a potentiometer. Embedded 
thermocouples were placed in the centers 
of all coils and on the centerline of the 
field cores at the time of winding insertion. 
Thermocouples on the surfaces of the end 
coils were held in place by fuller’s earth 


and sodium silicate. 


TEST PROCEDURE 


Although it would be a comparatively 
simple matter to arrange a series of heat 
runs, measuring the rise by various meth- 
ods, such a procedure still could leave un- 
answered several questions which might 
possibly have affected the results. For | 
this reason, possible influential factors 
were listed and a series of tests arranged 


a a is 


*Data reported by Robbins and Myers, In “i 
field, Ohio, MRR se oh: 
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Figure 11. Sectional view showing venti- 
lation of Wagner one-sixth-horsepower single- 
phase and polyphase motors 


so that the effect of these factors might be 
shown up, if present. 

The amount of cooling air and the man- 
ner in which it is passed over and about 
the cores and windings are of importance 
in determining the final temperature rise 
of open motors. However, practical 
considerations limit air-delivery and heat- 
dissipation facilities. Within such limits 
it would appear that the general pattern of 
temperatures throughout an open motor 
would be unaffected by the amount of 
cooling air. For this reason changes in 
fans and amounts of cooling air were not 
planned as factors in these tests. In the 
fully enclosed motor, heat-transfer and 
dissipating facilities influence the final 
temperatures. However, the general pat- 
tern of temperatures throughout a closed 
motor was believed to remain unchanged 
by such features. 

Tests investigating possible ventilation 
effects, therefore, neglected the above 
factors and considered instead only the 
following conditions: 


_1. Open motors: end-to-end ventilation; 


end ventilation. 
2. Closed motors: no special heat-dissipat- 
ing methods employed. 


The ratio of slot area to slot length 
might influence temperature gradient and 
hot-spot values. Or in other words, it is 
conceivable that a change in core length, 
for the same laminations, might result 
in a similar change in hot-spot and end- 
coil temperature differentials. To in- 
vestigate this possible effect, tests were 
made with motors having different lengths 
of core. 

In designing single-phase motors, the 
extent of the distribution of the concentric 
stator coils frequently affects the final 
temperature rise. Some designs show a 
reduced rise through distributing the 
field in more slots. The possible effect 
of this distribution of coils and heat on 
hot-spot temperatures was ‘investigated 
by repeating tests with three coils per 


- pole and four coils per pole in the stator 


winding. 

It was assumed at the outset of these 
tests that, even if the possible items listed 
previously should prove to be of no in- 
fluence on the final pattern of tempera- 
tures, the repetitive nature of the tests 
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Figure 12. Sectional view showing ventila- 
tion of Wagner one-half-horsepower polyphase 
motors 


would prove of value as a check on results. 
These items formed the key shown on the 
test sheets by which individual heat runs 
can be identified. 

The motor under test was clamped to a 
metal bedplate on the dynamometer 
stand. Some heat flow to the bedplate re- 
sulted, but it was thought unnecessary 
to attempt to eliminate or minimize this 
effect. 

Results of these tests are shown in 
Table VII. 


DISCUSSION AND RECOMMENDATIONS 


One disconcerting result noted at once 
in the tabulation, is the tendency for re- 
sistance measurements to indicate tem- 
peratures higher than the hot-spot values. 
(Percentage greater than 100.) Since re- 
sistance measurements presumably rep- 
resent an average, this shows an average 
greater than its highest component. 
There are three possible explanations: 


1. The true hot-spot was higher than that 
read. Had only a few thermocouples been 
used, it would be likely that such a spot 
could be missed. Under the circumstances 
it seems unlikely. 

2. The rotor was considerably hotter than 
the stator copper, and immediately on shut- 
down the stator copper increased in tem- 
perature by reflectedheat. Sucha phenome- 
non is frequently observed. Such an ex- 
planation would not hold here as the repeat 
test with opposite rotation then should have 
shown the same effect with the ratio also over 
100 percent. It will be noted that this never 
occurred. 

3. The third, inescapable conclusion is that 
all temperatures by resistance showing this 
ratio greater than 100 per cent represent 
incorrect and, hence, useless readings. 


This point is mentioned because it 
shows up one defect in the rise-by-resist- 
ance method. The writers and the or- 
ganization with which they are connected 
have used resistance measurements for 
years as an indication of temperature rise. 
It has been used in those cases where it: 


1. Is the only practicable method. 


9. Forms a useful check on other measure- 
ments. 


To the writers it appears to be a one-shot 
method, with little chance for a check on 
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human or instrumental error. The pos- 
sible improvement by taking a series of re- 
sistance measurements, after shutdown at 
accurately determined intervals, does not 
appear to overcome the difficulties, be- 
cause such points may rise or fall with 
time, depending upon reflected rotor 
heat. Hence extrapolation of points to 
determine exact shutdown temperature 
appears as a dubious improvement. 

A few statements might be of interest: 


1. The hottest spot measured by any em- 
bedded detector was never more than four 
degrees from that measured on the end coils 
of the same motor by thermocouples. 
Generally they were only one or two degrees 
apart. 


2. The general pattern of temperatures for 
the various motors was very similar for end 
thermocouples versus embedded detectors 
versus hot spots. In contrast, thermometer 
readings displayed the greatest range. 


8. Reduced stack did not result in a more 
uniform pattern of temperature with lower 
hot-spot increase. It must be remembered, 
however, that any one stack was provided 
with other variable elements, such as num- 
bers of coils and changes in ventilation 
method. 


4. It would appear that the introduction 
of cooling air into one end of the motor only, 
results in hot spots considerably higher than 
the average temperature. Ventilating both 
ends of the motor gives more uniform tem- 
perature rises. 


Sixth Set of Tests* 


DESCRIPTION OF Motors TESTED 


The ratings tested consisted of a one- 
sixth-horsepower single-phase capacitor- 
start induction motor, one-sixth-horse- 
power three-phase, squirrel-cage induc- 
tion motor, and a one-half-horsepower 
three-phase, squirrel-cage induction mo- - 
tor. Tests were made with the windings 
untreated both as open and totally en- 
closed motors. The windings then were 
treated with insulating varnish, and the 
tests were repeated both as open and to- 
tally enclosed motors. The reason for 
making tests with the stator windings 
both treated and untreated was to deter- 
mine whether the temperature rise might 
be affected by the varnish treatment. 
The reason for making tests both as open 
and totally enclosed motors was to de- 
termine whether the temperatures in 
various parts of open motors are as uni- 
form as they are in totally enclosed mo- 
tors. The general construction of the 
one-sixth-horsepower motors is shown in 
Figure 11. It will be noted that the one- 
sixth-horsepower motors have ventilating 
spaces between the stator core iron and 
the frame, and the rotor is of cast alumi- 
num construction with blower blades on 
only one end. The construction of the 
one-half-horsepower motor is shown in 
ee Sh he ee re 


* Data reported by Wagner Electric Corporation, — 
St. Louis, Mo. ; 
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Figure 12. It will be noted that it does 
not have ventilating spaces between the 
frame and the core but that the rotor is of 
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seconds after shutdown. This was done 
by using three more so as to obtain the 
hot resistance in the shortest possible 
time. The temperature readings were 
taken on the thermometers and thermo- 
couples while the motor was operating 
_ and were not continued after shutdown. 
The same stator thermocouples and em- 
bedded detectors were used for all four 
tests on a given rating. 

The results are summarized in Table 
VIII. 


DISCUSSION AND CONCLUSIONS 


Although it is possible to obtain fairly 
accurate measurements of temperatures, 
using mercury thermometers, in motors 
which are so constructed that a ther- 
mometer can be placed in the right loca- 
tion, it should be borne in mind that many 
motors have mechanical features which 
prevent the satisfactory use of mercury 
thermometers without mutilating the 


* Frame temperature. 


motors. In such cases the temperatures 
taken are quite likely to be lower than the 
true values, and the actual operating 
temperatures of such motors are a good 
deal higher than the observed readings. 


On the other hand, thermocouples are 
flexible and may be placed readily on the 
hottest parts of windings so that readings 
taken using surface thermocouples are 


more nearly correct than those which are © 


obtained by using mercury thermometers. 
It is, therefore, suggested that the use of 
mercury thermometers be discouraged. 
This might be done by specifying the use 
of thermocouples and eliminating the use 
of mercury thermometers, or by specify- 
ing a new method which would consist 
in the determination of temperatures by 
means of thermocouples applied to the 


hottest part of the machine accessible to 
thermocouples. 


Summary of Data Reported 
by All Companies 


A brief summary of the preceding data 
is given in Table IX. In this table, as 
in the preceding tables, the maximum 
temperature obtained by embedded de- 
tector is considered the hot spot. When 
temperatures by surface thermocouple 
or resistance exceed those obtained by 
means of the embedded detector, either 
one of two conclusions may be reached: 
either the embedded detector was not 
placed in the hottest part of the winding, 
or an error was made in the measure- 
ments. 
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Orthomagnetic Bushing Current 


Transformer for Metering 


A. BOYAJIAN 


FELLOW AIEE 


USHING current transformers are 

ideal for many reasons. They are 
compact, convenient, economical, and, 
from the operator’s standpoint, they 
eliminate a separate piece of equipment. 
But they have one inherent limitation, 
namely, an accuracy generally not satis- 
factory for metering. Many efforts 
therefore have been made in the past to 
overcome this inherent limitation of the 
conventional design, with considerable 
success in the laboratory but limited suc- 
cess in practice. 

The factor that causes inaccuracy in 
current transformers is a minute nui- 
sance burden (1-10 volt-ampere excita- 
tion loss) consumed in the core. The 
bushing-type current transformer is handi- 
capped particularly in this matter be- 
cause its exciting ampere turns are nec- 
essarily very few, the primary winding 
consisting of but a single turn, a through 
conductor, and, therefore, for a given 
instrument burden into which a given 
current is to be transformed, the volts 
per turn, the flux density, and the volt- 
amperes consumed by the core have to be 
correspondingly higher. It may well 
surprise one that in all these years some 
way has not been found to deliver these 
few volt-amperes from the powerhouse 
by some means that will relieve the pri- 
mary from this nuisance burden. A sig- 
nificant step now has been taken in this 
direction. The device is called ortho- 
magnetic for reasons explained below. 


Principle 


If a core is excited from an a-c source 
and then a higher-frequency excitation 
superimposed on it through a separate 
winding of suitable design, maintaining 
the original excitation unchanged, it will 
be observed that the volt-ampere input 
by the original (lower-frequency) circuit 
is diminished by the superposition, al- 
though the total losses in the core may be 
OR Tl ee ae 


Paper 45-24, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945. Manuscript sub- 
mitted November 6, 1944; made available for 
printing December 8, 1944. 4 

A. Boyajian and G. CAMILLI are in the power 
transformer engineering division ‘of: the General 
Electric Company, Pittsfield, Mass. 


” The authors are indebted for the current-trans- 


former tests and adjustments to the General Elec- 
tric Company engineers W. B. Connover and J. M. 
‘Camerlengo of the works laboratory, Pittsfield; 
and for the excitation data to engineers B. M. 
Smith and B. D. Templer of the general engineering 


laboratory, Schenectady, INE 


« 


7 aa! 
os “ 


oA} til ry ‘ 
eS X 


G. CAMILLI 


FELLOW AIEE 


considerably increased. That is, the 
higher-frequency source furnishes more 
than what might be considered its proper 
share of the total volt-amperes consumed 
by the core; the lower-frequency source, 
less than its share. Thus, toward the 
lower-frequency source, the iron be- 
haves as an improved material; toward 
the higher-frequency source, as a de- 
graded material. That this cannot be 
a matter of one circuit delivering power 
to the other circuit in the ordinary way 
will be appreciated by remembering the 
mathematical law that voltage at one 
frequency cannot produce power with 
current of another frequency. In fact, in 
the practical application of the principle 
under discussion, the two circuits are 
designed with their mutual inductances 
balanced out (Figure 1), so that the 
higher-frequency circuit cannot induce 
any current in the lower-frequency cir- 
cuit, and vice versa. It will be seen in 
Figure 1 that the connections of coil 62 
are reversed, making the mutual induction 
between coils a. and by opposite to that 
between a; and b,, and therefore the mu- 
tual induction between circuits A and B 
will be zero. With only ordinary care 
used in making the two cores and wind- 
ings alike in the current transformers here 
reported, no appreciable current of higher- 
frequency could be detected in the lower- 
frequency (primary and secondary) cir- 
cuits (Figure 6). ; 

Some understanding of the rationale 


of the phenomenon perhaps may be 


gained from the following elementary dis- 
cussion. ; 

Referring to Figure 2, let a-b-c-d-e 
represent the hysteresis loop correspond- 
ing to the 60-cycle excitation in the ab- 
sence of ‘any other excitation. If the 
state of affairs at the point a is consid- 
ered, it is seen that the magnetizing cur- 
rent is zero, and there is a residual mag- 
netism a-a’. If, now, a high-frequency 
excitation is superimposed on the core 
(the higher the frequency the better for 
this explanation), this residual magne- 
tism will be eliminated after several 
cycles of the high-frequency excitation, 
and a will move up to a’: that is, while 
the low-frequency current is still the 
same, the flux density corresponding to 
it will be changed. 

If the low-frequency ampere-turns 
are equal to the abscissa of 6, then nor- 
mally, in the absence of any other exci- 
tation, the flux density will be the or- 
dinate of b, representing a residual mag- 
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netism b-b’, where b’ is some intermedi- 
ate value between the ordinates of the 
ascending and the descending portions 
of the loop for the given abscisssa. If, 
now, a high-frequency excitation is su- 
perimposed, this residual magnetism is 
eliminated, and b moves up to D’. 

Similarly to the foregoing, under the 
residual demagnetizing action of the 
high-frequency excitation, ¢ moves to c’, 
and so forth, and thus the low-frequency 
magnetization moves along a’, b’, c’, d, 
c', b’, a’, and so on, instead of a, b, ¢, d, e. 
Thus, theoretically, the low-frequency 
hysteresis loss can be eliminated with the 
aid of simultaneous high-frequency ex- 
citation. The low-frequency eddy-cur- 
rent loss, however, cannot be affected 
materially by the high-frequency excita- 
tion. 

That the hysteresis loss associated with 
a d-c loop is reduced, if: simultaneously an 
a-c excitation is superimposed, seems to 
have been observed first by Gerosa and 
Finzi in Italy more than half a century 
ago.! Later investigators observed that, 
if two a-c excitations are applied simul- 
taneously, the higher frequency excita- 
tion tends to furnish a larger fraction of 
the hysteresis loss.6 In the late ’20’s the 
present authors discovered or redis- 


Figure 1. Diagram of connection to study 

the excitation characteristics of magnetic 

cores simultaneously excited at.two different 
frequencies 


Figure 2. Performance of the auxiliary high- 
frequency excitation in reducing the residual 
flux due to the lower-frequency excitation 
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covered that not only the hysteresis loss 
but also the reactive volt-amperes can 
be reduced in this way, and they proposed 
to utilize this principle to reduce the ex- 
citing current and thereby improve the 
accuracy of the bushing-type current 
transformer.” Outwardly the device was 
somewhat similar to the one here re- 
ported, but it could not be reduced to 
commercial practice for several reasons. 
First, the frequency of the auxiliary ex- 
citation would have to be about seven 
times that of the circuit to be metered, 
and so, since there was no commercially 
feasible means of securing such fre- 
quency, the idea could not be exploited 
commercially. Second, even if this fre- 
quency were provided, only borderline 


Table |. 
100:5 Amperes (20 Secondary Turns); Two 


Plain 


19°/s Inches Outside Diameter by 51/4 Inches High; 


Triple Frequency 


cases could be improved to good accuracy 
by this means, because the reduction 
would be fractional at best, and the scope 
of the application of the principle would 
be very limited. 

The new factor in the situation which 
makes the auxiliary higher-frequency ex- 
citation a succéss where it had failed be- 
fore is the discovery that the volt-ampere 
characteristic curve can be linearized by 
proper choice of auxiliary excitation, 
that the benefits derived from this prin- 
ciple may be many times those from a 
mere reduction of either the watt losses 
or of the exciting current, and that, if 
advantage is taken of this fact, triple- 
frequency instead of sevenfold frequency 
auxiliary excitation may be used. 


69-Ky Current Transformer 


Cores, Each 105/s Inches Inside Diameter by 
Total Core Weight=100 Pounds 


Complete With 


Current Transformer Excitation Added Impeder (Z) Added Autotransformer 
Ratio Ratio Ratio Ratio 
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Table Il. 161-Ky Bushing-Type Current Transformer 


Ratio 150/5 Amperes (30 Secondary Turns); 


Two Cores, Each 20 Inches Inside Diameter 


by 24%/, Inches Outside Diameter by 2 Inches High 


High-Frequency With Impeder and 


Plain Current Transformer Excitation Added Autotransformer 
Ratio Phase Ratio Phase Ratio Phase 
Secondary Correction - Angle, Correction Angle, Correction Angle, 
Burden Amperes Factor Minutes Factor Minutes Factor Minutes 
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Table Ill. Transformer as in Table 


I! But Wound for 300/5 Amperes 


High-Frequency Excitation With Impeder and 
Added Autotransformer 
Ratio Phase Ratio Phase 
= Secondary Correction Angle, Correction Angle, 
urden Amperes Factor Minutes Factor Minutes 


Y 
(15 volt-ampere, 
0.9 power factor) 


OD ase ire Teials sibie 1.0046... 
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Figure 3. Diagram of connection of a 
bushing-type current transformer with auxiliary 
triple-frequency excitation 


A=triple-frequency transformers 

B=primary conductor 

1 and 2=cores 

H, and H2=winding for the triple-frequency 
excitation 

C=auxiliary winding 

Z=compensating burden 

E=main secondary winding 

T= autotransformer 


F=burden 


A device incorporating a core of which 
the magnetization has been rendered 
straight, by auxiliary higher-frequency 
excitation, has been christened by the 
authors orthomagnetic (having straight- 
line magnetic characteristics). 


Current-Transformer Circuit 


In Figure 3, B is the through con- 
ductor of a bushing and constitutes the 
primary winding; 1 and 2 are duplicate 
wound-strip cores; E is the secondary 
winding; H,—Hp2, the 180-cycle excita- 
tion winding; T, an autotransformer in- 
serted between the secondary winding 
and the burden, with a number of small 
tap-steps to make precise adjustment of 
the current ratio; Z, a phase-angle com- 
pensating impeder; and F, the burden. 

The need for the autotransformer will 
be appreciated, if it be remembered that 
the primary being only one turn and the 
secondary 10-50 turns, one secondary 
turn may represent a two-ten per cent 
step which would not be fine enough. 
The autotransformer and the impeder 
are a separate piece of equipment from 
the current transformer and may be 
mounted apart from it. 

The equipment to furnish the 180-cycle 
excitation to the current transformer is 
shown in Figures 3 and 7, consisting of a 
wye-delta bank of three small single- 
phase transformers, with the corner of 
the delta opened for connection to the 
terminals of winding H;—H, as a single- 
phase system, while the wye-winding is 
excited from a three-phase 60-cycle 
source. 

As the theory of static third-harmonic 
generators (also called frequency-multi- 


. 
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pliers) is well known, we shall be satis- 
fied here with a reference’ to the subject. 

The capacity of the 180-cycle static 
generator shown in Figure 7 is 400 volt- 
amperes and weighs about 25 pounds. 
The 180-cycle power input into the 69- 
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Figure 4. Excitation characteristics of mag- 

netic cores (wound strip) when excited 

simultaneously at different flux densities at 
69-cycles and at triple frequency 


Core density (kilolines per square inch), 
60 cycles 

A—2,500 lines per square inch, 180 cycles 

B—7,500 lines per square inch, 180 cycles 

C—15,000 lines per square inch, 180 cycles 

D—925,000 lines per square inch, 180 cycles 

E—32,950 lines per square inch, 180 cycles 


kv current transformers of Table I is 42 
watts at about 90 per cent power factor, 
and that into the 161-kv unit of Table II 
70 watts. The harmonic generator there- 
fore can supply excitation to a number of 
current transformers. 

The harmonic generator is too large a 
load for potential transformers installed 
for metering service. 


. 


Accuracy Characteristics 


The ratio and phase- Peer characteris- 
tics of two such bushing-current trans- 
formers, one for 69-kv and the other for 


MarcH poe VoLUME 64 


ne . 


161-kv circuits, 
in Tables I-III. 
The significance of these exhibits as 
to the improvements accomplished may 
be gathered from a few of the items listed. 
For instance, for the 161-kv unit for 
150/5 amperes with wye-burden, the 
following figures are found in Table IT: 


are exhibited in detail 


At 0.5 Ampere At 5.0 Amperes 


Ratio Phase Ratio Phase 
Error, Angle, Error, Angle, 
Per Min- Per Mina- 
Cent utes Cent utes 
Plain current 
transformer..... —6.7 ..+262..—4 72 
180-cycle exci- 
tation added....—1.5 ..+ 12..—1.6. 13 
Z and_auto- 
transformer 
also added...... —0.56..+ 4..—0.43.... 0 


The maximum ratio error is seen to 
have been cut down from 6.7 per cent 
to 0.56 per cent; the phase-angle error, 
from 262 minutes to 4 minutes. In the 
final result, as the ratio error varies 
between —0.43 per cent and —0.56 per 
cent, it follows that if the measurements 
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Figure 5. Exciting current of wound-strip 
magnetic cores with and without auxiliary 
triple-frequency excitation 


A—60 cycles 
B—60 cycles plus 180 cycles (32,250 lines 
per square inch) 


are multiplied by 1.005, the maximum 
ratio error of the result will be no more 
than 0.05 per cent, that is, about 1/2 of 
one per cent. 


Effect of Voltage Fluctuations 


Variations in the current-transformer 
accuracy under fluctuations of the supply 


voltage to the harmonic generator also 


were investigated, and it was found that 
a ten per cent Ferige of voltage fluctua- 
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tion made a difference of 0.1 per cent in 
the ratio error and one minute in the 
phase-angle error. 


Wave Shape 


Figure 6 shows oscillograms of primary 
and secondary currents. In order to 
make the higher-frequency component 
more conspicuous in case it should find 
its way into the 60-cycle circuits, the 
higher-frequency excitation was  fur- 
nished at 540 cycles for these oscillograms. 
No trace of such a harmonic was visible 
in any of the oscillograms taken. 

In one test, in order to determine ac- 
curately any possible induced harmonic 
current in the secondary circuit unmixed 
with any fundamental-frequency cur- 
rent, the secondary current was measured 
under full triple-frequency excitation 
and no primary current, and it was found 
to be about one-tenth of one per cent of 
the rated current of the winding. 
Needless to add, no matter how large the 
harmonic current, it cannot affect the 
wattmeter indications unless a corre- 
sponding harmonic voltage, inphase with 
the harmonic current, also is impressed 
across the potential coils of the meters. 


Freedom From Residual Magnetism — 


Those familar with this subject know 
that current-transformer. accuracy tests 
do not always reproduce themselves on 


Figure 6a. Wave shape of the primary 
current with 0.5-ampere secondary current; 
no high frequency 


Figure 6b. Wave shape of the secondary 
current, 0.5 ampere, with 540-cycle auxiliary 
excitation 


account of varying values of residual 
magnetism, unless the core is demagne- 
tized carefully before each test. The 
present type, with a constant demag- 
netizing excitation, is free from this un- 
certainty. 
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Magnetization Curves 


Figure 4 gives typical magnetization 
data taken on a wound-core unit made 
up of silicon-steel strip and subjected to 
60-cycle and 180-cycle excitations si- 
multaneously. Figure 4a gives the watt- 
loss data and Figure 4b, the exciting- 
current data. To bring out the benefit of 
dual excitation more clearly and quanti- 
tatively, ordinates give the losses (watt 
or exciting current) as a percentage of 
the corresponding values in the absence 
of auxiliary excitation. It is seen that in 
the range of the flux densities to be en- 
countered in bushing-transformer prac- 
tice (1-10 kilolines per square inch), im- 
pressive reductions in watt losses and 
exciting current are accomplished when a 
180-cycle excitation is superimposed at 
a density of 25-30 kilolines per square 
inch: the watt losses are cut down to a 
half, and the exciting current to a third. 
Other test data, not reproduced here, 
show that, up to about 60-kiloline 60- 
cycle density, the benefit of this auxiliary 
excitation is practically unaffected by 
the phase displacement between the 
two excitations. 

Impressive as these curves may be, they 
exhibit only one factor in the improved 
accuracy of the current transformer 
through such auxiliary excitation. The 
more important factor, as intimated 
above, is the possibility of the conversion 
of the nonlinear magnetization curve into 
a linear one by appropriate auxiliary ex- 
citation, so that the errors first may be 
rendered constant and then be compen- 
sated for by other means. Any reduction 
is, of course, a gain, insofar as it reduces 
the necessary compensation to that 
extent, but the possible error reduction 
by the linearization-and-compensation 
method is many times that by the excit- 
ing-current reduction method. 

Figure 5 exhibits the straightening of 
the magnetization curve very clearly. 
Curve A applies to the normal 60-cycle 
volt-ampere characteristic of the core 
without auxiliary excitation, curve B to 
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the 60-cycle characteristic with the 
benefit of a 180-cycle auxiliary excitation 
maintained at about 30 kilolines per 
square inch. 

So far as the absolute value of the ex- 
citing current is concerned, curve B is 
only about 50 per cent better than A, 


frequency-tripling 
transformer; rated output 400 volt-amperes 


Figure 7. View of a 


voltage =240 volts; secondary 


voltage, 120 volts 


Primary 


It is not so good as what might have been 
obtained with seventh harmonic or with 
higher triple-frequency excitation; and, 
by itself, it would divide the total cur- 
rent-transformer error by only two, 
whereas in Table II—YJ, it is seen that the 
ratio errors are divided by more than ten 
and the phase-angle errors by more than 
60. 

With the errors rendered constant, the 
phase-angle error is compensated for by 
impedance Z and the ratio error by the 
tapped autotransformer between the 
secondary and the burden (Figure 3). 

Although in this arrangement all the 
power, active and reactive, including 
those consumed by the core, are derived 
from the primary circuit, the current- 
transformer characteristics are as if the 
excitation volt-amperes were a part of 
the external burden. 

The linearity of the magnetization 
curve, and therefore the possibility of 
taking care of large ratio errors by an 
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autotransformer, greatly simplifies the 
problem of correcting the phase-angle 
error by the impedance Z. This imped- 
ance may be chosen conveniently over a 
surprisingly wide range of power factor 
and magnitude, because it is not a seri- 
ous matter if Z is chosen somewhat in- 
judiciously and, although fully correct- 
ing the phase-angle error, renders the 
ratio error worse than before, inasmuch 
as this additional ratio error can be 
taken care of by some other tap on the 
autotransformer. 

In some of the cases reported in the 
tables, Z consisted of a resistance in se- 
ries with an inductance. 


Conclusions 


It is shown that bushing-type current 
transformers, which in their simple form 
would not be good enough for metering, 
can be converted to precision units suit- 
able for metering purposes by the appli- 
cation of 


(a). Auxiliary higher-frequency excitation 
to render their cores orthomagnetic, with 
constant errors. ie 


(5). Simple compensating means to correct 
the constant errors. : 
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Compressed-Aiir Circuit Breakers in 
A-C Railway Service 
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Synopsis: The increasing interest in com- 
pressed air as an interrupting and operating 
medium for circuit breakers in central-sta- 
tion and industrial service, together with its 
gratifying record in service periods extend- 
ing up to five years, warrants investigation 
of its application to a-c railway service. 
Previous developments leading up to present 
standards of requirement for this service 
are reviewed, and a description is given of a 
compressed-air breaker designed for high- 
speed interruption of short circuits on con- 
tact line feeders in single-phase 25-cycle 
railway service at 12,000 volts to ground. 
Application of the principle to other railway 
service is discussed. : 


WENTY years have passed since the 

first circuit breakers designed to afford 
speed protection for contact lines in 
11,000-volt single-phase 25-cycle railway 
service were installed on the Danbury 
branch of the New Haven Railroad.! Us- 
ing oil as an interrupting medium, these 
breakers were designed to detect and 
interrupt, in conjunction with high- 
speed relaying, short circuits on contact 
lines in 0.04 second, one cycle on a 25- 
cycle wave, representing a long step in 
advance of then existing oil-breaker prac- 
tice. These three breakers are stillin serv- 
ice today in their original application, al- 
though increased power to meet the de- 
mands of heavier traffic may necessitate 
their replacement by breakers with rup- 
turing ability beyond their moderate rat- 
ing in the foreseeable future. 

Tests made with these breakers in their 
service position demonstrated their abil- 
ity to meet specified time requirements 
and indicated that this performance 
might be expected to reduce damage to 
overhead installations and motive equip- 
ment to a minimum, as well as insure 
satisfactory continuity of service on paral- 
lel signal and communication circuits. 
Accordingly, this specification as to time 
performance, 0.04 second or less, has re- 
mained standard up to the present day. It 
should be stated, however, that high- 
speed equipment in railway service shows 
a considerable proportion of interrup- 


‘tions after a single loop of short-circuit 


JJ eS SESS eee 


Paper 45-31, recommended by the AIEE commit- 
tee on land traisportation for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
January ° 22-26, 1945. Manuscript submitted 
November 27, 1944; made available for printing 
December 12, 1944. 


H. M. Witcox is section engineer, and D.C. ; 
_ Harker is engineer, both in the switchgear engi- 


neering department of Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 


4 


rd . aie , 


D. C. HARKER 


ASSOCIATE AIEE 


current when the zero point in the a-c 
wave is favorably located. 

In the years immediately following this 
installation another important electrifica- 
tion project required the provision of 
high-speed breakers with interrupting 
ability up to 50,000 amperes at 12,000 
volts to ground, and in 1928 two new de- 
signs; one an air-insulated breaker, the 
other an oil-insulated breaker,*® were in- 
stalled in considerable numbers on the 
four-track main-line electrified zone of the 
Pennsylvania Railroad from Philadelphia 
to Wilmington,‘ later extended to Wash- 
ington. Both designs followed earlier 
practice in their own fields, the air breaker 
being an extension to moderate alternat- 
ing voltages of the magnetic-blowout prin- 
ciple then in operation for a number of 
years in d-c railway service, and the oil 
breaker following fundamentals of the 


original New Haven breaker but with con- 


siderably improved mechanical details. 
Both breakers were developed with the 
aid of high-power testing equipment then 
becoming available with sufficient power 
to demonstrate their performance. 

Preparatory to this large main-line proj- 
ect, an exhaustive investigation of re- 
quirements for relay protection had been 
made,® and the results were here put into 
practical effect. One noticeable result of 
this investigation may be noted in the 
conclusion reached that the use of a d-c 
shunt tripping magnet for opening the 
high-speed breaker tends toward greater 
flexibility in protective relaying, and this 
form of tripping is now regarded with fa- 
vor for the service. 


By 1930 this electrified zone had been 
considerably extended,® and another air- 
insulated high-speed breaker had ap- 
peared, operating on the then newly de- 
veloped deion theory of arc rupture. This 
breaker was demonstrated by test to be 
the equal in service ability of previous de- 
signs and was installed in considerable 
numbers on further extensions of the sys- 
tem. Essentially of the indoor class of 
construction, it represented a forward step 
in application, considering the amount of 
organic material incorporated at critical 
points of insulation in its interrupting 
chamber with possibilities of deterioration 
in outdoor service. As protection against 
such possibility, the breaker structure was 
enclosed in a weatherproof steel housing 
with double walls, interposing an annular 
air space around the breaker to minimize 
the effects of condensation. Space heat- 
ers were provided further to reduce this ef- 


Wilcox, Harker—Air Circuit Breakers 


fect. Breakers of this class have now been 
in continuous service adjacent to the Jer- 
sey Meadows for 12 years without more 
than the normal deterioration to be ex- 
pected for that period in any service. This 
experience has demonstrated effectively 
the feasibility of applying organic insula- 
tion in outdoor service when adequate 
protection is afforded. 

By 1935 concentrations of power at 
rail-junction points on this system had 
increased to such extent that the pre- 
viously accepted interrupting rating of 
50,000 amperes for high-speed breakers 
was Clearly inadequate for certain feeder 
positions. It became evident that, as an 
alternative to a rather extensive rear- 
rangement of feeders, a costly operation at 
the best, breakers of greater interrupting 
capacity must be developed for this serv- 
ice, and the new interrupting specifica- 
tion was set at 65,000 amperes as meeting 
all requirements in the foreseeable future. 
This demand brought out a fourth design, 
another oil-insulated breaker of the im- 
pulse type,” now in service at various 
points on the system. 

As a result of the service experience 
obtained with the varying types of equip- 
ment on this electrified system in the 
years since full-scale operation was put 
into effect, together with the information 
obtained from several years of trial opera- 
tion preceding it,® the requirements for 


Figure 1. An early form of high-speed 
breaker 


This oil breaker was the first high-speed 
interrupter to be placed in service at 12,000 
volts 
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Figure 2. A more modern highapecd oil 
breaker 


‘Incorporating fundamental principles of its 

predecessor, but with improved mechanical 

details, this breaker was installed in con- 
siderable numbers 


protection of contact lines in 12,000-volt 
railway service, the type of protective re- 
laying,® and the arrangement of substa- 
tion equipment had become clearly identi- 
fied, and standards of performance had 
been fixed. Development of new lines of 
apparatus for this service must then con- 
sist largely of adaptation of more modern 
devices to its use. 

Outstanding among interrupting medi- 
ums today is compressed air, applied in 
the form of a transverse blast for maxi- 
mum current interruption at voltages in 
the powerhouse class. Five years of ex- 
perience in service operation with conven- 
tional-speed breakers in powerhouse duty, 
together with a laboratory-testing record 
which has made the compressed-air 
breaker the most completely tested de- 

vice in the upper range of current inter- 
ruption ever offered to the trade, render it 

most desirable for application to heavy- 
duty a-c railway service. 

Even more desirable, such application 
does not involve extreme exploration into 
untried avenues of development. The 
breaker parts proper, including the con- 


tact elements, arc chute, muffler, blast 


tube, and blast valve, may be taken 
bodily from conventional-speed breakers 
service-proved for the equivalent inter- 
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rupting duty in other applications. Since 
a latched-in type of mechanism is best 
adapted to a rapid start of acceleration 
of the moving contact on opening, the 
design of high-speed latch and d-c trip- 
ping magnet proved by 15 years of serv- 
ice in previous designs of high-speed 
breakers for railway service may be util- 
ized in its present form. The high-speed 
linkage with its accelerating device and 
contact connecting rod may be substan- 
tially the same asin earlier breakers, modi- 
fied only to adapt it to a new position 
in the breaker structure. Compressed 
air being available as an interrupting 
medium, it is logical to utilize it for 
the conventional-speed closing function; 
hence a conventional air-closing cylinder. 
There remains, then, only to co-ordinate 
these features into a single operating unit. 

Figure 4 shows a breaker of such design 
meeting the present specification of 65,000 
amperes interrupting capacity at 12,000 
volts to ground, single phase, 25 cycles, 
with an interrupting time of 0.04 second 
or less in conjunction with high-speed re- 
laying, and with a potential withstanding 
test of 65,000 volts for one minute. 
Mounted in a weatherproof steel housing 
with double walls, incorporating the an- 
nular air space of earlier designs, the com- 
plete structure is divided into three com- 
partments. The lowermost compartment 
carries the air reservoirs, operating mecha- 
nism, and all low-voltage control equip- 
ment. Immediately above it, isolated by 
a horizontal grounded barrier, is the main 
breaker compartment enclosing the high- 
potential breaker parts. At the top of 
the structure is an expansion or diffusion 
chamber, enclosed by the cupola form of 


Figure 3. The deion 
high-speed breaker 


Incorporating the 
deion- principle of 
arc rupture, this 
breaker is rendering 
valuable interrupting 
service up to 50,000 
amperes 
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roof construction and isolated from the 
main breaker compartment by a hori- 
zontal insulating barrier. The arc chute 
discharges the air blast with its heated arc 
products through a muffler into this diffu- 
sion chamber from which it is vented to 
atmosphere through louvered openings. 
Conductors are brought through the roof 
of the housing to the breaker terminals by 
conventional condenser bushings of 34.5- 
kv rating. 

Doors are provided at the front and 
rear of the housing allowing full access to 
all parts of the breaker. The doors of the 
two main compartments are separated, 
permitting access to mechanism and con- 
trols without exposure to high-potential 
parts. Footings have been designed to 
permit installation on the same founda- 
tion as earlier designs of high-speed 
breaker, facilitating replacement of those 
breakers in positions where breakers of 
lower rupturing ability have become in- 
adequate, because of increased power 
requirements. The condenser bushings, 
while incorporating refinements of mod- 
ern design, are interchangeable with 
those of earlier breakers. 

The contact details and their arrange- 
ment with respect to the air blast and arc 
chute conform to the conventional prac- 
tice previously presented before the Insti- 
tute. The conventional blade and finger 
type of contact is used on this design in 
contrast to the butt-type contacts of 
earlier high-speed breakers to provide the 
overlapping contact travel necessary to 
insure full amplitude of blast air at the 
time of contact parting. The blast valve 
is of the conventional metal-to-metal-seat 
poppet type, mechanically operated by a 
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Figure 4. Compressed-air high-speed breaker 


Embodiment of a modern compressed-air 
interrupting device renders this breaker ca- 
pable of handling the heaviest railway service 


cam surface on the trip-free lever when 
opening, but arranged to be inoperative 
on the breaker closing stroke since the air 
blast is not essential in circuit closing. 

Application of accelerating force to the 
moving contact on opening differs slightly 
in this breaker from the practice in pre- 
vious high-speed breakers with their short 
follow-up of butt-type contacts. There 
it was necessary to concentrate the ac- 
celerating force at the start of motion in 
order to obtain the highest speed possible 
at contact parting, and to continue this 
acceleration in order to insure a contact 
gap sufficient to withstand voltage when 
the arc has been swept onto arcing horns 
in the extinguishing process. 

In the compressed-air breaker a some- 
what more moderate acceleratirf$ force 
with the longer contact follow will pro- 
duce the same contact speed at parting 
and, while the arc is maintained on the 
contacts, interruption may be allowed to 
occur at a shorter contact gap since the 
presence of blast air increases the dielec- 
tric strength of the gap. This increase 
in dielectric strength of the contact gap 
reduces the possibility of are re-establish- 
ment on voltage restoration. As a fur- 
ther advantage the decelerating force 
may be applied earlier in the opening 
stroke, bringing the contact-to rest more 
easily and reducing stresses on the mecha- 
‘nism. . 

Table I shows the results of a single se- 


‘ries of interrupting tests made in the 


high-power laboratory with a compressed- | 


air high-speed breaker. Power was ob- 


cH 1945, VoLuME 64 


eae” 


e 


reservoirs 


tained from two 60,000-kva generators 
operating in parallel at 11,000 volts, 25 
cycles. Current values were limited by 
the station reactors. The tests were 
made phase to phase, ungrounded, this 
circuit having recovery rates varying with 
the currents interrupted from 500 to 810 
volts per microsecond, giving an inter- 
rupting condition somewhat more severe 
than the bonded-rail return circuit in rail- 
way service. The shunt tripping magnet 
of the breaker was energized by a high- 
speed relay actuated in turn by the bush- 
ing-type current transformers supplied as 
a part of the breaker. 

Figure 6A shows the interrupting 
performance of the breaker at moderate 
short-circuit-current values, 14,800 am- 
peres, on a rather highly asymmetrical 
wave. On this test the contacts parted 
just at or slightly before the end of the 
first loop but had not reached a gap suf- 
ficient for interruption, and current con- 
tinued to flow through the second loop, 
completing interruption in one full cycle. 
Because of the offset wave, this cycle, 
measured on the zero line, actually re- 
quired 0.041 second to complete. Voltage 
disturbance at the final zero was quite 
limited. The tripping coil was energized 
in approximately 0.006 second after the 
start of flow of short-circuit current and 
remained energized for about one cycle, 
being interrupted by a mechanically 
operated cutout contactor during the 
opening stroke of the breaker. Blast air 
continued for 1.5 cycles after interrup- 
tion, thus insuring complete deionization 
of the are path. 

In order to insure that the breaker has 
reserve rupturing ability beyond its cur- 
rent rating of 65,000 amperes, interrupt- 
ing tests were made with short-circuit cur- 


Figure 5. Aiir-com- 
pressing equipment 


Motor-driven com- 
pressors, automatic- 
control, cooling 
coils, storage 
are as- 
sembled in a com- 
pact unit 


and 
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rents up to 20 per cent above this rating. 
Figure 6B shows its performance when in- 
terrupting 79,500 amperes. The mag- 
netic effect of the current loop through the 
breaker increased the speed of contact 
travel on this test, and parting occurred 
sufficiently early to permit interruption at 
the first current zero, resulting in a single 
loop of short-circuit current of 0.031-sec- 
ond duration. No voltage disturbance ac- 
companied the interruption. The oscillo- 
graphic record of blast air shows some ef- 
fect of the pressure of arc gases in a single 
peak during the period immediately pre- 
ceding interruption, but the rapid drop 
from this peak at the current zero shows 
how completely these gases were scay- 
enged before current could flow in the re- 
verse direction. 

The cathode-ray record, Figure 7, 
shows the voltage condition accompany- 
ing the interruption of 41,000 amperes on 
one of these tests. The circuit-recovery 
rate was 810 volts per microsecond with a 
frequency of 12,500 cycles. This is not a 
particularly high recovery rate from the 
viewpoint of switching experience on 60- 
cycle utility and industrial-distribution 
circuits, but it is believed to be appre- 
ciably higher than any to be encountered 
in 25-cycle contact-line-feeder circuits. It 
will be noted that the first peak of re- 
covery voltage is only slightly above nor- 
mal restored voltage, whereas the high- 
frequency oscillations are damped out into 
natural frequency after approximately 
0.003 second. On no test did the first 
peak of recovery voltage reach a value of 
twice normal voltage. 

Air-compressing equipment for a supply 
of air to these breakers is installed in a 
separate housing designed for mounting 
on any foundation for the breakers. 


il 
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A. Interrupting 14,800 amperes 


B. Interrupting 79,500 amperes 


Figure 6. Oscillographic records of high- 
speed compressed-air-breaker tests 


The air-supply unit shown in Figure 5 is 
designed for installations of one or two 
breakers where there is little prospect of 
future additions. This unit is equipped 
with two belt-driven two-stage air-cooled 
compressors, each with a delivery of ap- 
proximately 4.4 cubic feet per minute of 
free air, permitting use of one compressor 
for service while the other is out for inspec- 
tion or maintenance. Normally both 
compressors are running. For a larger 
bank of breakers requiring two or more 
supply units, a single compressor per 
unit with a higher delivery rating is 
recommended. 

Normal operating pressure for air-stor- 
age reservoirs in the supply unit is 250 
pounds per square inch, a reducing feed 
valve automatically maintaining a work- 
ing pressure of 150 pounds per square inch 
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in the air-delivery system to the circuit- 
breaker reservoirs. Compressors and 
motors with their control are located in an 
enclosed portion of the housing with 
double walls, supplied with space heaters 
to insure that they will be operative 
under the most severe temperature con- 
ditions. The storage reservoirs are lo- 
cated in an open portion of the housing, 
protected only by expanded metal panels. 
Air intakes for the conipressors are car- 
ried to the outside of the enclosure. 
Operation of the air-supply unit is 
controlled automatically by a pressure 
governor set to cut off the compressor 
motor when storage pressure reaches 250 
pounds per square inch, and to cut it in 
again when pressure has been reduced to 
some predetermined lower value. An 
additional pressure switch is set to oper- 


ate an alarm if pressure becomes reduced 


to a point requiring attention of an attend- 
ant. 

Special care has been taken in the de- 
sign of the air-supply unit to reduce the 
moisture content of the air before it is 
delivered to the circuit breakers. In addi- 
tion to an intercooler between stages of 
compression, air from the discharge valve 
of the high-compression cylinder of the 


‘compressor passes through an aftercooler 


of finned copper tubing to the first stor- 
age reservoir, whence it passes through a 
second aftercooler to the second storage 
reservoir, carrying the outlet to the air- 
delivery system. Both reservoirs operate 
at a normal pressure of 250 pounds per 
square inch. 

These coolers are designed to reduce the 
air from its high temperature on leaving 
the compressor to ambient temperature 
at the outlet to the delivery lines, condens- 
ing the vapor content of the air in the proc- 
ess and depositing it in the storage reser- 
voirs where provision is made for its 
drainage. Since the storage reservoirs 
themselves are exposed to ambient tem- 
perature, little or no further condensation 
takes place after the air leaves the supply 
unit, and adequately dry air for circuit 
breaker operation is assured. 

For other railway service, not re- 
quiring high-speed interruption, such as 
generator or transformer breakers in 
powerhouse or substation duty, conven- 
tional-speed indoor breakers are available 
for operating voltages from 11,000 to 
33,000 in three-pole (three-phase) or two- 
pole (single-phase) form for interrupting 
duty from 500,000 kva upward. These 
breakers, normally designed for eight- 
cycle interruption on a 60-cycle basis, 
may be expected to complete interrup- 
tion in three cycles after a tripping im- 


Figure 7. Typical 
cathode-ray oscillo- 
gram of test with 
compressed-air high- 
speed breaker 
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Table I. A Series of Interrupting Tests With a 
High-Speed Compressed-Air Circuit Breaker 


11,000 Volts, 25 Cycles, Single Phase 


Duration 

Initial Current of Short Restored 

Test Voltage, Interrupted, Circuit, Voltage, 
No. Ky Amperes' Seconds Ky 
Woreicseste UP OREAY 3.2 14,900... Of042 1132 
Dac mate VO: sates 14 700% sinc O3043 ae 11.2 
Die one TA SO trate 14,650..... 0.044...... 11.2 
As Ne AL AO eA 18,900..... 02041 eae a 
Daeg. ee TAOS ns LO, SOOk rates (OO 40 saya 11.2 
a Peers DUAR UE are 3c 18,800. au 0:04 Lc sare 11.3 
Wisnsrass ie HR) ee ae 30:600Freyae OROS3aeeee gialeal 
Sisal PLO Sicase 30,600..... 0:'035crerw if Bem 
OR avs LD Oete tee 30,400)..24... O..08Sji¢ cre ny Liv 
TOnv es Le Oa 44,000..... O5033). <3 acs Hatz 
Les ae EL TOS. he 43,400..... OROB 1-742 10.8 
1 ieee ee Fee oe 44,000..... O083)\. cee 10.8 

Ve eas i 6 EA ee 44,600..... OOS. eae 10.85 
LA eels nO Re tects 0U Oe = OF031-e ane LOWE 
15). cee.8 IOC rays Be poe atte OSO2G 5 a regs 1037 
1G. Ry 1.0 sae 5600 nn sas QO O8Q) went 10.5 
‘aos LAI) ene 68500... 002084. aces 10.4 
LS ioe 2. Oi eeraye 67;000\... 53 O- 082 ech as 10.5 
BO Tic Osos 68,500). 005 + O03 oe 10.5 
Zee: « EE OV. ere 78, 00087. =. 02029. 2... 2s 10.4 
DA Pee £105. Sees 800002 Jes... OQ 0380. 6.585 10.5 
D2 eens aT Oe Fa 19, 500i O08 tise ce: 10.5 


pulse when applied in 25-cycle service. 
Following conventional powerhouse prac- 
tice, compressed air is used in these break- 
ers for both closing and opening breaker 
operations, air being admitted on either 
side of the main operating piston as de- 
sired. 


Conclusions 


The use of compressed-air circuit break- 
ers in powerhouse and substation duty has 
advanced sufficiently far in the United 
States to assure its reliability for service. 
The extension of this interrupting medium 
to high-speed equipment for protection of 
contact line feeders in 12,000-volt 25- 
cycle single-phase railway service has now 
been accomplished, and its ability to meet 
reliably the specified time requirements 
for this service has been demonstrated by 
full-scale tests. 
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URRENTS in excess of normal, or 
fault currents, flow in rectifier circuits 
under conditions of arc-back or d-c short 
circuit. In normal service, faults are im- 
posed on rectifiers by both the arc-backs 
that occur in the rectifier itself and the 
short circuits that occur in the external 
d-c system. Rectifier units must, there- 
fore, include suitable protective switch- 
gear to limit the magnitude and duration 
of the fault currents in order to 


1. Prevent damage to the rectifier, trans- 
former, and other parts. 


2. Limit the disturbance on the a-c and 
d-c systems. 


The determination of the fault currents in 
power rectifiers is essential to the design 
of rectifier and transformer equipment 
capable of withstanding the short-circuit 
forces, the selection of suitable protective 
switchgear, and the setting of relay and 


- breaker trip mechanisms. 


’ 
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A wide variety of circuit combinations 
may be obtained under fault conditions, 
and many are of stich complexity that 
accurate calculation of the instantaneous 
fault currents is difficult, if not impracti- 
cable. However, a complete determination 
of the instantaneous fault currents under 
all the possible conditions is not essential. 
Sufficient information for the design and 
application of rectifier equipment may 
usually be obtained from maximum 
values of the instantaneous and sus- 
tained currents. 

This paper presents fault-current analy- 
ses for the widely used delta double-wye 
connection. The methods are also appli- 
cable to other connections. Three basic 
types of rectifier faults are considered in 
the analyses. Most rectifier faults can be 
resolved into one of these types, which 
are: 


eeaL)-c short circuit. 
2. Arc-back in a wye. 
3. Arc-back with d-c feed. 


Power rectifiers of the single-way type 
usually employ a rectifier transformer 
having interlaced secondary windings. 
Windings on the same leg of the trans- 
former core are interlaced to obtain mini- 
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mum losses and optimum reactance rela- 
tionships. Various types of construction 
may be used; for example, two windings 
may be interlaced by winding the two 
coil conductors side by side in a single 
structure, by alternating pancake coils in 
a stack, or by alternating concentric coils. 
Many modifications are possible which 
meet the essential requirement that the 
current sheaths produced by the inter- 
laced coils occupy essentially the same 
space distribution with respect to the pri- 
mary so that they have common leakage- 
flux paths. 

The usual rectifier circuit has negligible 
reactance in the transformer secondary 
circuit as the transformer secondary 
windings are interlaced, the anode leads 
are generally short, and anode reactors of 
appreciable reactance are seldom used. 
Under these conditions, all the circuit re- 
actance may be considered to be located 
in the transformer primary and supply 
line. 

The short-circuit analysis which follows 
treats the general case with primary re- 
actance. The special case where all the 
reactance is located in the secondary 
leads has been treated in previous analy- 
sesst 


D-C Short Circuit 


SusTAINED D-C SHORT-CIRCUIT CURRENT 


A typical double-wye rectifier circuit is 
shown in Figure la and the usual trans- 
former construction is indicated in Figure 
lb. When such a rectifier is short-cir- 
cuited at its d-c terminals the fault cur- 
rents have the characteristic forms shown 
in Figure2. # : 

The transformer secondary currents 
(per phase) on sustained d-c short circuit 
are the same as on a-c short-circuit im- 
pedance test when all the reactance is 
located in the transformer primary and 
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supply line. Under these conditions each 
rectifying element carries a current wave 
of sinusoidal form and 180 degrees dura- 
tion, one of the two secondary coils on 
each phase carrying the positive half cycle 
of current, while the other carries the 
negative half cycle. The a-c short-circuit 
current may be calculated as for a stand- 
ard power transformer, and the sustained 
d-c short-circuit current is obtained by 
changing rms to average values. 

The rms short-circuit current, J,;’, per 
pair of interlaced secondary coils on each 
phase is 


E 
ier (1) 
where 


E,=transformer secondary line-to-neutral 
voltage in rms volts 

X=reactance per phase in ohms line to 
neutral 


The average d-c short-circuit current in 
amperes, J;,, obtained by averaging the 
current for the three phases is 

2/2 
I,-=3——I,’ (2) 
Tv 

The ohmic reactance, X, may be ex- 
pressed in terms of the per unit trans- 
former reactance, X, referred to the volt- 
ampere base, VA. 


3H? 
KS Xx 3 
VAs 3) 
When the necessary substitutions in equa- 


tion 2 are made, 
(4) 


In calculating the sustained short-cir- 
cuit current the reactance of the a-c sup- 
ply X; may be added directly to that of 
the transformer X7 to obtain the total 
reactance, that is, X=X7+Xxz. 

The resistance of the transformer wind- 
ings is generally small in comparison with 
their reactance and does not alter the cir- 
cuit action appreciably. The effect of re- 
sistance of the transformer windings _ 
therefore may be included readily in the 
short-circuit calculations by substituting 
the impedance for the reactance in equa- 
tion 4. If Ris the per unit resistance per 
phase, the per unit impedance is E 


VR+X 


An approximate correction for the ef- 
fect of arc drop may be made by assuming 
that the arc drop during short circuit is a 
sinusoidal voltage of constant rms value, 
Ep, which is in phase with the current and 
subtracts from the applied voltage. The 
voltage relations are then as shown in the 
vector diagram in Figure 3 and the net 
voltage acting in the circuit is E,’. The 
short-circuit current is reduced in the 


TRANSACTIONS 145 


ratio E,’/, because of the are drop. The 
solution for this ratio is 


The final expression for the sustained 
d-c short-circuit current including the ef- 
fect of resistance and arc drop is then 


I _ 2/2 VA E,’ 
“i Tv EsVR?+X? Es 


(6) 


If the volt-ampere base, VA, is equal to 
the rated input volt-amperes of the 
double-wye rectifier transformer with theo- 
retical current wave shape, that is, 


© V3 
VA a3 Eadlan= "75 Eslan 


where 


(7) 


Eao= theoretical direct voltage 
Zan = direct current at rated output 


The expression for sustained short-cir- 
cuit direct current may be written: 


_ 2/3 Tan jae 


i : ° 
“a VR+4X? E, 


(8) 


Equation 8 holds only for the double- 
wye circuit, but equation 6, which is ex- 
pressed in terms of volt-amperes, applies 


A-C SUPPLY 


(a)—Circuit diagram & 


SECONDARY WINDINGS ARE 
X; Np Hi INTERLAGED 


N, XqH3 
(b)—Transformer construction 


Figure 1. Double-wye rectifier 


to any single-way circuit with a three- 
_ phase supply. For a double-way circuit, 
Is. will be equal to one-half the value 
given by equation 6. 


RATE OF RISE oF D-C SHort-Circurr 
CURRENT 


The rate of rise of d-c short-circuit cur- 
rent immediately following the time of 
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Figure 2. D-c short-circuit oscillogram 


(a)—Timing wave 
(b) to (g)—Anode currents 


(h)—Short-circuit current 


fault depends on: the number of phases 
feeding into the fault, the inductance L of 
each phase, the inductance Lo of the fault 
path, and the are drop £, of the rectify- 
ing elements. The maximum rate of rise 
for a double-wye rectifier is obtained when 
three phases, 60 degrees apart, conduct. 
The crest value of the average voltage of 
the three phases in parallel is equal to 
(2/2/3)E;—Eq. If this voltage is im- 
pressed on the rectifier inductance L/3 
and the fault path inductance, the maxi- 
mum rate of rise is obtained. 


(%) (ie (2./2/3)E;— Eg 
dt}max - (L/8)+Lo 


In system studies involving short-cir- 
cuit conditions it is often helpful to repre- 
sent a rectifier unit by a simple machine 
having equivalent voltage, inductance, 
and resistance such that its action approxi- 
mates the average behavior of the recti- 
fier. While the rectifier circuit action 
does not remain the same throughout the 
range of operation from normal load to 
short circuit, representative values for the 


(9) 


equivalent voltage, inductance, and re- 


sistance may be selected on the following 
basis: 

The output voltage of a double-wye rec- 
tifier at no load is 


E,=3¥3 

do a /2 
and is obtained with an anode conduction 
period of 120 degrees. The conduction 
period increases with load, very rapidly at 
first and more slowly as short-circuit con- 
ditions are approached. Under sustained 


E,=117E, (10) 
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d-c short circuit the anode conduction 
period is 180 degrees and the average 
voltage is 

2 
Egg! <2 ,=0.90E, 


wv 


(11) 


This voltage does not appear at the recti- 
fier terminals, but is the internal electro- 
motive force of the rectifier. Under con- 
ditions approaching short circuit the 
anode conduction period is nearly 180 de- 
grees and the equivalent voltage of the 
rectifier unit may therefore be assumed to 
be 0.90 Es. 

Since two anodes are normally conduc- 
tive in a double-wye rectifier at light load, 
the equivalent inductance of the recti- 
fier unit is L/2. Under sustained d-c 
short circuit three anodes are normally 
conductive. However, at any instant one 
secondary wye has one anode conductive 
while the other secondary wye has two 
anodes conductive. The interphase trans- 
former tends to maintain parallel opera- 
tion between these two dissimilar circuits 
as at light load. It has been found that 
good agreement between calculated and 
tested values of rate of rise of current on 
d-c short circuit is obtained if the equiv- 
alent inductance of the rectifier unit 
under transient conditions is assumed to 


R x 
Es Ep 
{a) 
Figure 3. Arc-drop correction for sustained 
d-c short circuit 
(a)—Circuit diagram 
(b)—Vector diagram 


be L/2. Similarly, the equivalent resist- 
ance may be assumed to be R/2. 

Using the foregoing empirical relations, 
the rate of rise of short-circuit current of 
the equivalent unit is 
di 0.90E,—E, 


dt (L/2) +L, 


This formula is used to determine the 
calculated values of the rate of rise of 
short-circuit direct current referred to in 
the section on comparison of calculated 
and test results, 


(12) 


Arc-Back in a Wye 


The fault conditions covered by this 
case are obtained when an arc-back occurs 
on a single-wye rectifier operating with d-c 


circuit open or connected to a pure re- 


sistance load and is sustained after steady- 


state conditions are reached. The fault 
circuit is shown in Figure 4a. 

The arc-back current under steady- 
state conditions in a delta double-wye 
rectifier without d-c feed arises princi- 
pally from the other two anodes in the 
same wye as the faulty anode. The cur- 
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rent contribution of the anodes on the 
other wye is limited to a low value by the 
impedance of the interphase transformer 
and the interlacing of the two secondary 
coils of each phase of the rectifier trans- 
former.? Another factor in limiting this 
contribution is the long conduction period 
of the anodes of the faulted wye. The 
analysis of arc-back current when there is 
no d-c feed, therefore, reduces to an analy- 
sis of the current in a single wye with one 
anode arcing back and two normal anodes. 
The equivalent circuitisshownin Figure 4b. 

In the equivalent circuit the open- 
circuit voltages of the three phases of the 
wye are assumed to be sinusoidal voltages 
120 degrees apart having maximum values 
equal to »/2 E;. Each phase of the trans- 
former is assumed to have an inductance 
L and a resistance R and each rectifying 
element to have a constant are drop Ey, 
which may be represented by a counter 
electromotive force. 

Each cycle may be divided into four 
intervals having different combinations 
of conducting phases. The vector rela- 


tions and circuit arrangement for each 
of these intervals are shown in Figure 5a, 


where the cycle is assumed to start at a 
time such that the open-circuit second- 
ary voltages are ; 


¥ ’ 2 : 
e=v/2E; sin (+=) 


a =V2E; sin wt (13) 


2 
(e=~/2E; sin (=) 
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Figure 4 (left). Arrc- 
back in a wye 


(a)—Circuit diagram 
(b)—Equivalent circuit 


i 


Figure 5 (right). Arc- 
back in a wye 


(a)—Circuit diagrams 
(b)—Voltages 
(c)—Currents 


The secondary voltages on open circuit 
and the secondary currents under arc- 
back are shown in Figures 5b and 5c, re- 
spectively, where 7; is the instantaneous 
current in the faulted phase and 72 and 73 
are the currents in the two normal phases. 

The instantaneous current during each 
interval may be calculated by the applica- 
tion of Kirchhoff’s laws to the network 
and the solution of the resulting differen- 
tial equations. f 

If the cycle is assumed to start when the 
voltage é is equal to zero, the following 
relations may be written for the first inter- 
val: 2 


dis, di 
a—a—L ($2452) —Re+i)—2H=0 


dt eeat 
(14) 
and 
dig di or. 
eye. L (22458 ) Reif) 28am 0 
(15) 
as 
ei +e2t+e3=0 
and 
hi =t2+%3 
By substitution 
di, R /2Es aw\ 4 £4 
a4 i= in( wt—~ )—= —* (16 
Fi GI ears sino :) BD re 
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whose solution is 
ot /2Es : Hs 
4 TREE Le? sin ae + 


eet ae 4 Ea 
in | = —- — 
gu?) Varner. 
_Rt ~#t 
[1-« i | em L (17) 


where 


Wee Lw 
=tan aa 
Rf R 


Similar expressions may be derived for 
the current during each interval. The cur- 
rent equations for all four intervals are 
summarized in the appendix. 

In order to determine the crest value of 
the current in both the faulty and the 
normal phases under steady-state condi- 
tions it is necessary to construct the cur- 
rent waves. The construction of the cur- 
rent waves may be made by choosing 
values of the ratios X/R and E,/+/2E,, 
assuming a value for the initial current, _ 
K,, and making successive trial solutions 
of the equations until the condition Ki= 
K; is satisfied. Figure 6 shows the fault- 
current waves calculated from the above 
equations when E,/+/2E,=0.05, 

The crest values of the fault currents 
under steady-state conditions are plotted 
as a function of X/R on Figure 7 for 
E,/V/2Es=0, 0.05, and 0.10. The crest 
current obtained with the three terminals 
of the wye short-circuited directly is 
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CURRENT IN PER UNIT 


taken as the per unit base, J=+/2 


e/) / R2+.X2, The crest currents during 
arc-back in a wye range from this value 
when the impedance is wholly resistance 
{inductance and arc drop are zero), to 
three times this value when the impedance 
is wholly inductance (resistance and arc 
drop are zero). 

The value of current obtained in the 
normal anode under condition of arc-back 
in a wye is important in the application of 
protective switchgear. If this current ex- 
ceeds the current limit of the rectifying 
element, that is, exceeds the crest value of 
current which the rectifying element can 
carry without arc-back during the suc- 
ceeding inverse period, simultaneous arc- 
backs will be obtained on several anodes. 
Under such conditions, the benefits ac- 
cruing from the use of selective individual 
anode breakers would be largely lost and 
excessive duty would be incurred on the 
rectifier equipment. 


Arc-Back With D-C Feed 


In many applications rectifiers are ar- 
_tranged to operate in parallel with other 
converting equipment, such as d-c gener- 

ators, synchronous converters, or other 
rectifiers; or to supply power to counter- 
electromotive-force loads, such as motors 


Table I. Comparison of Calculated Versus Test 


" Circuit Constants 
Rectifier 


180 
ELECTRICAL DEGREES 


Figure 6. Current waves for arc-back in a wye 


Per unit base =+/9E,/V/ R?--X? 
i, =faulty anode current 
ig=normal anode current 


or electrolytic cells. Arce-back in a recti- 
fier connected to such a system is equiva- 
lent to a short circuit on both the a-c 
and d-c circuits. The current in the faulty 
anode under are-back conditions is the 
sum of the current delivered by the nor- 
mal anodes of the rectifier and the cur- 
rent feedback from the d-c system. 

A typical rectifier installation with sev- 
eral double-wye-connected rectifiers oper- 
ating in parallel is shown in Figure 8. 
Under are-back conditions with the usual 
circuit constants the two normal anodes 
on the same wye with the faulted anode, 
are the only ones in the rectifier delivering 
appreciable current into the faulted anode 
as the current from the anodes connected 
to the other wye is limited by the imped- 
ance of the interphase transformer and 
the effect of the interlacing of transformer 
windings.? The d-c feed-back current is 
supplied by the normal rectifiers con- 
nected in parallel with the rectifier which 
is arcing back, together with the other 
converting equipment and counter-elec- 
tromotive force-load connected to the d-c 
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Values of Rectifier Fault Currents 
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CREST CURRENT IN PER UNIT 


be 


Figure 7. Crest currents for arc-back in a wye 


Per unit base = V8E,/V REX? 
Solid curves—Faulty anode 
Dotted curves—Normal anode 


system. The d-c system contributing the 
feed-back current may be represented by 
a single machine having suitable con- 
stants, so that the equivalent circuit for 
the entire system is as shown in Figure 9, 
if the reactance of the a-c supply is neg- 
lected. Typical arc-back currents flowing 
in such a circuit are indicated in Figure 10. 

Where several rectifiers operate in paral- 
lel on a common bus the current in the 
faulty anode during arc-back is sub- 
stantially equal to the feed-back current, 
as the inductance of the equivalent ma- 
chine supplying the feed-back current is 
low in comparison with the inductance of 
the winding connected to the faulted 
anode and the current contribution from 
the normal anodes on the same wye may 
be neglected. If the current contribution 
from the normal anodes on the same wye is 
neglected, the system may be represented 
by a series circuit with a direct voltage 
Eq’, an alternating voltage »/2 E; sin 
(wt+ 8), an arc drop Ey, a total inductance 
La, and a total resistance Rg as shown in 
Figure 11. The formulas which follow 


Arc-Back With D-C Feed 


: Rate of Rise Faulty Anode Amp at Rate of Rise 
Rating tee Sustained Amp Amp Per psec Crest Amp One-Half Cycle Amp Per usec 
———————_ former ——___—_— 
Kw Volts Kva x R Es Calc Test Calc Test Calc Test Calc Test Calc Test 
150... 240... 184....0.126...0.027... 240 5,200. 4,720 sO SOO adlnas 
1,500...3,000.. .1,590....0.073...0.008.. .2,640 7,260 7,100* 7) 1.78. .2.18* ..., (G,0600, . 7007S 
3,000...3,000. . .3,210....0.082.,.0.005.. .2,366. 14,700 11,800 ~ 1.44. 21753), . 14,3002 5. 10,6004 
1,675... 515...1,685....0.037...0.008... 568....65,000....47,000 ....11.4 ..8.6 : 
1,675... 515...1,925....0.071...0.006.. 500... .47,000... .43,900**, 8.65. .7.15**...41,600....41,800 ....62,000....46,000t....10.0 8.42t 
Be abe BE (00 Foe 115 Hee 0 LONGI IBID... svete sna eae MORG baie ong chat Aahne ee eee te 83,200... .54,200 11.8... 8.18 
S250-5 5 650: 7,500:;° 70,070. 0006.0" 612... 1.64.0... ln, ERT he ET: See ae Sieh 92,700....79,.400#....14.2.. 14.24 
: i uae axl Seay LA 
_ * Figure 12. } Includes contribution of all normal anodes. 
** Figure 2. } Feed-back current in cathode. 


§ See Figure 13. 
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are based on such a simplified circuit. By 
Kirchhofi’s law: 


di 
La tka +/2E; sin (wt+8)+Eq'—Ea 


(18) 
Solution for 7z yields 


. Ei’'-E Fea) 
jot F 1 va | 


aa a 
VRe@+Lae? [sin eee eS 
Exar 
€ la sin e-y| (19) 
where 
G 
yotan 


In these formulas, the angle f is the phase 
angle of the line-to-neutral voltage of the 
faulty phase at the time of arc-back. 

Maximum fault currents are obtained 
when the arc-back occurs immediately 
following conduction. As most double- 
wye rectifiers operating without phase 
control have an angle of overlap between 
20 and 25 degrees at rated load, 6 will 
have negative values of five to ten de- 
grees. However, in determining maxi- 
mum fault currents no appreciable error 
will be incurred by assuming 6=0. 


Comparison of Calculated and 
Test Results 


In order tc check the validity of the 
assumptions made in the derivation of the 
foregoing formulas and determine the ac- 
curacy with which fault currents may be 
calculated by these formulas, a number of 
comparisons between tests and calculated 
values have been made. The results of 
these checks are shownin Table I. Typi- 
cal oscillograms showing fault current 
obtained under a number of the conditions 
are shown in Figures 2, 12, 13, and 14. 

With reference to the results given in 
Table I, the fault currents obtained in 
test are generally lower than the calcu- 
lated values. One reason for this is that 


the reactance and resistance of the inter- _ 


phase transformer, anode leads, d-c bus 
bars, and the short-circuiting loop are 
neglected in most calculations as these 
quantities are difficult to determine and 
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Figure 8 (left). 
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Figure 9 (top right). 

Equivalent circuit for 

arc-back with d-c 
feed 


are usually small. Another is the effect of 
saturation of the transformer core by the 
d-c components of fault current. When 
the transformer saturates, the voltage 
drop in the supply line is increased be- 
cause of the high exciting current required 
by the transformer. Furthermore, the 
actual supply-system reactance is fre- 
quently higher than the assumed values, 
as such values are generally based on full 
generating capacity. 

The effect of phase control has not been 
considered in these analyses as the most 
severe fault currents are obtained when 
operating with no phase control. The ef- 
fect of phase control depends upon the 
kind of rectifier excitation employed and 
the part of the cycle during which it per- 
mits the start of anode conduction, as the 
voltage across the rectifying element is 
shifted in phase under fault conditions. 

The effects of arc-drop must be included 
in the calculation of fault currents if ac- 
curate results are desired, particularly 
for rectifiers at 600 and 250 volts. The 
value of the arc-drop under fault condi- 
tions depends upon the type of rectifying 
element employed and the magnitude of 
the fault current. 

An average arc drop of 100 volts has 
been assumed in the calculations for the 
600- and 3,000-volt rectifiers given in 
Table I, and,an average are drop of 50 
volts for the 250-volt rectifier. 

Typical d-c short-circuit currents are 
shown in Figures 2 and 12. Both these 
oscillograms show an initial transient cur- 
rent exceeding the sustained value. The 
effect is particularly pronounced in Figure 
12. This high initial fault current is 
caused by a displacement of the trans- 
former currents similar to that obtained 
on three-phase a-c short-circuit tests. 


A typical oscillogram of the current in - 


the faulty anode during arc-back in a wye 
is shown in Figure 13. This test was made 
on a six-anode rectifier and the fault cur- 
rent therefore includes the contribution of 
all five normal anodes. The current wave 
form should be compared with the calcu- 
lated waves shown in Figure 6. 

With five normal anodes feeding into 
the faulty anode, some current will flow 
through the interphase as the fault is 
maintained. The effect of this current is 
to lower the current contribution of the 
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Figure 10. Typical current waves for arc-back 
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Figure 11. Simplified circuit for arc-back 
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Figure 12. D-c short-circuit oscillogram 


(a)—A-c supply voltage © 
(b)—A-c supply current 
(c)—Short-circuit current 
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normal anodes in the faulty wye and 
smooth out the current wave in the faulty 
anode without changing the crest current. 

A comparison of the calculated and test 
values of current obtained during arc- 
back with d-c feed is shown in Figure 14. 
In order to avoid the severe overcurrents 
obtained with sustained feed under this 
condition, the anode breakers begin circuit 
interruption in less than one half cycle 
and a check on ultimate sustained values 
cannot be obtained. In the case shown in 
Figure 14 some reduction in fault cur- 
rent was obtained in one half cycle. 


Figure 13. Arc-back in a wye oscillogram 


(a)—A-c supply voltage 
(b)—A-c supply current 
(c)—Are-back current 


The short-circuit and arc-back tests 
covered by Table I were all applied by 
means of a short-circuiting switch. The 
- current values obtained during arc-back 
with d-c feed are therefore higher than 
would be obtained under actual arc-back 
conditions because of the absence of the 
arc drop of the faulty rectifying element. 


551-14 
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Figure 14. Arc-back with dec feed 
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Solid curve—Measured current 
Dotted curve—Calculated current 
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Conclusions 


Three basic types of rectifier faults 
have been treated in the foregoing analy- 
ses. While other arrangements are pos- 
sible and the analyses do not suffice for the 
complete determination of fault currents 
under all conditions, the formulas which 
have been derived provide a means for 
calculating the maximum values of fault 
current under certain limiting conditions 
usually encountered in service. Inasmuch 
as the duty on the rectifier, transformer, 
and switchgear depends in large measure 
upon the maximum current, the deter- 
mination of the instantaneous current 
throughout the duration of the fault is 
usually not essential. The expressions for 
fault current which have been derived 
are based on a number of assumptions and 
are therefore only approximate. However, 
they afford a better understanding of the 
circuit action during faults and provide 
means for predicting fault-current mag- 
nitudes with greater accuracy than here- 
tofore has been possible. 


Appendix I. Symbols 
I;,-=sustained d-c short-circuit current in 
average amperes 
Iagn=rated direct current of rectifier in 
average amperes 
E,=transformer-secondary line-to-neutral 
voltage in rms volts 
Eao=theoretical direct voltage in average 
volts, assuming no overlap, no phase 
control, and zero arc drop 
Eq’ =open-circuit voltage of the equivalent 
d-c machine 
Eq=average arc drop, in volts 
Ey =sinusoidal voltage equal to the funda- 
mental component of Eg, in rms volts 
X =line-to-neutral reactance at the trans- 
former-secondary terminals in ohms 
X =per unit reactance 
L=X/a 
w=2zf, where f=frequency of a-c supply 
Lqg=inductance of simplified circuit for 
arc-back with d-c feed in henrys 
R=line-to-neutral resistance at the trans- 
former secondary terminals in ohms 
R=per unit resistance 
Rq=resistance of simplified circuit for arc- 
back with d-c feed in ohms 
VA =per unit volt-ampere base 
K =current constant in amperes 
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Let X=Lo, I= /2Es/V/R?+L0?, 


‘ and 
y=tan-1=2 
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Dynamic Measurements on 


Electromagnetic Devices 


E. L. NORTON 


NONMEMBER AIEE 


OR the investigation of relays and 
similar electromagnetic apparatus, 


- data giving the variation of current and 


flux as well as the motion of the armature 
during the operating cycle are of great 
value. The rapid-record oscillograph! 
has been used extensively for current 
measurements and, where a moderate 
accuracy is sufficient, is very satisfactory. 
Data on the flux also may be obtained by 
graphical integration of oscillographic 
data, but such a process is laborious and, 
unless great care is taken, is of doubtful 
accuracy. The development of a shadow- 
graph attachment? for the oscillograph 
provided a means of measuring armature 
motion at the same time and with the 
same order of accuracy as the current 
measurements. 

The method to be described has been 
developed to take current-time, flux-time, 
displacement-time, and  velocity-time 
data by point by point readings on a d-c 
microammeter. By careful design and 


_ operation of the apparatus, it is possible 


oa 


@ 


to measure current and flux with an ac- 
curacy determined chiefly by that of the 
ammeter which in the better-grade in- 
struments js +1/2 per cent of full scale. 


The accuracy of displacement and ve- 


locity measurements, which depend upon 
the use of a photoelectric cell and am- 
plifier, is not as good but is still sufficient 
for most work and is probably better than 
other methods of comparable simplicity 
and ease of operation, such, for example, 


as high-speed motion pictures or the 


shadowgraph method. 

Although intended primarily for dy- 
namic measurements, the apparatus also 
provides a rapid, accurate, and sensitive 


method for obtaining other magnetic 


data,, such as the magnetization curve, 
where the variation with time is not of in- 
terest. It is not suitable for measure- 
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ments involving extremely slow changes 
in magnetism, but for apparatus similar 
to that used in the telephone plant, where 
such changes usually take place within a 
half second or less, it is entirely satis- 
factory. 


Measurement of Flux With a Search 
Coil 


The principle upon which all of the 
measurements are based may be under- 
stood from an explanation of the measure- 
ment of flux by the use of a search coil. 


A 

B 

+=0 t=, t=T 

Figure 1. Circuit for the measurement of flux 


by a search coil 

As in Figure 1, the relay or other struc- 
ture is connected to the supply voltage 
through a contact known as the A con- 
tact. A search coil is connected to a 
d-c instrument through the B contact. 
Contact A is opened and closed with 
about 50 per cent make and break at sucha 
rate that the flux in the relay has sufficient 
time to reach a substantially steady state 
during both the closed and the open in- 
tervals. Contact B operates in synchro- 
nism withcontact A. It always opens just 
before the A contact closes at which 
point the flux has dropped to its minimum 
point, or substantially the residual value. 
The point of closure of the B contact may 
be adjusted to occur at any time during 
the cycle. 

Let the flux linking the search coil of NV 
turns at any time be ®. The resistance 


_of the search coil and wiring is R, As- 


sume that the ammeter has a resistance 
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‘creased still further. 


R,» and inductance L,, the current flow- 
ing is then given by 


Neo fig wit (Rat Roi 
dt my + ( m+ R,)t=0 


(1) 
The instrument will read the average 
value of current for the cycle. Let the 
period of the cycle be T and let the time 
of closing the B contact be #;, measured 
from the time of the previous open period. 
The direct current read by the instrument 
will then be 


pat NS Neorg 
7 iy ROG Te ae oem. 


_(N@+L min —(NO+Lmi) 2 
(Rm+Ro)T 


(2) 


Now the product L,,i at t;, when the B cir- 
cuit is closed, must be zero. Further- 
more, if the period T is long in compari- 
son with the time of decay of the flux ® 
and with the time constant L/R of the 
measuring circuit, the product Lt is also 
negligible att=T. We may write then 


RTIy 
N 


&, —P7= 10° (3) 
where R is now the total resistance of the 
measuring circuit. The factor 10* has 
been added to reduce the units to the 
common ones. The flux ®T is the residual 
flux so that, if this is taken as a reference 
value, the value of the flux at the time of 
closing the B contact is simply 


oR 108 
ret 


There are available relatively rugged 
commercial instruments of the pivot type 
with 10-ohms resistance and a full-scale 
reading of 0.2X10-% amperes. If then 
T=0.1, a full-scale deflection would be 
obtained for a value of 6=2,000 with a 
ten-turn search coil of negligible resist- 
ance. If more sensitive instruments of 
the suspension type be used or a lower 
value of T, the sensitivity may be in- 
With commercial 
instruments and J’'=0.1 second, the 
method is being used for measurements © 
with a sensitivity approximately 100 
times as great as that of a fluxmeter of 
comparable ruggedness. 

It may be objected that the flux in 
equation 1 is made up not only of the 
flux to be measured but also of a com- 
ponent due to the current in the measur- 
ing circuit. This is true, and the flux. 
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threading the search coil is different dur- 
ing the time the B contact is closed from 
what it would be without this circuit. 
Note, however, that we are not concerned 
with how the flux varies between times 
tf; and T but only with its value at the 
limits. Since the flux at f, is that which 
has been established with the search-coil 
circuit open, the one requirement is that 
the constants be such that the current in 
the measuring circuit be substantially 
zero at the time 7. 


Measurement of Current 


The instantaneous value of current is 
measured by connecting the primary of 
an air-core transformer in series with the 
circuit and connecting the secondary in 
place of the search coil. Under these 
conditions the instantaneous current at 
time #, is given by 

RT 


j=]. 5 
t M 0 ( ) 


Figure 2. Circuit for the measurement of 
current 


where M is the mutual inductance of the 
air-core coil and the other symbols have 
the same significance as before. The cir- 
cuit is shown in Figure 2. 


Measurement of Flux Using Bridge 
Circuit 


In many cases, it is desired to measure 
the flux linkages in the magnetizing wind- 
ing itself, either because the use of a 
search coil is inconvenient or because the 
data are desirable for other reasons. For 
such purposes, the circuit in Figure 3 is 
used. The relay or other device to be 
measured together with the primary of 
an air-core inductance, if current read- 
ings are also desired, is made one arm of a 
bridge which is balanced to direct current 
by closing both the A and B contacts 
and adjusting Rg for no deflection of the 
meter. If the contacts then are operated 
with the period T, the instrument will 
read a current Jo, and the flux turns of the 
relay at time #, will be 


N®X108=RyloT X 
ay ames. 
[axa 9422) La (6) 


where NV® is the flux linkage of the wind- 
ing, or N the number of turns and ® the 
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average flux per turn (the other quantities 
being indicated on the drawing). The 
term Lyi is a correction term, usually 
negligible, involving the self-inductance 
L, of the primary of the air-core coil and 
i the instantaneous current at time f; 7 
is determined by a separate measure- 
ment as previously described. If its 
value be not needed, the air-core coil is 
omitted from the circuit. 

If the bridge circuit be used to measure 
the flux during the decay part of the 
cycle, after A has opened, a slight error is 
introduced because of the presence of the 
shunt (1+.K)R, across the circuit. To 
avoid this, the connections are modified 
for measurements on decay to that shown 
in Figure 4. When this circuit is used, B 
is never closed until A has opened. The 
resistance K(R,+Rm) is placed in series 
with the meter to make the expression for 
flux linkages the same as before. 

Measurements have been made using 
the bridge method on apparatus having a 
flux of from less than one maxwell to over 
50,000 maxwells and taking currents of 
from a fraction of a milliampere to over 
an ampere. 


Measurement of Displacement and 
Velocity 


An optical system is arranged such that 
the illumination falling on a photoelectric 
cell is proportional to the displacement of 
the armature. An amplifier effective from 
direct current up to a frequency deter- 
mined by the resolution required with 
substantially no phase shift delivers into 
the primary of an air-core transformer a 
current proportional to the instantaneous 
displacement of the armature. The 
secondary of this transformer connected 
to the measuring apparatus then will 
give a d-c reading proportional to the 
armature displacement at the time the B 
contact closes. 

If the amplifier be changed to one in 
which the output current is proportional 
to the rate of change of input voltage, or, 
in other words, to one in which the volt- 
age gain is proportional to the frequency 
with a 90-degree phase shift, the instru- 
ment then will read a value proportional 
to the rate of change of displacement or 
to the instantaneous velocity. Under 
these conditions, the amplifier differen- 
tiates the input voltage once, the output 
transformer differentiates the second 
time, and the d-c instrument integrates 
once, leaving a net result of one differen- 
tiation. 


Apparatus 


Figure 5 shows the instrument designed 
to take the measurements described. In 
the center is the flux machine. It con- 
sists of a small synchronous motor with a 
gear-shift mechanism allowing a choice 
of five accurately held pulse rates varying 
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Bridge circuit for the measurement 
of flux linkages in a relay winding 


Figure 3. 


from one to ten a second, the A and the B 
contacts with provision for accurately 
setting the time 4; to any part of the 
cycle, a built-in bridge with the choice of 
a wide range of ratio arms, and a set of 
keys by which any of a number of test 
circuits may be quickly set up. 

In addition to applying an on-and-off 
battery condition, the instrument is de- 
signed to supply battery reversals to the 
apparatus under test. This is used in 
testing core materials to eliminate resid- 
ual effects and for polar relays and 


similar structures. 


The method used to control the time of 
closure of the B or meter circuit is 
adapted from the usual form of pulse ma- 
chine. As in Figure 6 two contacts are 
provided, each closed for 50 per cent of 
the cycle. One is fixed in phase and is set 
to open just before the A or battery cir- 
cuit is closed. The second contact may 
be adjusted in phase through 360 degrees 
and may be connected either in parallel or 
series with the first. When the two con- 
tacts are exactly out of phase and in 
parallel, the circuit is closed at all times 
as illustrated in position 1. If the second 
contact now be shifted in phase to posi- 
tion 2, the contacts still being in parallel, 
the circuit will be closed for three-fourths 


_of the time, and, if shifted to position 3, 


for half the time. The contacts then are 
connected in series. In position 4, the 
circuit still is closed for half the time. A 
further shift to position 5 gives closure 
for one-fourth of the cycle, and, finally, 
in position 6 a shift of 360 degrees from 


Figure 4. 


Modification of Figure 3 used to’ 
measure decay of flux 
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the start gives no closure. Note that in 
all conditions the circuit is opened by the 
fixed contact, which maintains a fixed 
phase relation with the A contact and is 
closed by the movable contact. 

In practice, it is more convenient to 
supply two movable contacts 180 degrees 
apart in phase, one for the parallel con- 
nection and one for the series, and to 
shift their phase through only 180 degrees. 
The ordinary pulse machine uses only a 
single movable contact and 180 degrees 
shift but has not the feature of opening 
the circuit at a fixed phase. 

In the instrument shown, the B con- 
tacts are bronze brushes bearing on silver 
segments on a seven-inch disk. The con- 
ducting segments cover half of the circum- 
ference so that one contact per revolu- 
tion is made. The movable brushes are 
adjusted by a worm-drive dial of the 
type used for precision condensers, one 
division corresponding to 1/1,000 of a 
cycle. The A or battery circuit is opened 
and closed by relatively heavy cam- 
driven platinum-iridium contacts with 
provision for ease of cleaning and adjust- 
ment. 

The gear-shifting mechanism consists 
of two shafts each carrying five gears, the 
first shaft geared to the motor, the second 
to the commutator disk. Between the 
shafts is a carriage carrying five idler 


gears, which is raised and lowered by a 


rack and pinion from a knob on the front 
of the apparatus. For each revolution 
of the knob, the successive idler gears 


- are brought into mesh with the successive 


pairs of gears on the two shafts allowing 
a choice of five speeds to be obtained. 

The elements of the bridge circuit of 
Figure 3 are built into the instrument. 
The resistances are held accurately and 


Figure 5. Apparatus 
assembled for use 


are of ample current-carrying capacity. 
The value of R, is 250 ohms, the decade 
resistance R, has a maximum resistance 
of 111 ohms with an 0.2-ohm rheostat for 
accurate balance, and the value of K may 
be selected from five values from 1 to 120. 
Provision is made to connect an external 
resistance in place of Rg, if the decade 
boxes have insufficient range or current- 
carrying capacity. For a typical 1,000- 
ohm relay, a value of K=40 would be 
used so that the circuit constants would 
be: R,=250, KR,=10,000, Ra=25. A 
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pulse rate of T=0.25 ordinarily would 
be used. a 

For the measurement of current, three 
large toroidal air-core mutual inductances 
are provided, having mutual inductances 
of 0.02, 0.10, and 0.50 henry. These make 
it possible to measure currents of from less 
than one milliampere to several amperes. 
The coils are selected by means of a three- 
position key and a plug provided to short- 
circuit the primary, if current measure- 
ments are not required. 


Figure 7. The amplifier for displacement and 
velocity measurements 
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Apparatus for Displacement and 
Velocity Measurements 


The optical system and amplifier used 
for the measurement of displacement and 
velocity are shown at the left of Figure 5. 

Preliminary experiments indicated that 
the type of amplifier required for displace- 
ment measurements, that is one with uni- 
form gain and substantially no phase shift 
extending down to direct current, pre- 
sented no serious difficulties because of 
the relatively low net gain required and 
the relatively high output voltage of the 
photoelectric cell. The amplifier for 
velocity measurements, however, where 
the voltage gain was required to increase 
linearly with frequency presented more 
practical difficulties. Theindicated maxi- 
mum gain required was well over 100 
decibels at a frequency of 1,000 or 2,000 
cycles, and, moreover, the phase char- 
acteristic required was one which in- 
creased the difficulties of avoiding self- 
oscillation. 

From many theoretical and practical 
considerations it was decided to make the 
amplifier in two sections, each with feed- 
back and each with two stages. The first 
or preliminary amplifier is shown in 
Figure 7a. 

This is a two-stage feed-back amplifier, 
but the feedback may be either a capaci- 
tance for velocity measurements or a re- 
sistance for displacement measurements. 
The capacitances are of mica and the re- 
sistances of a precision type, and the gain 
is sufficient so that the net gain is sub- 
stantially independent of everything but 
the feed-back impedance over the range 
of interest. This permits absolute meas- 
urement of displacement and velocity to 
be made, if a single constant which is 
ordinarily the total motion of the arma- 
ture is known. The contacts of a small 
relay operated from the heater circuit are 
placed at a to avoid the drain on the plate 
battery, if the feed-back switch is left on 
a resistance terminal. 

For measuring displacement the switch 
is placed on one of the six resistance con- 
tacts and for measuring velocity on one 
of the four capacitance contacts. The 
successive values of capacitance and re- 
sistance change in the ratio of three, or 
three and one third, to one so that a wide 
range of gain is obtainable. The circuit 
is operated at as high a feedback as is 
consistent with the required sensitivity. 
Finer adjustment of the gain may be made 
by the potentiometer on the right which 
is a part of the second or power amplifier 
shown in Figure 7b. This is also a two- 
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Figure 8. The optical system for displacement 
and velocity measurements 


a b c d @ 


a—Lamp 
b—Condensing lens 
c—Slit 

d, e—Objectives 
f—NMoving vane 
g—Photoelectric cell 


stage feed-back amplifier with a resistance 
feedback modified by the network shown 
to compensate for the distributed capaci- 
tance of the air-core output transformer. 

The first three stages of the amplifier 
are high-gain pentodes and the output a 
power pentode. The first tube is mounted 
in the same container which holds the 
photoelectric cell, which is shielded 
electrostatically and magnetically except 
for a small window by a permalloy shell. 
The lamp is a nine-volt, two-ampere 
bulb, which is operated normally at five 
to six volts, a range of 2-12 volts being 
available by a rheostat. 


The Optical System 


Most of the features of the optical sys- 


tem are due to the advice and assistance 


of associates who have been connected 
with the sound-motion-picture develop- 
ment. The fundamental design is similar 
to the film-reproducing system with cer- 
tain necessary changes in dimensions.‘ 
In Figure 8, a is the lamp, } the con- 
densing lens, ¢ a slit, d and e objective 
lenses, f a vane on the part whose motion 
is to be studied, or the sharp edge of the 
part itself, and gis the photoelectric cell. 
The lamp and the condensing lens are the 


_ same as those used in the film reproducer. 


The slit is the same except that its width 
has been increased to 0.005 inch and a 
feature added permitting its length to be 
adjusted from zero to about 0.10 inch. 


~The objective lenses are inexpensive 


Bausch and Lomb achromatic lenses. 
Lens e is interchangeable for different 
focal lengths and may be moved back and 
forth in the supporting tube for precisely 
focusing the image of the slit on the 
moving part. 

The three lenses and slit are mounted 
in a tube fastened to the lamp housing, 


_ which in turn is fastened to a short optical 


bench which also supports the photo- 
electric-cell container. The lamp housing 


contains provision for bringing the lamp | 
filament to the proper position. The op- 


tical bench is fastened to the backboard 
of the laboratory table and may be placed 


_ at any angle so that motion in any plane 


may be measured. The relay or other 
structure being measured ordinarily is not 
fastened to the optical bench but is Se- 
cured to the table top. 

At first sight this system may seem 


_ more complicated than is necessary. Its 
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Figure 9. The filter 

circuit to smooth the 

data to the measur- 
ing instrument 


advantage is that it provides a rectangu- 
lar beam of light of constant width and 
adjustable length at the point to be meas- 
ured. The necessity for numerous light 
shields and screens is done away with, al- 
though it is advisable to throw a black 
cloth over the whole apparatus, when 
once adjusted, to keep out the overhead 
illumination. 

The reason for this last is of interest. 
The flux machine is driven by a synchro- 
nous motor on the same 60-cycle mains as 
the overhead lights, so that the contacts 
on the machine operate in synchronism 
with the fluctuations in light intensity. 
Any, measurements made with overhead 
illumination getting into the cell will, 
therefore, have a superimposed 120-cycle 
tipple. For the same reason extreme care 
had to be taken to avoid any 60-cycle 
pickup in the apparatus. The heaters 
of the tubes are supplied with well- 
filtered direct current and cannot be used 
on alternating current. Noise not due to 
60 cycles is of little importance, which is 
fortunate, since with high gain the ampli- 
fier is somewhat noisy. 


Vacuum-Tube Filter Circuit 


It has been assumed tacitly in the fore- 
going theory that it is possible to read the 
direct component of a complex wave 
simply by placing a d-c instrument in the 
circuit. This is true if a sluggish instru- 
ment is used with a relatively high pulse 
rate. Many measurements, however, 
require a slow pulse rate, and the more 
convenient rapid-reading types of in- 
struments will follow the pulses to such 
an extent that an accurate reading is im- 
possible. 

On the right of the photograph is the 
apparatus which serves as a very efficient 
low-pass filter. This filter must fulfill a 
variety of very stringent requirements, 
chief of which may be listed: 


1. Low loss to direct current. 


2. High loss, probably exceeding 30 deci- 
bels to frequencies above one cycle per sec- 
ond. 


3. A constant-resistahoe input. 


4. Ability to suppress peaks of relatively 
high voltage of several hundred or thousand 
times the direct voltage being measured. 


5. No effect other than one which may be 
calculated accurately on the d-c reading. 
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6. The circuit should not increase greatly 
the time required for the instrument to 
reach a steady reading. 


Requirement 3 may call for some com- 
ment. It was pointed out earlier that the 
method requires the time constant of the 
measuring circuit to be small in compari- 
son with the period of the pulses. A 
filter built in the ordinary way to have 
high suppression to pulses of period T 
would not have a time constant small in 
comparison with this figure. The re- 
quirement of constant-resistance input is 
a convenient way of expressing the neces- 
sity of fulfilling this condition. 

The original work on the system used 
was done by R. F. Wick, and many of the 
features to be described are attributed to 
him. The circuit diagram is shown in 
Figure 9. From left to right the elements 
are as follows: a balanced impedance 
bridge containing the ammeter in one 
arm, a blocking capacitor, a vacuum 
tube used as a plate-supply impedance 
for the power tube, and a two-stage am- 
plifier with an interstage phase-adjusting 
circuit. The three-point double-pole key 
when in the normal position removes the 
meter (50 ohms) and substitutes a 50- 
ohm resistance. When off normal the 
meter is connected in either polarity. 

The operation of the circuit is best 
understood by assuming the reactance 
elements to be omitted from the bridge 
and the contact on the potentiometer 
forming one diagonal to be at the lower 
left. The input to the amplifier is then 


directly across the line, and any feedback 


is eliminated, since the bridge is balanced. 
Any alternating component applied will 
be amplified and sent back through the 
meter in the opposite polarity from that 
coming directly from the line. If then 
the gain in the amplifier is correct and its 
phase shift nearly zero, the alternating 


component through the meter will be — 


greatly reduced. 
The bridge provides tue constant-re- 


sistance feature at the input, since the 


output of the amplifier can have no effect 


Figure 10. ItIlustrat- 
ing method of com- 
pensating for phase 
distortion in ampli- 
fier 
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Figure 11. Current and flux variation in 
central-office-type relay 


Dashed lines—Decay with resistance 
Capacitor protective circuit 


on the input impedance. It does how- 
ever necessitate a loss from both line and 
amplifier to the measuring instrument. 

Practically, the difficulty in design is in 
securing an amplifier with enough peak- 
output capacity and negligible phase 
shift at frequencies from one cycle up. 
This has been accomplished by a com- 
bination of several methods. Most of the 
phase shift is introduced by the plate 
capacitor in the last stage. The effect 
of this is reduced by using as a plate- 
supply resistance to the 6L6 used as a 
power stage, a second 6L6 operated with 
a plate potential of about 50 volts and a 
screen of 300 volts. The equivalent re- 
sistance in so far as voltage drop is con- 
cerned is about 1,600 ohms, but the re- 
sistance to fluctuations in the plate cur- 
rent is many times this figure. 

The gain of the amplifier is controlled 
by feedback secured by the potentiometer 
in the diagonal arm of the bridge. The 
gain is sufficient so that a substantial 
amount of feedback may be used with a 
consequent further reduction in phase 
shift. 

The final phase compensation is secured 
by the interstage potentiometer. The 
effect of this is illustrated in Figure 10. 
The lower curve is the net phase shift of 
the amplifier without the interstage cir- 
cuit. The upper curve is the phase shift, 
which may be introduced before the grid 
of the second stage. By proper adjust- 
ment these may be made to compensate 
each other down to a frequency of one or 
two cycles. The circuit constants are 


‘such that the final adjustment of low- 


frequency phase may be made with a neg- 


- ligible effect on high-frequency gain. It 
may be of interest that, if the bridge be 
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unbalanced by short-circuiting the lower 
50-ohm resistance, an error of 20 per cent 
or more is introduced in the d-c reading 
because of the extremely large effective 
reactance of the feed-back amplifier. If 
the bridge be unbalanced by short- 
circuiting the meter, the amplifier is quite 
likely to motor-boat and blow the fuse 
used to protect the meter. It is for this 
reason that the meter key is made to re- 
place the meter by a 50-ohm resistance. 
When in this position, the fuse also is 
short-circuited to avoid needlessly blow- 
ing fuses with the high surges which fre- 
quently occur when the amplifier is turned 
on and the capacitors start to charge. 
The filter, as described, omitting the re- 
actance elements from the bridge, would 
be entirely satisfactory within the power 


Z z AMPERES 
Figure 12. Operate cycle of heavy-duty 
: electromagnet 
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capacity of the amplifier. With certain 
measurements, notably those of velocity, 
the peaks of the wave as applied to the 
filter, which in this case would be pro- 
portional to acceleration, are so high that 
no reasonable amplifier would be able to 
follow them. These knifelike peaks, how- 
ever, are so sharp that they may be re- 
moved easily by reactance elements added 
to the bridge as shown. It will be noted 
that the bridge is still of constant resist- 
ance and still is balanced at all fre- 
quencies. 

Three adjustments are provided on the 
amplifier, one controls the feedback, a 
second the phase correction, and the 
third the plate current. A plate milli- 
ammeter is provided to measure either 
plate current or the sum of plate and 
screen currents, as will be clear from the 
diagram. The amount of suppression is 
controlled by a three-position key, which 
may be used to cut down the sizes of the 
capacitors in the circuit in a ratio of two 
and four to one. In cases where one of 
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Figure 13. Relative motion of armature and 
core of relay at the end of its stroke when | 
striking stop pins — 


y—In mils 
-—In inches per second 


Abscissas—Time in milliseconds after closing 
contact 
the higher pulse rates is used, adequate 
suppression and somewhat faster readings 
may be secured by using smaller capaci- 
tors. With the maximum suppression, 
two cycles may be reduced to such an ex- 
tent that it has no detectable effect on the 
meter pointer. Accurate measurements 
at one cycle may be made, although there 
is a slight motion of the pointer. 
~ Analytical studies have indicated that 
the transient response of the circuit de- 
pends to a large extent on the ratio of the. 
interstage coupling capacitor to the out- 
put capacitor and, moreover, that there — 
is an optimum ratio of the phase-com- 
pensating capacitor to the other two. In- 


altering the amount of suppression, there- 


fore, the ratios of the three capacitors are 
held constant. 
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Galvanic Corrosiveness of Soil Waters 


HOWARD S. PHELPS 


ASSOCIATE AIEE 


Synopsis: Results are presented of a study 
of the relation of pH of soil waters to gal- 
vanic action between couples of lead, cop- 
per, iron, and carbon. Galvanic-cell tests 
were made using as electrolytes actual soil 
waters or soil extracts from 31 locations at 
which trouble had been experienced. The 
following conclusions apparently can be 
drawn from this investigation: 


1. Galvanic corrosiveness on lead, copper, and iron 
appears generally more severe for soil waters of low 
pH than for those of high pH. 


2. Indications are that the static potentials of 
lead and iron are practically constant in soil elec- 
trolytes of pH up to approximately ten; as pH is 
increased above ten, lead becomes more negative 
and iron more positive. The potential of copper 
becomes more negative in substantially straight-line 
relation with increasing pH. Carbon potentials 
appear to be practically independent of pH of soil 
waters. 


3. For electrodes of lead, copper, iron, and carbon 
in soil waters, the relation of degree of polarization 
to pH of electrolyte seems to show definite trends. 


LANNING an underground plant 

which includes metals initially or 
eventually to be exposed to contact with 
soil waters involves consideration of the 
deteriorating effects of corrosion. In 
wet environments, lead-sheathed cables, 
iron pipes, and other underground me- 
tallic structures are often subjected to 
corrosion caused by direct earth currents. 
In many such cases, it has been deter- 
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mined that current producing the elec- 
trolysis is of galvanic origin. 

In an attempt to evaluate relative cor- 
rosiveness of soil waters, chemical analy- 
ses along orthodox lines were made on 
waters from many locations. Chemical 
analyses of electrolytes from environ- 
ments considered severely corrosive often 
did not appear to differ significantly from 
those for environments classed as inert. 
Also, no definite correlation was observed 
between the corrosiveness of these waters 
and any combination of the wide range of 
chemical constituents found. 

It was noted, incidentally, that the 
hydrogen-ion concentration of the waters 
varied from approximately pH 2 to pH 
12. Also, experimental data in hand in- 
dicated a possible relation between gal- 
vanic corrosiveness and pH of electro- 
lyte. Because of the ease with which the 
pH of a water sample can be determined, 
such a relation could prove of great value 


Paper 45-60, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945. Manu- 
script submitted November 29, 1944; made avail- 
able for printing December 27, 1945. 


Howarp S. PHELPS is engineer in charge, special 
investigation and testing division, and FRANK 
Kaun is senior technical assistant, testing section, 
both in the engineering department of the Phila- 
delphia Electric Company, Philadelphia, Pa. 


Measurements 


The results of a few typical measure- 
ments are given in Figures 11, 12, and 13. 
Figure 11 shows the build-up and decay 
during operation and release of a central- 
office telephone relay having a number of 
_ contact springs. The scalloped effect in 
the current build-up curve is due to the 
sudden changes in load on the armature 
as successive contact springs are picked 
up. The more rapid build-up of the cur- 
rent at the start of the cycle as compared 
with the flux is caused by the presence of 
eddy currents in the core. 
Two decay curves are shown, one with 
a resistance-capacitor protective shunt 
across the operating contacts and the 
second with no protection. The voltage 
tending to produce a spark across the 
contacts is equal to the slope of the flux 
curve and this is reduced substantially 
‘by the addition of the shunt. The finite 
tate of decay of flux with no shunt is due 
to the presence of eddy currents. 
_ Figure 12 shows similar data taken for 
a heavy-duty laminated-core electro- 
‘magnet but plotted in a different manner. 
This is effectively a dynamic magnetiza- 


tion curve of instantaneous flux plotted 
against instantaneous current during the 
operating cycle. The top curve is the 
usual magnetization curve with the arma- 
ture in the operated position. Data 
plotted in this way are of great value in 
the theoretical study of magnetic devices. 


Figure 13 shows data on relative dis- . 


placement and velocity of the armature 
and core of a central-office relay during 
the interval in which they come together. 
These data are used chiefly in determining 
the maximum velocity attained by the 
armature, in this case about 11.8 inches 
per second. To give an idea of the resolu- 
tion obtained, this plot represents less 
than three per cent of the total cycle. 
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as a basis for estimating the serioustiess 
of galvanism as a factor in the corrosion 
problem. 

This paper summarizes the results of 
an investigation to determine whether 
the pH of a water sample can be used as a 
criterion of the galvanic corrosiveness at 
a particular site. 

The only obvious method of determin- 
ing corrosiveness of particular soil waters 
or soil extracts was to make up test cells 
with the desired materials as electrodes 
and compare results under controlled 
conditions. Considering the number of 
variables involved, it was felt to be too 
ambitious an undertaking to simulate 
in the laboratory anything like the range 
of conditions provided by field environ- 
ments. It seemed desirable to seek an 
approach which would be more feasible 
and yet provide instructive information. 

Accordingly, the study was limited to 
galvanic effects of various waters on four 
materials commonly occurring as elec- 
trodes in underground installations. The 
electrodes selected were lead (from com- 
mercial lead sheathing), copper (electro- 
lytic), iron (low-carbon steel), and carbon 
(arc-lamp electrode or core of a dry cell). 

Thirty-one samples of manhole waters, 
soil waters, and distilled-water extracts 
from soil specimens, collected from vari- 
ous locations where trouble had been’ 
experienced, were used as electrolytes. 
Several of the waters used were from 
sources hundreds of miles apart. For 
comparison, .municipally-supplied tap 
water was also included. 

Galvanic-corrosion behavior was in- 
vestigated by studying the “current ver- 
sus potential” relations of pairs of the 
electrodes on the various electrolytes, 
following the suggestion of Burns.1 The 
test cell comprised a beaker containing 
200 milliliters of electrolyte with two 
test electrodes immersed for two and one- 
half square inches of surface. A saturated 
calomel electrode was used as a reference 
electrode, connection being made through 
a salt bridge. The test and reference 
electrodes were disposed in a triangle 
with the opening of the salt bridge ap- 
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Figure 1. Current-versus-potential charac- 
teristic of lead—copper galvanic couple in soil- 
water electrolyte of pH 7 


Dashed lines show polarization slopes 
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Figure 2. Current-versus-potential charac- 
teristics for two cells with current supplied 


. externally; one cell having two copper elec- 


trodes and the other cell (broken lines) having 
two lead electrodes 


Light dashed lines show galvanic-couple 
characteristic reproduced from Figure 1 


proximately at half the depth of immer- 
sion of the test electrodes. All potentials 
were measured with a null potentiometer, 
and short-circuit currents were deter- 
mined by an ammeter with potential drop 
compensated with an external voltage 
source as suggested by Denison.? The 
cell tests were made at an ambient tem- 
perature of 75 degrees Fahrenheit +5 
degrees Fahrenheit. 

Previous experience having indicated 
a knowledge of the chemical constituents 
to be of little help in evaluating corro- 
siveness, chemical analyses of these waters 
were not made except for electrometric 
determination of hydrogen-ion concen- 
trations. 

In Figure 1 is shown a typical “‘current 
versus potential” characteristic for the 
lead-copper couple inoneof the soilwaters. 
This characteristic shows how the po- 
tential differences between each test elec- 
trode and the calomel electrode vary with 
magnitude of current flow between elec- 
trodes as the cell is gradually short cir- 
cuited. The individual curve for each 
electrode is known ds its polarization 
curve. The dashed straight lines shown in 
Figure 1 were drawn by connecting the 
points representing the open-circuit con- 
ditions for each electrode and the point 
representing the short-circuit condition. 
Each dashed line is a fair approximation 
of the actual anodic or cathodic polariza- 
tion curve’ for the respective electrode 
and its slope will be referred to as the 
‘polarization slope.” It will be observed 
that anodic polarization slopes will be 


_ positive and cathodic polarization slopes, 


we 
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From preliminary tests, it became ap- 
parent that one of the most critical as- 
pects of these test cells was the technique 
of cleaning the electrodes before each test 


to give reproducible potentials. Various 


treatments were tried and it was found 


simplest to remove a surface layer of metal 


with nitric acid and wash thoroughly with 


+ 


‘trode material. 


tap water followed by distilled water. 
This proved effective except in the case of 
the carbon electrodes which were difficult 
to depolarize. However, it was found that 
heating in a Bunsen flame to approxi- 
mately 250 degrees Fahrenheit followed by 
soaking in nitric acid and washing gen- 
erally restored the initial condition. 

The cells were permitted to reach a 
substantially steady state before taking 
final readings. On open circuit several 
minutes were required to reach steady 
state in a number of instances. On short 
circuit, however, considerably more time 
generally was required to reach approxi- 
mate stabilization. 

Another approach to the electrolytic 
behavior of the electrodes in the various 
electrolytes was made by observing the 
“current versus potential” relation of two 
electrodes of the same material when 
direct current was supplied to the cell from 
an outside source. This method produces 
simultaneously the anodic and cathodic 
polarization curves for the particular elec- 
In order to determine the 
galvanic relation of any two materials in 
the electrolyte, it is not necessary to set 
up the actual cell. For all practical pur- 
poses, the proper curves can be combined 
to show what galvanic action will result. 

Figure 2 illustrates this relation for lead 


and copper electrodes in the same elec- / 


trolyte used in the tests shown in Figure 1. 
A galvanic cell comprised of a lead and a 
copper electrode in this electrolyte should 
give the characteristic indicated by the 
combination of the anodic curve of the 
lead and the cathodic curve of the copper. 
This is substantiated by reproducing by 
light dashed lines in Figure 2 the char- 
acteristic for this cell shown in Figure 1. 

Figure 3 shows static electrode poten- 
tials to the calomel electrode scale for 
lead, copper, iron, and carbon plotted 
against pH of the electrolyte. Because of 
scattering of the points representing the 
data, envelopes have been drawn to show 
the general trends. It is seen that the po- 
tentials of lead and iron seem to be sub- 
stantially constant in electrolytes of pH 
up to ten. As the pH is increased above 
ten, lead becomes more negative and iron 
more positive. The potential of copper 
becomes increasingly negative in practi- 
cally linear relation with pH as the pH in- 
creases. The potential of carbon appears 
to be practically independent of pH of 
electrolyte. 

Figure 4 shows envelopes for open- 
circuit electromotive force and short- 
circuit currents, plotted against pH of 
electrolyte, for galvanic cells of the Six 
combinations of the electrodes: lead- 
copper, lead-iron, copper-iron, lead-car- 
bon, copper-carbon, and iron—carbon, re- 
spectively. 

The electromotive forces shown by the 


dotted envelopes in Figure 4 are obviously 


what would be expected from the appro- 


~ priate combinations of the static electrode 
potentials shown in Figure 3. Of particu- 
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Figure 3. Static electrode potential versus pH 

of soil-water electrolyte for electrodes of lead, 
copper, iron, and carbon : 


lar interest is the reversal of polarity of 
the lead-iron couple in soil waters above 
approximately pH 10 as shown in Figure 
4B. 

The envelope of short-circuit currents 
versus pH for the lead-copper couple, 
shown in Figure 4A, does not appear to 
evidence any characteristic trend. How- 
ever, the maximum current for this couple 
(400 microamperes per square inch at pH 
5.0) is of the order of half the maxima 
found for the lead-iron and copper-iron 
couples. With carbon as one electrode of 
the couple, current maxima were of the 
order of 20 to 40 times this magnitude. 

The envelope of short-circuit currents 
for the lead-iron couple, Figure 4B, shows 
highest values of current below pH 7. 
Thereafter, as the pH increases, the cur- 
rent diminishes to zero at pH approxt- 
mately 10 to 11 and then increases gradu- 
ally with polarity reversed. 

The short-circuit current envelope for 
the lead-carbon couple, Figure 4D, ap- 
pears to have a minimum at approxi- 
mately pH 8, with the highest value of 
current magnitude at pH 11.7. 

The short-circuit currents for copper—_ 
iron, copper-carbon, and iron—carbon 
couples apparently have maximum values 
below neutral pH (pH 7) tapering down to _ 
low values at pH of approximately 12. 
In the copper-iron couple in particular 
(Figure 4C) in the soil-water electrolyte of 
pH 12, the short-circuit current was only 


“2 microamperes per square inch. 


Figure 5 shows slopes of the anodic and 
cathodic polarization curves versus pH 
for the lead, carbon, copper, and iron elec- 
trodes, respectively. ; 

From Figure 5A it appears that lead is 
practically nonpolarizing at both extremes 
of pH with increased polarization occur- 
ring between approximately pH 7 to 10. 

As shown in Figure 5C, copper as an 
anode is nonpolarizing at low pH and 
rises to a peak in the region of pH 12. 
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Figure 4. Open-circuit electromotive force 

and short-circuit current versus pH of soil- 

water electrolyte for galvanic-couple combi- 

nations of lead, copper, iron, and carbon 
electrodes 


Lead-iron couple 


There appears to be considerable scatter- 
ing of degree of polarization below pH 7 
for copper as a cathode, but a pronounced 
peak of high magnitude was obtained for 
the soil water of pH 12. 
Iron as an anode polarizes little in soil 
waters of pH less than approximately ten. 
Above this value, as shown in Figure 5D, 
polarization is very marked. As a cath- 
ode, iron appears to polarize increasingly 


- with increase in pH. 


The polarization slopes for carbon, as 
both anode and cathode, shown in Figure 
5B, indicate low values at the extremes of 
pH with a hump in the region approxi- 

mately pH 7to10. Although carbon may 
not be of special interest as a galvanic 
electrode in virgin soils, it often becomes 
of importance in urban fills. The uni- 
formly high positive potential of carbon 
will tend to cause severe anodic corrosion 
of practically amy other metallic under- 
ground structure when such structure and 
the carbon are related to their environ- 
ment as a short-circuited galvanic couple. 
This is particularly true where the soil 


_ waters are at extremes of pH. When 


= voltage measurements between metallic 


earth substructures show a constant po- 


K tential difference of the order of one volt, 


an open-circuited galvanic cell, involving 
carbon as a cathode, is strongly indicated. 
‘Bonding together of such structures is 


_ contraindicated. 


A test was made to determine the in- 
fluence of the ohmic resistance of the elec- 
trolytes on the results obtained. A gal- 
vanic cell of one of the pairs of electrodes 
in a representative electrolyte was set up 
as usual and permitted to stabilize for a 
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Lead-carbon couple 


dynamic condition. Electrode potentials 
were carefully observed while one of the 
electrodes was moved about in the beaker. 
No changes in the dynamic electrode po- 
tentials were observed during this test, 
although the electrode spacing was varied 
from a separation of approximately two 
inches to closest proximity possible with- 
out actual contact. It was therefore con- 
cluded that the ohmic resistance drops in 
the electrolyte could be neglected. As a 
matter of interest, the resistivity of the 


‘soil waters tested ranged from a few 


hundred to several thousand ohm-centi- 


_ meters at 25 degrees centigrade. 


It should be thoroughly understood that 
this study has been confined to galvanic 
effects on actual soil waters. This means 
that, for the conclusions drawn, corrosion 
by direct chemical attack or by micro- 
biological organisms is expressly excepted. 
Also, it is emphasized that the effects ob- 
served in this study were obtained for 
soil waters which very probably have 
somewhatrelated chemical characteristics. 


In other words, soil waters probably con- 


tain many salts in common with the like- 
lihood of similarity of galvanic behavior, 


despite variations in concentration and © 


acidity. It is not intended to generalize 
the conclusions drawn beyond soil-water 
environments, 

It is appreciated that underground 
environments introduce many variables 
not taken into account here, such as sur- 
face films, movement of electrodes, flow 
of electrolytes, and so forth. The authors 
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did not attempt the comprehensive in- 
vestigation which would be required to 
determine the effects of these factors. 
Although having no counterpart in field 
occurrences, the cleaning of the electrodes 
by chemical removal of surface layers 
eliminated an important cause of varia- 
tion in results. Conceding that this pro- 
cedure produces results which are not 
completely representative of practical ef- 
fects, it is still believed the data are in- 
dicative of the relative order of severity of 
galvanic corrosion. 

The polarization slope is a direct ratio 
of voltage to current density and can be 
considered to be a measure of the current 
density which would result from a given 
dynamic electrode potential. With known 
magnitudes of voltages between identified 
structures in an underground electrolysis 
circuit, and provided local galvanic effects 
could be satisfactorily taken into account, 
it may prove possible to estimate the cur- 
rent-density distribution on the structures 
concerned. 

It may also prove feasible to determine 


relative severity of corrosion on electri- ° 


cally-interconnected metallic underground 

structures of different materials. 

illustrated by the following example. 
Assume a composite anode of copper 


and lead in an underground electrolysis 
circuit energized from a d-c source (for 
example a lead-cable sheath with copper- 


This is 
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bonding conductors in a wet manhole and 
at a potential positive tg the surrounding 
environment). Assume also that the local 
galvanic current between the lead and the 
copper can be neglected. Consider first 
that the electrolyte is of pH 8. From 
Figures 5A and 5C it is observed that the 
average value of polarization slopes for 
both lead and copper at pH 8 is approxi- 
mately 0.8 volt per milliampere per 
square inch. The densities of anodic cur- 
rent flowing from the two metals into the 
electrolyte would therefore be compar- 
able and electrolytic corrosion of the two 
metals would be of similar severity. 

Next, consider conditions the same ex- 
cept the electrolyte to be at pH 12 instead 
of pH 8. Figures 5A and 5C indicate that 
at pH 12 the anodic polarization slope for 
lead is down to approximately 0.1 volt 
per milliampere per square inch while the 
anodic polarization slope for copper has 
increased to the order of two volts per 
milliampere per square inch. 

The significance of this difference in 
polarization slopes is that to maintain 
equal dynamic potentials to the environ- 
ment at pH 12, the current flow from the 
lead anode must be of the order of 20 
times that from the copper. As a conse- 
quence, anodic corrosion of the lead com- 
ponent of a composite lead-copper elec- 
trode will be many times as severe as for 
the copper. Preliminary tests appear to 
corroborate this analysis. 

It is hoped that the material which has 
been presented will stimulate interest to 
the extent that others may be induced to 
contribute data to provide a better under- 
standing of this subject. 2 


Conclusions 


Assuming that the waters which were 
used are representative soil electrolytes, 


it is believed the following conclusions are | 


indicated by the data presented. 


1. Galvanic corrosiveness on lead, copper, 
and iron appears generally more severe for 
soil waters of low pH than for soil waters of 
high pH. 


2. The static potentials of these electrodes 
have the following relationships to pH of 
soil waters: 

_(a). The static potential of lead is practi- 
cally constant at about —0.5 volt (calomel 
electrode scale, e,) in soil electrolytes of pH 
up to approximately ten. Above this, lead 
becomes more negative with increase of pH. 


(b). As the pH of the soil waters increases, 
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(A). Lead electrodes 
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POLARIZATION SLOPES 
VOLTS PER MILLIAMPERE 
PER SQUARE INCH 


(B). Carbon electrod es 


Figure 5. Slopes of anodic and cathodic 
polarization curves versus pH of soil-water 
electrolytes for lead, carbon, copper, and iron 


approximately zero volts (e,) at pH 2, to 
approximately —0.2 volt (¢,) at pH 12. 

(c). The potential of iron is substantially 
constant at approximately —0.6 volt (¢é,) 
in soil waters of pH up to approximately 
ten. Above this ,value, iron becomes in- 
creasingly more positive with increase of pH. 
(d). Carbon potential appears to be prac- 
tically independent of pH of soil waters at 
approximately +0.75 volt (¢). 


3. The degree of polarization of these elec- 
trodes apparently shows the following rela- 
tionships to pH of soil electrolytes: 


(a). Lead is practically nonpolarizing at 
both extremes of pH with a possibility of 
increased polarization occurring between 
approximately pH 7 to 10. 

(b). Copper as an anode is nonpolarizing 
at low pH and rises to a peak in the region of 
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: pH 
(D). Iron electrodes 


(c). Iron.as an anode polarizes little in soil 
waters of pH less than ten. Above this 
value, polarization is very marked. As a 
cathode, iron appears to polarize increasingly 
with increase in pH. 

(d). Carbon appears to be practically non- 
polarizing at extremes of pH, with slight 
polarization occurring in the region approxi- 
mately pH 7 to 10. 


Gas 
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A High-Capacity High-Voltage Three- 
Cycle Oil Circuit Breaker 


H. L. BYRD 


ASSOCIATE AIEE 


OWER-system designers and operat- 

ing engineers quite properly are con- 
stantly endeavoring to improve the qual- 
ity of their services. Increases in con- 
nected capacity inevitably accentuate the 
demand for reducing both the frequency 
and the duration of interruptions in the 
flow of power. This is particularly true 
in the case of high-voltage lines which 
form the “‘backbone”’ of all large systems. 
Circuit-breaker-design engineers welcome 
their portion of this problem in the fulfill- 
ment of the requirement for circuit 
breakers having higher interrupting rat- 
ings, shorter interrupting times, and fas- 
ter reclosing times. An outstanding ex- 
ample of this trend is found in the recent 
development and field testing of a 138-kv 
oil circuit breaker which had the following 
new requirements: 


1. An interrupting rating of 3,500 mega- 
volt-amperes. 


2. An interrupting time of three cycles. 


3. Areclosing time of less than 20 cycles. 


This paper discusses the important fea- 
tures of the interrupting contact and 


_mechanism designs for such a breaker. 


It also covers a comparison of laboratory 


and field test results which prove the rat- 


ings assigned to the breaker. 
The Development Program 


The development of the new breaker 
involved four major considerations: 
1. The type of interrupting contacts. 


2. The operating mechanism for the 
breaker. 


3. The breaker-mechanism linkage. 


4, Proof that the breaker in its over-all 
performance would meet the new require- 


ments. 


Tue INTERRUPTING CONTACTS 


Multibreak interrupters for five-cycle 
breakers were developed some years ago 
and were subjected to exhaustive field 
tests at that time.!.? These tests and 
subsequent operating experience have 
shown the current-interrupting character- 

istics of these interrupters to be so satis- 
factory that the new problem evidently 
was one of further development of this 
principle rather than one of new funda- 
mental research. 

This development resulted in the new 
multibreak interrupter for three-cycle 
tank-type breakers as shown in Figure 1. 
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Although the oil-blast principle of arc 
interruption was applied in the same man- 
ner as with the original design, there was 
a complete rearrangement of the contacts 
and enclosing structure. This gave an 
improved flow of oil through the arc path 
which substantially shortened the arc 
lengths. 

The interrupter consists of a heavy- 
walled Herkolite enclosing tube which 
houses two sets of contacts. Each set of 
contacts comprises a pressure-generating 
and an interrupting break. Pressure is 
created by the arcs as the contacts part, 
resulting in rapid interruption as the oil 
is forced through the port openings in the 
tube adjacent to the interrupting break. 
Arcing plates made of arc-resisting ma- 
terial are mounted on the stationary con- 
tacts at the pressure-generating side. 
These are arranged with a definite clear- 
ance to the moving contacts so that high- 
current arcs will transfer to them with a 
resultant decrease in length of the pres- 
sure-generating arcs and an improved con- 
trol of the pressure within the interrupter 
results. Earlier tests demonstrated that 
more than adequate oil-blast action was 
always present on higher currents. 
Therefore, the reduction in the length of 
the pressure-generating arc does not 
jeopardize good interrupting perform- 
ance. Light current-interrupting per- 
formance is not compromised since the 
are initially starts from the main contact 
surfaces. The fact that satisfactory oil- 
blast action is available throughout the 
interrupting range is clearly demon- 
strated by the test results which are dis- 
cussed later. 

The enclosing tube is adequately se- 
cured to an adapter at the upper end, and 
it is secured to the support for the mov- 
ing-contact assembly at the lower end.- 
The stationary contacts are mounted on 
the tube or bolted to the end supports. 
The moving contacts are assembled on an 
insulation rod which forms part of the 


' Paper 45-45, recommended by the AIEE committee 


on protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., January 
22-26, 1945. Manuscript submitted November 


28,1944; made available for printing December 21, | 


1944, 4 
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moving-contact assembly. This assem- 
bly can be removed from the bottom of 
the interrupter without dismantling of 
the contacts. This permits the complete 
inspection of all of the contact and insula- 
tion parts without changes of adjustment. 
Corona shields at the top and bottom ends 
of the interrupter improve the electro- 
static-field distribution. 

Each interrupter has mounted on it 
and connected in parallel with the inter- 
rupting contacts a resistor for use primar- 
ily during the interruption of capacitance 
current. The resistors limit to safe 
values overvoltages due to restriking 
when long transmission lines are de- 
energized. The effectiveness of these 
resistors has been fully demonstrated by 
field tests and operating experience in the 
last three years.? The complete assem- 
bly of interrupters, resistors, and moving 


View of a cutaway 138-kv multi- 
break interrupter 


Figure 1. 


The moving contacts are in the closed position 


and move downward when the breaker opens. ~ 


Short-circuit currents are interrupted before 
the end of their travel 


Figure 2. Pole-unit assembly of 138-kv 
multibreak interrupters showing resistors and 
lightweight moving-blade contact _ 
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blade contact for a single-pole unit is 
shown in Figure 2. 


OPERATING MECHANISM FOR THE 
BREAKER * 


The high-speed opening and reclosing 
requirements for this breaker necessitated 
an operating mechanism of the stored- 
energy type with performance not met 
by existing designs. High-speed opening 
could possibly have been obtained by the 
use of heavy opening springs and large 
trip Currents with existing mechanisms, 
but this would be conducive to short life 
and excessive maintenance on both the 
operating mechanism and the breaker. 
To attain the required opening speed 
without encountering these difficulties, a 
new high-speed trip latch was developed 
for the pneumatic operating mechanism 
which already had proved adequate for 
high-speed reclosing. This mechanism 
with its simplified linkage, low energy 
consumption, and satisfactory operating 
record made it a logical selection. 

The operating mechanism is shown in 
Figure 3. It is of the pneumatically 
trip-free type. The construction of the 
power unit, compressed-air system, stor- 
age reservoir, and controls is essentially 
the same as described in a previous paper 
before the Institute. All of these parts 
with the exception of the storage reservoir 
are assembled in a weatherproof ‘housing 
which is mounted as an integral part on 
the front-pole-unit tank. The storage 
reservoir is mounted underneath and 
attached directly to the housing. For 
trip-free operations, so that there may be 
no delay in the opening of the breaker 
contacts, an auxiliary air connection is 
made to the top of the cylinder above the 
piston. This admits air above the piston 


on such an operation and speeds the re- 


versal of piston motion so that the breaker 


contacts are free to open as fast as on a 
normal opening operation. An emer- 
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Figure 3 (left). The pneumatic 
operating mechanism for a 
three-cycle breaker 


The unit is self-contained with 

its own air system and is 

mounted directly on the first- 
pole-unit tank 


gency air connection with suitable shutoff 
valves permits the use of an auxiliary air 
supply with a minimum of inconvenience. 

Figure 4 shows a close-up view of the 
high-speed trip latch. This consists of 
an armature attached directly to the trip 
shaft and held by a permanent magnet 
housed in a magnetic frame while the 
breaker is closed. The mechanism link- 
age is arranged so that at all times when 
the breaker is closed there is a positive 


Figure 5. Pole-unit linkage of the three- 

cycle breaker showing relationship of parts, 

low-friction bearings (X), and provisions for 
decelerating moving parts at ends of stroke 


A—Stop 

B—Stop clearance 

C—For travel-recorder connector 
D—Buffer 

E—Lever 

F—Crank 

G—Link » 

H—Beam 

J—Link rod 

J—Dashpot 
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Figure 4. Enlarged view of the high-speed 
trip on the three-cycle operating mechanism 


This reduces the breaker dead time 


force tending to pull the armature away 
from the face of the magnet. The trip 
impulse is applied to a coil built into the 
magnetic circuit. Flux from the coil can- 
cels the holding force of the permanent 
magnet by shifting its flux out of the 
armature circuit and the armature is re- 
leased. Therefore, there is a minimum of 
time between the trip impulse and the 
start of movement of the breaker. An 
exciting coil is used to supplement the 
magnet during the closing operation to 
prevent the possibility of jarring out from 
the shock of the closing operation. 


BREAKER MECHANISM LINKAGE 


The breaker pole-unit linkage is shown 
in Figure 5. All of the main fulcrum 
points are equipped with antifriction 
bearings and are marked X. These are 
used to reduce the breaker dead time after 
the operating mechanism is unlatched. 

Low-friction bearings throughout the 
breaker linkage give two advantages: 


1. The energy requirement for the operat- 
ing mechanism is reduced. 


- 


2. Greater acceleration at the start of the 
opening stroke is produced without increas- 
ing the velocity during the arcing period. 


The reduced friction losses permit the use 
of lighter opening springs, thus reducing 
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FIELD TESTS (PHILO i937-38) 


i © - 


ARC DURATION IN CYCLES -607~ 


CURRENT INTERRUPTED KILO-AMPERES 


Figure 6. Interrupting performance of original 
138-kv multibreak interrupters showing arc 
duration in cycles at various currents 


Field tests made on triple-pole breaker at 138 

ky. Factory tests made on a single-pole- 

breaker unit at voltages of 110, 88, 66, 44, 
29,'and 14.5 ky 


the energy required to charge these 
springs on closing as well as the energy 
over the entire closing stroke. This re- 
duces the forces on the linkage parts and 
permits modifications to reduce the in- 
ertia of these parts, thus further acceler- 
ating the opening operation. 

With the conventional toggle arrange- 
ment of the linkage to obtain increased 
mechanical advantage as the contacts 
engage, the low-friction bearings are of 
greatest advantage when the toggle is 
closed. Therefore, they give greater 
acceleration during the time that the con- 
tacts are parting. 


PROOF OF PERFORMANCE 


Performance Demonstrated in Labora- 
tory Tests. It has long been evident 
that it would be difficult to provide test 
stations with short-circuit capacities 

-eqtial to the ever increasing interrupting 
ratings of high-voltage circuit breakers. 
This has led to the development of em- 
pirical procedures for making tests with 
reduced power which experience indicates 
are fully adequate for design purposes. 
_ Laboratory tests at reduced power can be 
used to predict the performance of the 
breakers under full-power conditions 
when use is made of modern interrupting 

_ devices whose performance is consistent 
and predictable. A further requisite is 
that the interrupting principle employed 
must be subjected at some time to the 
ultimate proof of performance in the form 
of complete field tests. In the laboratory 

_ procedure, tests first are made at rated 
voltage up to the capacity of the station. 
These tests are followed with those at 


rated interrupting current at reduced 


voltages. Previous test experience has 
indicated that the performance of these 
types of interrupting devices is largely 


_ dependent on the current in the arc. 


These principles of test procedure have 


Figure 7. Interrupt- 

ing performance of 

new 138-kv_ multi- 

break _ interrupters 

during laboratory 
tests 


Tests made on a 
single interrupter at 
voltages of 66, 55, 
44,99, and 14.5 kv 
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been substantiated by years of labora- 
tory-test experience and by field tests. 
The 1937-38 Philo field tests on multi- 
break interrupters are a good example.? 
Figure 6 shows the results of those field 
tests as compared with the laboratory 
tests. The arc durations are in the same 
order of magnitude for like currents in 
both laboratory and field tests. 

A summary of a complete series of 
laboratory tests made on the new inter- 
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Figure 8. Interrupting performance of new 


138-kv multibreak interrupters during labora- 

tory tests on high-speed reclosing, showing 

comparative performance of first and second 
interruptions of the duty cycle 


Tests made on a single interrupter at voltages 
of 66, 55, 22, and 14.5 kv 
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rupter is represented by Figures 7 and 8. 
Figure 7 shows interrupting tests made 
up to currents of 23,000 amperes. The 
arc durations are well within a limit of 1.5 
cycles except on the very low end of the 
currentrange. This limit was established 
in conjunction with a contact parting 
time of 1.5 cycles for the operating 
mechanism. The arc durations for differ- 
ent voltages are of the same order of 
magnitude, illustrating that the inter- 
rupter performance is not primarily de- 
pendent on applied test voltage. Pres- 
sures were meastired within the interrup- 
ter, and their values were well below the 
safe working strength of the structure. 

Ultrahigh-speed-reclosing tests were 
made under identical conditions, and the 
performances on the first and second in- 
terruptions are shown by the plotted 
results in Figure 8. These show equiva- 
lent interrupting performances, based on 
substantially the same are durations, and 
demonstrate that the interrupter always 
is left with a sufficient quantity of oil for 
adequate interruption on the second 
operation for such short reclosing times as 
20 cycles or less. 

Figure 9 shows the no-load operating 
tests on a triple-pole breaker including 
opening, closing, reclosing, and trip-free 


Figure 9. Time-travel curves of the three- 

cycle 20-cycle-reclosing breaker showing 

opening, closing, reclosing, and trip-free 
operations under no-load conditions 
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Figure 10. Interrupting performance of three- 
cycle breaker on field tests showing breaker 
interrupting times at various duties 


operations. A contact parting time of 
1.4 cycles was obtained. The reclosing 
time of less than 20 cycles indicated an 
operating mechanism with adequate 
power to perform under load conditions. 

Performance Demonstrated in Field 
Testis. The final proof of performance 
was demonstrated during two series of 
field tests that were made at the Philo 
station of the Ohio Power Company on 
the weekends of July 22 and August 5, 
1944, This represented the largest con- 
centration of power ever made available 
for full-scale circuit-breaker testing. A 
full description of the test setup and test 
results is contained in a paper presented 
at the 1945 winter meeting by Philip 
Sporn and Harry P. St. Clair entitled 
“Bield Tests and Performance of Heavy- 
Duty High-Speed 138-Kv Circuit Break- 
ers—Oil and Air-Blast.’’® 

The satisfactory results of these tests 
were predicted by the laboratory tests. 
Straight opening tests, CO-15 second—CO 
duty-cycle tests and high-speed-reclosing 
duty-cycle tests were handled: without 


‘disturbance or signs of distress up to the 


limits of available short-circuit capacity. 
The breaker interrupting times are well 
below three cycles, except in several tests 
of the second series when one pole of the 
breaker slightly exceeded this time of in- 
terruption. A summary of these times is 
shown in Figure 10 which includes all 
phases. The reclosing times were less 
than 20 cycles, and on the highest duty 
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Figure 11.  Inter- 
rupting performance 
of 3,500-megavolt- 
ampere three-cycle 
interrupters showing 
arc duration in cy- 
cles at various cur- 
rents 


Field tests made on 
triple-pole breaker 
at 139 kv. Factory 
tests made on single 
interrupter at volt- 
ages of 66, 55, 44, 
99, and 14.5 kv 
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there was satisfactory performance with a 
reclosing time of 151/2 cycles. 

A comparison of the breaker interrupt- 
ing performance on these full-scale field 
tests with its performance on laboratory 
tests is illustrated in Figure 11 which 
shows the arc durations from the field 
tests superimposed on arc durations of 
the laboratory tests. Because of the 
similarity of results, there is a direct con- 
firmation of the laboratory-test pro- 
cedure. 

The line-de-energizing tests demon- 
strated the same principle as laboratory 
tests had shown that only moderate over- 
voltages, up to 1.4 times normal, were 
present when interrupting lumped capaci- 
tances up to 10,000 kva on a single-pole 
unit. 


Conclusions 


1. The performance of the breaker in open- 
ing, closing, and reclosing on short circuits 
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approximating 3,500 megavolt-amperes un- 
der actual operating conditions justifies the 
assigned breaker ratings. 


2. The field-test results confirmed the test- 
ing laboratory procedures imperative to 
circuit-breaker designers. 


8. Actual confirmation of laboratory-test 
results up to 3,500 megavolt-amperes ena- 
bles designers to build upon these founda- 
tions in the development of 5,000-megavolt- 
amperes breakers. Although the labora- 
tory-test interruption at 23,000 amperes in 
Figure 7 corresponds to approximately 
5,500 megavolt-amperes at 138 kv, it is fully 
recognized that the final design of a 5,000- 
megavolt-ampere breaker would require 
further development but the present avail- 
able data give the assurance that such a 
breaker is practical and can be built when 
the need exists. 
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A Portable Instrument for Measuring 
Insulation Resistance at High Voltage 


F. W. ATKINSON 


MEMBER AIEE 


HERE has been an increasing trend 

toward measuring insulation resist- 
ance of high-voltage machines and cables 
at or above their rated voltage by the use 
of direct current. The advantage of high 
voltage lies in its ability to detect leakage 
paths which do not occur at lower volt- 
ages.!. D-c tests are advantageous be- 
cause of the elimination of capacitance- 
current effects. Since the resistances 
measured are usually quite high—of the 
order of megohms—if high-voltage alter- 
nating current is used to test insulation, 
even small load capacitances offer imped- 
ances low enough to mask the insulation- 
resistance effect. 

Considerable information on insulation 
resistance, dielectric absorption, and di- 
electric strength resulting from 'the use of 
high-voltage direct current has been ob- 
tained from large heavy rectifier sets 
either permanently installed or mounted 
on a truck. A ten-year study by Davis 
and Leftwich’ indicates that through the 
use of high-voltage d-c testing much 
knowledge can be gained concerning the 
cause of high-voltage generator insulation 
failures. They report that a majority of 
generator failures are traceable to me- 
chanical defects, many of which were de- 


tected and located before failure in serv- 


ice. Other investigations have explored 
the field with lower voltages of the order 


.of 500 to 1,000 volts direct current.*:> 


The study of insulation resistance at 


_ high voltages has been restricted by the 


type of equipment available, which has 
involved transportation problems and has 
been very costly. There is considerable 
evidence that the availability of a port- 
able tester of suitable characteristics 
would greatly stimulate collection of such 
data throughout the industry. A suit- 
able portable instrument of rugged con- 
struction recently has been made possible 
by the development of a new cold-cathode 


rectifier tube. Because a cold-cathode 


tube requires no cathode heating power, 


_ it is well adapted to those applications. 
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New Cold-Cathode Rectifier Tube 


Rectifier tubes employed in this test 
instrument belong to a new family of high- 
voltage rectifiers which do not require 
heated cathodes. They are gas-filled 
diodes in which the cathodes are com- 
posed of an array of fine wire points. 


Figure 1 (above). Takktron type 60.8 high- 
voltage rectifier tube (cold-cathode) 
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The cathode, when negative, discharges 
to the anode which consists of a fired-on 
graphite coating on the interior of the 
Pyrex-glass envelope. 

By controlling the pressure and com- 
position of the gas, the number of points 
in the cathode, and the anode-cathode 
spacing, it is possible to provide a wide 
range of rectifying characteristics. Pres- 
ent standardized tube models will pro- 
vide d-c outputs up to 25 kv and currents 
up to ten milliamperes in half-wave cir- 
cuits. 

These tubes are particularly suited for 
cascade voltage-multiplying circuits since 
no filament-transformer insulation prob- 
lems are encountered.’ Also it is possi- 
ble to reverse the high-voltage output 
polarity merely by reversing each tube in 
its mounting. By use of such voltage- 
multiplying circuits, practical power units 
producing up to 200 kv have been built. 
Even higher voltages are feasible. Such 
high-voltage power units are character- 
ized by light weight, compactness, and air 
insulation in the high-voltage portion of 
the unit. Small high-voltage trans- 
formers are used since the maximum 
alternating voltage required is 30 kv rms. 

These tubes are not damaged if their 
maximum inverse peak voltages are ex- 
ceeded. Under this condition soft dif- 
fuse discharges take place between the 
cathode and the anode without damaging 
the tube or its characteristics. Complete 
short-circuiting of the output of this type 
of tube, or of a power unit employing the 
tube, likewise has no harmful effects, 
The absence of a hot cathode implies no 
deterioration during idle periods and the 
ability of the tube to start instantly upon 
the application of power. 

These desirable self-protective proper- 
ties are gained from the internal resistance 
of the tube. This resistance has little 
effect. on the output-voltage regulation 
for load currents within the current rating 
of the tube. Beyond this value, how- 
ever, the tube resistance becomes large 
enough to protect both the tube and the 
high-voltage transformer. This tube re-. 
sistance is also advantageous in that it 


Figure 2. Voltage-current characteristics of 
Takktron type 60.8 tube 
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aids the filtering of the output voltage, 
and only small filter capacitances are 
needed for low-output ripple voltage. 

The Takktron type 60.8 rectifier tube 
shown in Figure 1 has a maximum inverse 
peak-voltage rating of 21 kv. Its direct 
output current and voltage character- 
istics for various alternating input volt- 
ages are shown in Figure 2. This tube is 
designed for a maximum output current 
of two milliamperes and at this current 
will provide a direct voltage of five kilo- 
volts. At‘‘no load” the tube will deliver 
nine kilovolts direct current. 

The tube is air-cooled and is mounted 
in an insulating ring support by means of 
three rubber V blocks equally spaced 
around the periphery of the enlarged sec- 
tion of the envelope. The tube terminals 
and the terminal connectors are designed 
to be free of corona at the tube potentials. 

The physical dimensions of the Takk- 
tron type 60.8 tube are as follows: 


(a). Oyer-alllength......-.--- 61/, inches 
(b). Length of envelope.......- 41/. inches 
(c). Maximum diameter of 

envelope..... NT, AEE 31/, inches 


Use in Testing Aircraft-Ignition 
Cable 


To assist in evaluating the performance 
- of aircraft-ignition systems, the instru- 
ment shown in Figure 3 was developed to 
measure the insulation resistance of 
cables and other ignition parts such as 
magnetos, distributor blocks, heads, fin- 


gers, sleeves, and plates at or above their 


operating voltages. The range of the in- 
strument is 10 to 10,000 megohms meas- 

ured at any voltage between 2,500 and 
15,000 volts. The outside dimensions of 
the instrument are 10 by 11'/2 by 18/2 
inches, and it weighs 31 pounds. 


An interior view shown in Figure 4 
illustrates the rugged construction of the — 


unit. A schematic diagram is shown in 
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Figure 3 (left). 
view of aircraft-ignition- 
cable tester 


Figure 5. The input to the high-voltage 
transformer is controlled by a variable 
autotransformer. The secondary voltage 
is fed into a voltage-doubling circuit, 
which is filtered by a 15,000-volt 0.02- 
microfarad-output capacitor. An ad- 
justable spark gap is provided to prevent 
overstressing of component parts as well 
as to limit the output voltage. In series 
with the gap is a 10,000-ohm resistor to 
reduce high current surges during flash- 
over. The kilovoltmeter is connected 
across the high-voltage output of the 
rectifier. 

In series with the grounded terminal is 
a current instrument with 0-100- and 
0—500-microampere scales. A neon glow 
lamp is shunted across the current-instru- 
ment circuit in such a manner that leak- 
age currents in excess of either current 
range will cause it to flash. This also 
will occur when current pulses in excess of 
100 microamperes or 500 microamperes 
are of such short duration that the cur- 
rent-instrument pointer is not deflected 
because of its mechanical inertia. In 
addition the neon glow lamp serves to 
protect the sensitive current instrument 
against short-circuit currents encountered 
with faulty insulation. 

Two high-voltage output terminals are 
provided, one connected directly to the 
power supply and the other through a 
100-megohm series resistor. The output 
voltage of the directly connected terminal 
is indicated by the kilovoltmeter. Figure 
6 shows a typical voltage-regulation curve 
from no load to short-circuit current 
without adjustment of the voltage con- 
trol. Because of the tube characteristics 
the instrument is not damaged when this 
output terminal is short-circuited at full 
voltage. The ‘‘off-on” switch also may 
be operated under short-circuit conditions 
without harm. This terminal is espe- 
cially useful in both dielectric-absorption 


and dielectric-breakdown tests. Insula-_ 
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Figure 4. Interior view of tester illustrating 
ample clearances, rugged construction, and in- 
herent simplicity 


tion resistance in megohms may be deter- 
mined from the expression: 


Kilovolt reading X 1,000 
microamperes 


The value of the neon-lamp resistor may 
be neglected since it is approximately 0.5 
megohm. 

The other high-voltage output ter- 
minal is used where it is desirable to limit 
the current in the test specimen. With 
the internal 100-megohm resistor the 
voltage across the test specimen is in- 
versely proportional to the leakage cur- 
rent. Figure 7 shows the voltage-regula- 
tion curve of this circuit. If the insula- 
tion is in perfect condition and therefore 
has low leakage current, the test voltage is 
approximately that indicated by the 
kilovoltmeter. Since aircraft-ignition 
harness usually is tested at voltages be- 
tween 10 and 12 kv, the instrument is 
calibrated in megohms in this voltage 


Figure 5. Circuit diagram of aircraft-ignition- 
cable testers 
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Figure 6. Voltage-regulation curve of air- 
craft-ignition-cable tester when series resistor 
is not used 


Voltage adjustment unchanged 


range. To determine the insulation re- 
sistance, the voltage is raised to the test 
value (indicated by a red dot on the volt- 
meter scale), the leakage current is noted, 
and the corresponding resistance is read 
_on the calibration chart on the face of the 
instrument. Figure 8 shows a typical 
calibration curve. For other test volt- 
ages insulation resistance in megohms 
may be calculated from the expression: 


Kilovolt reading X 1,000 
microamperes 


—100 


Since the rectifier tubes are not in the 
instrument circuit, it is not necessary to 
readjust these instruments when replacing 
tubes. 

The series resistance increases the per- 
sonal safety to the operator, and for this 
reason instruments with this circuit only 
are recommended for use by airplane 
mechanics or others not familiar with 
high-voltage testing procedures. 

‘Where it is desired to operate the unit 
from a storage battery, a self-contained 
vibrator-inverter has been designed to 


t 


Figure 7. Output voltage versus leakage current when series resistor 
é is used 
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ground capacitance of this generator is 
approximately 0.13 microfarad per sec- 
tion or 0.4 microfarad for the entire 
machine. 

» Figure 9 shows the dielectric-absorp- 
tion curves at 10,000 volts for each section 
and for the entire machine. 


Testing Cable 


Insulation resistance of a 350,000-circu- 
lar-mil three-conductor impregnated- 
paper compound-filled lead-sheath cable, 
rated at 15 kv, 18,385 feet long (31/2 
miles), was measured with the instrument 
shown in Figure 3. Test results were as 
shown in Table I. 


Insulation Resistance of 350,000-Circular-Mil Three-Conductor Impregnated-Paper 


eae oat Filled Lead-Sheath Cable Rated at 15 oy 18,385 Feet (31/9 aS cL 
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* Nothing grounded. 


supply 110 volts alternating current from 
a 12- or 24-volt d-c source. Since no fila- 
ment power is required, the inverter and 
the battery drain are small. 


Exploratory Work in Industrial Field 


Although this instrument now is used 
primarily for testing aircraft-ignition — 
cable, some exploratory work with it has 
been done in the industrial field to deter- 
mine test requirements there. Insulation- 
resistance and dielectric-absorption meas- 
urements have been made on sections of 
a 25,000-kva 6,900-volt-class vertical 
water-wheel generator. The winding-to- 
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These and other tests indicate that for 
the industrial field other current-instru- 
ment ranges would be desirable. Possi- 
ble ranges might include a unit for meas- 
uring insulation resistance at 2,500, 
5,000, 10,000, and 15,000 volts with cur- 
rent ranges of 0-25 microamperes, 0-250 
microamperes, and 0-2,500 microamperes. | 
This would result in a unit with an insu- 
lation-resistance range from one-half to 
30,000 megohms. Other portable testers 


Figure 8. Typical instrument-calibration 
curve of aircraft-ignition-cable tester when 
protective resistance is used 
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Standards and Insulation Characteristics 


of Oil-Insulated Transformers 


F. J. WOGEL 


MEMBER AIEE 


HE STRENGTH of the insulation in 
transformers to resist various types 

of voltage stress is very important. The 
service and life of the transformer is par- 
tially dependent on the insulation 
strength, and in recognition of this fact 
standards for insulation strength long 
have been established. In the course of 
time improvements have taken place in 
design, new applications have been 
created, and more has been learned about 
the nature of stresses which arise in serv- 
ice. Service conditions, too, probably 
will change in the future, which will re- 
quire changes in insulation requirements. 
Therefore it is natural that gradual 
changes in the standards, and additions to 
them, have taken place, with the result 


Paper 45-41, recommended by the AIEE committee 
on electric machinery for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
October 18, 1944; made available for printing De- 
cember 27, 1944. 


F. J. Vocet is professor of electrical engineering, 
Illinois Institute of Technology, Chicago, Ill. 


that sometimes they are not entirely con- 
sistent. It is desired in this paper to point 
out some inconsistencies and propose cer- 
tain changes in the standards which 
might be given consideration. 


Partial History of Insulation 
Requirements 


For the purpose of this paper, it is 
necessary to recall that at one time the 
standards required a test on the major 
insulation of two times the rated voltage 
plus 1,000 volts, and an induced test of 
two times the winding voltage, with 
minimum values specified. One of the 
additions to the standards arose from the 
electrification of railroads. Railroads use 
a grounded single-phase system, which 
led to the use of transformers with rela- 
tively little insulation on the grounded 
end. Without going into detail about the 
reasoning involved, only an induced test 
was used replacing both the applied test 
on the major insulation and the induced 


have been developed for operation at 
60,000 and 100,000 volts at currents up 
to five milliamperes. 


Conclusion 


The TAKK d-c high-voltage insula- 
tion tester and insulation-resistance in- 
strument fills a need in the study of 
numerous types of electrical insulation. 
Limited experience indicates that it is 
useful in testing high-voltage cable, air- 
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Figure 9. Dielectric-absorption curves for a 


25,000-kva 6,900-volt water-wheel generator 
taken at 10,000 volts 
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craft-ignition systems, and high-voltage 
generating apparatus. 
the authors that there are many other 
applications in the electrical industry 
where a device of this type will be found 
useful and economical. It is hoped that 


the availability of this device will encour- 


age the collection of considerable data on 
insulation testing and insulation resist- 
ance which will contribute to a better 
understanding of the subject and further 
developments in the art. 
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Vogel—Transformer-Insulation Characteristics 


It is the belief of | 


Railway Mechanical Engineer, May 1944, — 


test on the winding insulation for this 
apparatus. The magnitude of the test 
was specified as 2.73 times the normal 
operating voltage to ground and was ex- 
tended to any transformer with one end 
of the winding grounded, such as trans- 
formers for three-phase service with 
grounded neutral. This procedure was 
later abandoned and replaced by induced 
tests at specified levels; more nearly ap- 
proaching an induced test of 3.46 times 
the voltage to neutral. 

During the period from 1920 to 1930, 
the effects of lightning on transmission 
lines, particularly on transformers, be- 
came of special interest to utility and 
manufacturers’ engineers. In the early 
20’s when transformers were damaged, the 
matter was dismissed on the basis that 
transformers were struck by lightning, an 
act of God, and that nothing could be done 
about it. The transformer designer used 
extra insulation between turns at the line 
end as dictated by experience and his own 
judgment. The major insulation of low- 
voltage transformers was in excess of that 
needed for the specified tests, partly be- 
cause it was not difficult to obtain more 
insulation and partly because experience 
showed it necessary. At the end of the 
20’s, some customers were specifying 
levels for surge strength, requiring trans- 
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ONE-MINUTE 60-CYCLE BREAK 
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Figure 1 


‘From Figure 23 of reference 1 


formers to be stronger than specified | 
lengths ofinsulator strings, gaps, bushings, 


and so forth. At that time, transformer 
designers generally did not have design 
information on the magnitude of service 
stresses nor knowledge of the strength of 
insulating materials to withstand them. 

In order to help clarify this situation 
impulse testing of transformers was 
started and levels were established, which 
were changed several times. It is of in- _ 
terest that these levels were lower than 
those specified in the late 20’s, even — 
though transformers actually were im- 
proved greatly in insulation strength in 
the early 30’s. | % 

In a period of such development, where — 
levels often were based on what was ex- 
pedient at the time, it is to be expected . 
that everything would not be exactly per- 
fect. When machines by one manufac- 
turer are being built with certain claimed 
design features, it is not always possible Rs 
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From Figures 13 and 14 of reference 2 


to make changes in standards effective at 
once. This has been recognized more than 
once by making such changes effective at 
some later date. Sometimes levels deter- 
mined are not consistent and unnecessarily 
effect the design, and it is believed that 
this situation is partially the case today 
for transformers. In order to see if this 
condition exists, I believe the best pro- 
cedure would be to enumerate all of the 
service requirements and determine how 
much insulation would be required to meet 
them. 


Requirements for Transformer 
Insulation 


In the solution of any design problem 
it is necessary to determine the service 
requirements and use materials which will 
withstand them. In the case of trans- 
formers and other electric machinery, it is 
of course the intent to specify tests which 


are above the expected service require- 


ments. This.is to assure a margin of 
safety that will give good service and good 

_ quality of material. A comparison of ser- 
vice conditions and specified tests is useful 
both as a design criterion and in showing 
any inconsistencies that may exist. 

One of the service requirements for insu- 
lation is that it withstand the steady-state 
voltage to ground from all parts of the 
winding. In the case of three-phase 
transformers, this is 57.7 per cent of the 
line-to-line voltage at the terminals. 
Since the test required to indicate this 


strength is the one-minute test, a compari-, 


son of the actual strength required, proba- 
ble one-minute 60-cycle strength, and the 
tests specified by the standards can be 
made (Table I). 


Table I. Comparison of Normal Service Re- 
quirements With Standard Specifications for 


Insulation 
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Figure 3. Dielectric field of core-type trans- 


former with all coils at approximately line 
voltage 


I—100 per cent voltage 
|I—Practically 100 per cent voltage 


The equivalent one-minute 60-cycle 
strength is obtained from reference to 
Figures 1 and 2 taken from papers by 
Montsinger! and Vogel.? The 60-cycle- 
test voltage equivalent to the high-fre- 
quency induced test also is obtained from 
Figures 1 and 2. 

Table I clearly shows that normal serv- 
ice voltages would not require the pres- 
ent test levels. It also shows that the 
present 60-cycle applied- and 120-cycle 
induced-test levels are not equivalent. 

Another requirement is that trans- 
former insulation withstand line fault 
conditions. In the ease of delta-connected 
transformers, one line could be grounded, 
giving full line voltage to ground. In the 
case of star-connected transformers, de- 
pending on line conditions, various volt- 
ages could exist. Such data, available 
in a paper by R. D. Evans and Sherwin 
H. Wright,* are required in the application 


of lightning arresters and often are calcu-. 


lated for specific applications. In some 
cases, generator overspeed and other fac- 
tors enter into the problem. Usually, 
where further consideration to the ques- 
tion is not merited, it is considered that 
the maximum voltage from any line to 
ground may be equal to normal line-to- 
line voltage or slightly more on un- 
grounded neutral systems. On grounded 
systems, 80 per cent of normal line-to-line 


voltage is assumed as the maximum volt- - 


age from any line to ground. On this 
basis, the comparison in Table II might 
be made. 

The reason for giving these tabulations 
is to show the big margins now available. 
It would seem that the major insulation is 
not stressed greatly under normal or fault 
conditions. Indeed these are not limiting 
features. This has been recognized by 
some operators, where willingness to use 
lower-than-standard voltage tests and in- 
sulation levels has been expressed, pro- 
vided impulse protection was afforded. 

Another consideration is that of switch- 
ing surges and arcing grounds,*5.® giving 
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overvoltage values anywhere from 21/; to 
5 or 6 times the normal voltage to neutral. 
The higher voltage values in the range are 
apparently rare occurrences. In the case 
of a 138-kv system, switching surges. 
would be anything from 280-kv up to 680- 
kv crest. These surges, generated in the 
transformer and line reactance and the 
capacitance of the system, have frequen- 
cies of oscillation low enough so that 
reasonably uniform voltage distributions 
will be obtained in the transformer wind- 
ings. 

No standard test to simulate switching 
surges or even to verify the strength of 
transformers against these surges has been 
made commercially, although experiments 
have been conducted which determine the 
probable strength of transformers for 
switching surges. Very few, if any, 
transformer failures attributed to switch- 
ing surges ever have occurred. Even 
those transformers built before 1930 with 
low levels of impulse-voltage strength 
have had few, if any, switching-surge fail- 
ures. Many of the transformers of the 
138-kv class had levels of 500-kv and less, 
instead of the 750-kv now standard. This 
fact confirms that the voltage distribution 
of switching surges in windings is fairly 
uniform.as inferred previously. 

The conclusions from the above are that 
transformers will withstand switching 
surges as limited by the lightning protec- 
tion used, since the voltage distribution in 
the windings approaches uniformity, and 
the impulse and switching surge strength 
of the transformer insulation to ground 
are approximately equal. 

The last factor to be considered is that 
of impulse or lightning surges. The im- 
pulse test levels now specified for trans- 
formers are intended to be values not ex- 
ceeded in service. 

The test levels for impulse strength are 
standardized and for the 138-kv class are 
750 kv for a chopped wave of three- 
microseconds duration and 650 kv for a 
full wave. Several observers®?* have 
determined the impulse ratio of oiJ-im-_ 
pregnated insulation as 2.1 or better. Ifa 
fair average be 2.1, the 60-cycle one- 
minute strength required for the major 


insulation would be 750/W/2X2.1 or 250 
kv rms. However, 275 kv is the specified 
strength. Since 750 kv is minimum and 
exact regulation on the impulse test is not 
easily possible, a test margin of 10 per 
cent, from 750 kv to 820 kv, is reasonable 
and may be needed. 

In the case of the grounded neutral 
transformer, however, the margin is much 
greater. From Table II, the equivalent 
60-cycle test for such transformers is 305° 
kv instead of 275 kv. Therefore, the im- 
pulse strength of the major insulation, in 
the absence of other factors, would be 
305 X V2. X2.1 or about 915 instead of the 
750 specified. , 

However, such specified levels do not 
necessarily insure the ability of a trans- 
former to withstand all service conditions. 
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Even if lightning arresters are mounted on 
the units and as close to the terminals as 
possible, some very high overvoltages can 
occur but for very short times. If the 
arrester be 25 or 30 feet from the ter- 
minals and the wave front is steep, an 
appreciable voltage reflection may take 
place at the bushing terminals. A trans- 
former will withstand such higher volt- 
ages if of short enough duration. For 
example, typical oil-impregnated trans- 
former insulation can withstand 125 per 
cent of the three microsecond strength for 
one microsecond. No test is made to 
prove this fact for the transformer as a 
unit at the present time, although it is 
stated in the literature.’ 

If we summarize the above require- 
ments and tests, we see from Tables I and 
II that the applied 60-cycle dielectric 
tests and 120-cycle induced tests are far 
more severe than any steady 60-cycle 
fault or switching-surge voltage to be ex- 
pected in service for ordinary trans- 
formers and might safely be reduced. We 
also see that the 120-cycle induced test of 
approximately 3.46 times the voltage to 
neutral for grounded-neutral transformers 
is more severe than the two times normal 
line voltage for transformers for un- 
grounded service, although probably the 
service is more severe, both for the major 
insulation and the winding insulation, for 
transformers for ungrounded service. Ap- 
parently also we can dismiss the effect of 
switching surges, since, even if they were 
of the same magnitude as impulse test 
waves, they would be more uniformly dis- 
tributed through the winding. The ma- 
jor insulation for grounded-neutral trans- 
formers is higher than required to meet 
impulse tests. This is another incon- 
sistency in the present rules. Also, no 
‘test is specified to insure high impulse 
strengths for short times or for steep 
waves, even though such strength may be 
desirable and may be available. 

Since impulse levels determine the in- 
sulation provided for both grounded- 
neutral and ungrounded-neutral service, 
it would be interesting to see what com- 
parison there would be between two ex- 
treme types of transformers built to the 
same impulse strength. 


Strength of Different Types of 
Transformer 


SHIELDED TRANSFORMER FOR 138-Kv 
SERVICE 


If we define a shielded transformer to be 
one in which the distribution of voltage in 
the dielectric field adjacent to the high- 
voltage-line coils is the same both for im- 
pulse voltages and 60-cycle voltages, then 
we can draw the following conclusions: 


ean ie 60-cycle strength of the major insu- 
lation is in the order of 275 kv, which is 
_ greater than required for service. 
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Table II. 


Comparison of Fault Requirements With Standard Specifications for Insulation 


Maximum One-Minute 60-Cycle 


Specified Specified 


60-Cycle Strength—Equivalent One-Minute One-Minute 60-Cycle Test— 
Fault Stress to Fault Stress 60-Cycle 120-Cycle Equivalent to 120- 
System Voltage to Ground to Ground Test, Applied Test, Induced Cycle Induced Test 
138-kv ungrounded 
meutral. Gackt) .a0cee LSS Kivittiencttccs 63s SAR those sca) sie 275 kv 
138-kv grounded 
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3. Theimpulse strength for waves chopped 
after three microseconds is higher than test 
levels. 


4. The steep-front-wave voltage strength 
should be higher than the three-microsecond 
strength and at least 1.25 times that value: 


UNSHIELDED TRANSFORMER FOR 1388-KVv 
SERVICE 


Figures 3 and 4 show the coil arrange- 
ment for typical circular-coil-type trans- 
formers. The figures show only the outer 
part of the coils, and G represents the 
outer leg of the iron circuit and Y the top 
yoke. G could be either the outer leg of 
the core or an approximation to the ad- 
jacent winding stack. The figures are 
sections of the windings and show only the 
outside of the coils. There is a connection 
on the outer turn of the line coil to static 
plate and between the outer turns of coils 
3 and 4, 4 and 5, and so on. The inner 
turns of eoils 1 and 2, 3 and 4, and so on 
are not shown. 

In Figure 4, a design has been chosen 
with less than three per cent of the wind- 
ing between the finishes of the line and 
second coil. Hence there would be about 
three per cent of the induced voltage be- 
tween coils on the induced test. Likewise 
on steep-wave-front tests we could have as 
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Figure 4. Dielectric field of core-type trans- 
former with extreme voltage concentration at 
line end 
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much as 50 per cent of the surge voltage 
between these coils. In order for the 
stress between coils to be 50 per cent of 
the total surge voltage, a poor distribution 
factor would be required. This factorisa 
function of the capacitance of the entire 
column of coils to ground and the coil-to- 
coil capacitance along the stack. This 
poor factor was chosen to give an extreme 
condition. 

In Figure 4, A and B are corners of the 
static plate and line coil respectively and 
are connected together to form the line 
terminal. In order to determine the 
strength of such an assembly, and to deter- 
mine the clearance necessary, a study of 
the voltage gradients at A and B was 
made. The conditions were that HY was 
4, H-H was 2, and A-B was 4/4 inches, 
which are common proportions. The dis- 
tance from B to C, and the voltage from 
B to C are variable. In the first test, the 
gradients along AG and BG were kept 
alike and the distance and voltage from 
Bto Cvaried. The results of this test are 
as shown on Figure 5; also, one test was 
made where the distance a was kept at 
unity, the voltage varied, and the gradi- 
ents measured at both A and B. The re- 
sults are shown on Figure 6. The tests 
were made by placing electrodes in a water 
tray and measuring the voltage drop from 
the corners of the electrodes to a fixed 
radius. Vacuum-tube voltmeters were 
used. 

Figure 5 shows that, if a is four inches | 
the same as HY, the stress at A and B 
would be alike with the same voltage 
across both HY and a. On the other | 
hand, if the voltage at a is about 50 per 
cent of that across HY, a distance of 11/2 
inches would be required. Further, it was 
found that the actual strength to ground 
for all conditions of Figure 4 was some 93 
to 94 per cent of what it would be with a 
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Figure 5. Woltage between line coils. for 
different coil-to-coil clearances and for equal 
gradients at static plate and line coil 
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Table Ill. Relative Strengths of Typical Transformers 
Insulation Strength of Transformers—138-Ky Class 
Fully Unshielded Unshielded 


Shielded Transformers 


Transformers I* Transformers II** 


Transformer 
for 60-Cycle 


Transformer 
for 120-Cycle 
Induced Test, 


Transformer 
for 120-Cycle for 60-Cycle for 120-Cycle for 60-Cycle 
Applied Test, Induced Test, Applied Test, Induced Test, Applied Test, 


Transformer Transformer Transformer 


Type of Stress Kilovolts Kilovolts Kilovolts Kilovolts Kilovolts Kilovolts 
6OsceVvcless 460... 302 rms .. 276 Tims... 302:rms .. 275 rms .. 302rms .. 275 rms 
Full-wave im- 

pulse..........650-900 crest. .650-820 crest. .650-900 crest.. 820 crest.. <840crest.. <760 crest 
Three-microsec- 

ond impulse.... 900 crest. . 820 crest.. 900 crest.. 820 crest.. <840crest..<760 crest 
One-microsec- 

ondimpulse.... 1,120 crest.. 1,020 crest.. <1,050 crest. . <950 crest.. <1,050 crest... <950 crest 


* Unshielded I has line coils with few turns so that the impulse penetrates into the winding when the front 


is 11/2 to 21/2 microseconds. 


** Unshielded II has line coils with turns so that the distribution for even 1!/2-microsecond fronts is wholly 


due to the capacitance between coils and turns. 


uniform distribution as in Figure 3. In 
other words, if we had a uniform distri- 
bution, we would have animpulsestrength 
of about 820 kv with a 275-kv 60-cycle 
one-minute test and an impulse strength 
of about 760 kv for conditions similar to 
Figure 4. 

In a previous paper,’ the use of “form 
factors” to estimate the strength of in- 
sulation arrangements in terms of a stand- 
' ard arrangement was used. Therefore, 
the form factor is a measure of the rela- 
tive strength of the parts and without 
further consideration of exact values can 
be used to determine the relative strength 
of different parts of the winding. This 
form factor may vary when showing the 
relations of the stresses under 60-cycle and 
surge conditions in the same transformer. 
As an example of this, the form factors for 
the perfectly shielded transformer are the 
same for both 60-cycle and impulse 
stresses, and the stresses are relatively the 
same for both conditions. For the trans- 
former of Figure 4 and under conditions of 
60-cycle stress, the form factor would be 
0.93 and the highest stress at A. Under 
surge conditions, if similar to those shown 
in Figure 5, the form factor would be 0.87 
for steep wave fronts. 

From Figure 6, conditions could be even 
wotse, since, if the stress from A to 


_ Bis large, the stress at B increases rap- 


idly. For example, if the distance a 
is one inch and the stress across a is 70 
per cent of the voltage from H to Y or 


A to G, the form factor at B is 0.70 which- 


shows that failure would occur at B and 
at a relatively low value. The form fac- 
tor for uniform distribution was 0.93 and 
is 0.70 for the condition given. From the 
results of this study, it is seen that the 
breakdown stress between coils is not a 
function of the voltage and distance alone 
but also of the major insulation and coil 
dimensions. The worst conditions, as de- 
scribed, might exist in the case of steep 
fronts, and good or even excellent condi- 


at _ tions might exist for slow fronts. 


__ There is still one other point which must 


not be overlooked. Even were the form 
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factors the same at points A and B, 
if the strength of the insulating materials 
used is lower at B than A, the actual 
strength of the assembly under impulse 
conditions will be lowered. If we grant, 
however, that the insulation materials 
used at A and B are the same, we can 
determine the relative strengths of some 
typical transformers as shown in Table 
Ill. 

In order to make the information in the 
Table III clear, let us consider the trans- 
formers designated as unshielded II. 

The grounded-neutral transformer 
might be tested at 120 cycles for one min- 
ute at 275 kv or the equivalent of 302 kv, 
if tested at 60 cycles. Itsimpulse strength 
if the stress at both A and B were 
alike, would be 302 X V2 X2.1X0.87/0.93 
or 840 kv. Likewise, at one microsecond, 
the strength would be 1.25 times 840 kv or 
1,050. Actually values less than these 
are to be expected. 

This table is quite interesting in that it 
shows that the three-microsecond impulse 
tests and the 60-cycle or induced tests 
determine a sufficient level for major in- 
sulation strength. Also, if the three- 
microsecond value is specified, it does not 
necessarily determine the one-microsecond 
value, but, if an ample one-microsecond 
value were specified, it would determine 
not only the three-microsecond value but 
the 60-cycle strength as well. To see if 
this is true, let us study what would hap- 
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Figure 6. Variation in gradient at static plate 
and line coil for constant clearance between 
line coils and varying voltage between coils 
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pen if a 1,050-kv test were specified at 
one-microsecond. If this were specified 
for both grounded-neutral and fully in- 
sulated transformers, a 60-cycle level of at 
least 275 kv. would be required for all 
types, and the 750- to 820-kv three-micro- 
second level would be automatically ob- 
tained. The inconsistency between the 
120-cycle and 60-cycle tests would be re- 
moved. The latter would be true also, if 
the three-microsecond values were speci- 
fied. 

At the present time, 650 kv is specified 
for the full-wave value. This is an inde- 
pendent and arbitrary value and deter- 
mines the winding strength in the middle 
and grounded end. 

Experience has shown that ability to 
withstand the applied 60-cycle test or 120- 
cycle induced test is no proof of a trans- 
former’s ability to withstand impulse 
tests. Therefore, it would be desirable to 
apply impulse tests to all transformers as a 
specified commercial test. It would be 
desirable to change the present tests, if 
any economies would result and if the 
testing procedure would be simplified. It 
is suggested that a three-microsecond, a 
one-microsecond, or a steep-front impulse 
test might be substituted for the present 
applied or induced tests. Since the full- 
wave test is necessary, it should be re- 
tained. Probably it would be desirable 
also to retain a two times induced test as a 
last test for all transformer windings. If — 
the one-microsecond test at the correct 
level were used, it would ensure the three- 
microsecond value without making an- 
other test. 

Incidentally, it is believed that very 
few failures are caused by 60-cycle or in- — 
duced test at the factory, and practically 
all insulation troubles are found on either 
the steep-front or full-wave tests. Prac- 
tically no failures are found on the three- 
microsecond chopped test. 


Conclusions 


It has been shown that an adequate one- 
microsecond or steep-wave-front strength 
of transformers also ensures both an ade- 
quate value of three-microsecond strength 
and 60-cycle strength, and avoids incon- 
sistencies existing at the present time. 
It should, therefore, be possible to sub- 
stitute impulse tests on transformers giv- 
ing either a one-microsecond or three- 
microsecond value for the present 60- 
cycle applied or the high-frequency in- 
duced tests. 

The present full-wave values still should 
be specified to ensure adequate strength 
against this type of surge. As further 
insurance, it is suggested that all over- 
potential tests at low frequencies should - 
not be abandoned, and that a test of two 
times normal voltage be induced in all 
transformers. It is suggested that the 
tests recommended here be studied by the 
AIEE transformer subcommittee with a 
view to changing the present standards. 
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The Dielectric Strength and Life of 
Impregnated-Paper Insulation—IV 


J. B. WHITEHEAD 
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TUDIES of the causes and mechanism 

of the failure of impregnated-paper 
insulation are commonly obscured by the 
burning due to the final complete break- 
down. Ina number of years of study of 
the more accessible properties of impreg- 
nated paper and their relation to stability 
and breakdown, constant attention has 
been given to the restriction of this burning 
and a nearer view of the beginnings of 
failure. Simple fuses and even rapid cir- 
cuit breakers in the primary circuit of the 
testing transformer are of no avail. 
Some improvement is obtained by the use 
of a thyratron in the grounded lead of the 
sample with suitable connection to a 
rapid circuit breaker in the primary. 
But by far the best results, and indeed 
very complete success, have been reached 
by a method for detecting the first occur- 
rence of gaseous ionization within the 
test specimen. This method is a de- 
velopment of the pioneer work of Paine’ 
and the subsequent applications of Arman 
and Starr and of Whitehead and Shaw,? 
using resonance methods for following the 
oscillations which arise in the ionization 
of gas spaces in the insulation wall. New 
features which have been added are in- 
creased sensitivity, improved balancing 
of the Schering bridge for the frequency of 


Paper 45-58, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945. Manu- 
script submitted October 17, 1944; made available 
for printing December 21, 1944. 


J. B. WHITEHEAD is professor of electrical engineer- 
ing in school of engineering and J. M. Koprer is 
junior instructor in electrical engineering, The 
Johns Hopkins University, Baltimore, Md. 


Thanks are extended to the AIEE, the Engineering 
Foundation, and to various manufacturers and 


utilities companies, and to the advisory committee 
- under the chairmanship of H. H. Race. . 


J. M. KOPPER 


MEMBER AIEE 


maximum oscillations, the use of greater 
amplification, and a sensitive recording 
instrument for registering the first occur- 
rence of internal ionization. The com- 
plete setup, as described in this paper, is 
called the “ionization recorder.”” With 
this instrument it is possible to detect the 
beginnings of failure in a completely im- 
pregnated specimen initially free of gas 
spaces or voids, often to within one layer 
of the impregnated structure, and also to 
follow its growth, with interruption at 
any desired stage on the way to complete 
breakdown. So far, the instrument has 
been applied only to the study of the in- 
fluence of paper density on dielectric 
strength and stability, and the compara- 
tive behavior of two types of paper and 
two types of oil. From the results it 
will be seen that a very intimate picture 
of breakdown and its causes is presented. 


Purpose 


Earlier studies? on paper density 
showed clearly that for four papers rang- 
ing in specific gravity from 0.74 to 1.18, 
and for two oils, one light and one heavy, 
there is for each oil a pronounced de- 
crease in dielectric strength with increas- 
ing paper density. A sound rational 
explanation of this result is found in much 
evidence that failures begin in the oil 
channels, and in the fact that the stress in 
these channels increases with increasing 
paper density due to the differences in the 
values of dielectric constant in paper and 
in oil. 

Notwithstanding these clear-cut ex- 
perimental results, many cable engineers 
state that experience has shown that the 
use of high-density paper in certain high- 
voltage cables increases dielectric 
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strength. However, there is little or no 
published evidence in support of this 
view, except perhaps as regards break- 
down tests of impulse type, and even in 
that case the picture is not clear.® 

In possible explanation of this conflict 
of evidence it should be noted that in our 
specimens no gas pockets or bubbles are 
present, and in other respects they re- 
semble the insulation of oil-filled cables 
far more closely than that of the solid 
cable. As a consequence no gaseous 
ionization is present in our tests, and 
breakdown stresses are well above those 
encountered in cable practice. 

In the earlier studies referred to? 4 an 
accelerated step-voltage test was used, 
the specimens being immersed in the oil 
under study at a constant temperature of 
40 degrees centigrade. Breakdown oc- 
curred after two to four days at stresses 
up to 900 volts per mil. The chief pur- 
pose of the tests now reported has been to 
check the results of the earlier relatively - 
long-time step-voltage tests, with others 
in which high stress is applied rapidly 
(two minutes) with resulting breakdown 
in a few minutes, thereby greatly reducing 
the influence of time as a possible factor 
in the earlier studies. For this purpose 
it was deemed sufficient to use only two 
grades of paper, namely, grades B and D 
of the earlier work. 

Other results of interest are the stress— 
time curves of each paper impregnated - 
with each oil, for short ranges in the 
neighborhood of breakdown; noticeable 
differences in two lots of supposedly 
identical paper from the same manufac- 
turer; and further observations on the 
causes and mechanism of failure, based on 
careful dissection and oil extraction of 
numerous specimens suffering partial 
failure at various stages up to complete 
breakdown. 


{ 


Test Specimens and Materials 


The test specimens consisted of 16 
layers of five-mil cable paper one inch © 
wide, spiralled cable fashion on a smooth 
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Figure 2. Filter characteristic 


brass tube, one inch diameter, 48 inches 
long, with 331/3 per cent overlap and 
nominal 3/g-inch channel width. The 
lead-foil central electrode (16.5 inches 
long) was flanked by overlapping guard 
electrodes extending halfway up the 
narrow-angle reinforcing end cones.® 

The paper was furnished by a well- 
known manufacturer in two values of 
density; nominal values of specific grav- 
ity were: type B paper, 0.86; type D 
paper, 1.10. 

Two oils were studied; one (5314) was 
a thin oil as used in oil-filled cables, hav- 
ing values of viscosity at 40, 60, and 100 
degrees centigrade of 17, 8.2, and 3 centi- 
poises, respectively, while the other (5317) 
_ was a heavier oil as used in solid cables, 

_ having values of viscosity at 40, 60, and 
100 degrees centigrade of 480, 120, and 
18.3 centipoises, respectively. 

In general from three to nine identical 
specimens were tested for each combina- 
tion of paper and oil, or for other variables 
studied. 

For other details of the experimental 
equipment, methods of drying, impregna- 
tion, temperature control, and electrical 
measurements, the earlier papers? may be 
consulted. 


The Measuring Equipment 


SCHERING BRIDGE 


This bridge of unsymmetrical type, and 
completely screened, has been described 
in earlier papers.’ Power factor and 
capacitance at 60 cycles were measured 
up to 52,000 volts, giving an average 
stress in the specimen up to 650 effective 
volts per mil of thickness. The power- 
factor sensitivity was of the order 10-4 to 
10-5. During the short-time tests the 
maximum stress on a specimen was 725 
volts per mil. 


THE IONIZATION RECORDER * 


The essential elements of the ionization 
recorder are shown in Figure 1 and are as 


a follows: 


©). 
(d). 


A bridge output transformer with 
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The modified Schering bridge with 
_. test specimen in place. . 
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electrostatic shield between primary and 
secondary, and with both windings balanced 
as to capacitance to ground, permitting the 
grounding of one terminal of the secondary 
coil without upset of the symmetry .of the 
bridge circuit. 

(c). An attenuator and a high-pass filter, 
whose characteristics are shown in Figure 2, 
matches as to impedance with the bridge 
transformer. 


(d). 


A three-stage vacuum-tube amplifier. 
A bridge-type vacuum-tube voltmeter. 


(f). A d-ce recording milliammeter giving 
full-scale deflection for one milliampere, 
connected across the output terminals of the 
vacuum-tube voltmeter. 


With the recorder connected, a speci- 
men in place in the bridge, and a stress of 
400 volts per mil applied, a small reading 
was found on the recorder. Its magni- 
tude, from one to three per cent of the 
maximum reading encountered in the 
tests, showed no appreciable variation 
within the range of stresses used. With 
the specimen replaced by an air capacitor 
the small reading was still present and 
was found due to minute discharge points 
on the disconnecting switches and other 
parts of the high-voltage circuit. Since 
these discharges could not be eradicated 
completely, all. recorder readings are 
based on this zero disturbance as datum 
line. Further, they were found useful for 
balancing the bridge, obviating the 
necessity of an auxiliary discharge gap for 
this purpose. 

As shown in Figure 2 the filter effec- 
tively cuts out all frequencies below 3,000 
cycles. The complete recorder circuit 


_was found to be most sensitive in the 


region of 9,000 cycles. This is within the 
range of dominant frequencies of the gase- 
ous discharge in cable insulation as found 
by Bennett, Paine,! and others. Thus the 


Figure 3.  Jlonization 
curves showing three 
stages in the variation 
of ionization with time 


Paper D and oil 5317 
at 600 volts per mil 
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recorder receives the amplified, rectified, 
and integrated d-c record of frequencies 
above 3,000 and up to 16,000 cycles per 
second arising in a gaseous discharge in 
the specimen under test, and appearing 
at the output terminals of the bridge, the 
latter being balanced for minimum zero 
reading. The initial sensitivity of the 
bridge and recorder at 9,000 cycles was 
one division of the recorder scale per 18 
microvolts at the transformer input 
terminals. 

The initial sensitivity of the recorder 
was also measured in terms of the first 
discharge over a small air gap between 
plane surfaces. The gaps consisted of 
thin sheets of mica or lead foil with circu- 
lar holes cut in them, mounted between 
thin sheets of glass. The gap was placed 
in parallel with an air capacitor, in place 
of the test specimen in the bridge circuit. 
On raising the voltage, visual discharge of 
the gap takes place at a sharply marked 
voltage, and with an immediate reading 
on the recorder. Table I gives the re- 
corder readings for these initial discharges 
for three sizes of gap. From these simple 
data it appears that the recorder gives a 
response of about 0.8 to 0.9 division per 
square .centimeter area of a 0.2-milli- 
meter gap, and that the response is 
roughly proportional to the area of the 


gap. 
Experimental Results 


INITIAL GASEOUS IONIZATION 


In using the ionization recorder for the 
study of breakdown in impregnated paper 
the approach to failure is usually seen to 
be divided into three well-defined stages. 
The first is a slow (one minute) rise of the 
trace of the needle above the zero line. 
This indicates the beginning and slow 
growth of a spot of internal ionization. 
It is best observed at from 50 to 100 volts 
per mil below the maximum rapid break- 
down value. With no further increase of 
stress the record flattens out into a second 
stage of constant value of internal ioniza- 
tion which may continue for hours, indi- 
cating a ‘temporarily stable condition. 


‘However, something progressive is obvi- 


ously taking place, for there comes a time 
when with no further increase in stress the 
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record begins another rise which ulti- 
mately leads to breakdown, sometimes 
within a few minutes or even seconds. 


The boring action of the ionization has 


advanced so far that equilibrium is upset, 
and cumulative increase of stress on the 
still-undamaged portion of the insulating 
wall sets in. Figure 3 shows three good 
examples of the three stages, taken at 600 
volts per mil on three identical specimens 
of D paper and oil 5317. Although there 
is some spread in shape and values the 
three stages are clearly seen in each case. 

The duration of each stage is shortened 
rapidly with increase of applied stress. 
As the rapidly applied (two minutes from 
100 volts per mil to full value) stress is 
increased, stages 1 and 2 disappear, 
ionization begins at once, and failure 
follows soon in stage 3. Figure 4 shows 
such a case, E paper,® 5314 oil, 800 volts 
per mil. This type of record is chiefly 
of interest as showing that even short- 
time failures are progressive with rapidly 
increasing volume of internal ionization. 
Thus for shorter and shorter duration of 
stress application, and ultimately impulse 
test, higher and higher values of stress are 
indicated for complete penetration over 
the ionization path. 

If complete breakdown is allowed to 


“occur the recorder needle goes off scale 


and the transformer primary circuit is 
interrupted by the thyratron circuit. In 
this case there is considerable burning 
in the path of the failure, although the 
thyratron usually interrupts before com- 
plete puncture has taken place. The 
jonization recorder, however, provides at 
once an indication of approach to break- 
down and the circuit may be opened at 
any stage. In this way partial failures 
only are allowed to occur, and the growth 
of the internal gaseous ionization and its 
attack on the oil-paper structure may be 
closely followed by subsequent examina- 
tion of the specimens. In most cases the 
failures extend through from four to six 
layers, but many instances in which only 
one or two layers are involved have been 
encountered. 


NEw B anv D Papers 
It was necessary to obtain new lots Or 


both B and D papers; they were fur- 


_nished by the same manufacturer as the 
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earlier lots, and on the same specifica- 
tions. They agreed closely, in both 
density and thickness with the earlier 
papers, but certain differences were 
noticed in handling and assembling, 
principally in the matters of springiness 
or stiffness. Both the new papers were 
tested therefore with the same program of 
accelerated step tests as the old, using 
5314 oil. The results of these check 
tests on six specimens of the new B paper 
and three of the new D paper are given in 
Table II. Comparison with the earlier 
tests shows that the earlier B paper had 
an average maximum-life stress of 713 
volts per mil, and the later B paper 652 
volts per mil, that is, the former 61 volts 
per mil or 9.3 per cent the better. There 
was 110 appreciable difference in the re- 
sults on the two lots of D paper. 


INFLUENCE OF PAPER DENSITY 


The approximate breakdown value of 
each type of present specimen was known 
from the earlier step tests, and from pre- 
liminary ionization-record tests. How- 
ever, in order to lessen the uncertainty 
caused by the inherent spread of observed 
short-time intervals, it was decided to 
extend the range of observations over 
several values of stress in the neighbor- 
hood of the nominal maximum breakdown 
value. In this way breakdown stress— 


time curves are obtained with clearer 


pictures of the differences, if any, in the 
behavior of the two papers as the time 
of application of breakdown stress be- 
comes shorter and shorter. Consequently, 
breakdown tests were made on each paper 
impregnated with each oil, at three values 
of stress, with results as indicated in 
Figures 5 and 6, and with accompanying 
gS 


tion 
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ionization-time records. Table III gives 
the results of nine tests on D paper im- 
pregnated with the heavier oil. Table 
IV gives the average values for all tests 
on both papers and both oils. The 
curves of Figures 5 and 6 are plotted 
from the values in Table IV. 

The sequence of observations was as 
follows: On switch closure a stress of 100 
volts per mil was applied immediately, 
and then increased uniformly so as to 
reach the test value within two minutes. 
The ionization recorder was then cut in 
and its record followed, noting the condi- 
tion of the specimen as regards the volume 
of internal ionization, and the successive 
stages marking the approach to failure. 
Immediate approach to failure is indi- 
cated by a rapid rise of the ionization rec- 
ord in the third stage of the curve of 
Figure 3. Most of the tests were inter- 
rupted a few seconds before complete 
puncture to avoid burning and to obtain a 
“partial” failure, yielding a much clearer 
picture on subsequent dissection of the 
specimen. 

The curves of Figures 5 and 6 show 
that the influence of paper density re- 
ported in the earlier paper,* using a 
voltage step test, is confirmed by the 
present short-time tests, namely, break- 
down stress and life are lower for the 
denser paper. If the two curves for the - 
B paper are raised by 60 volts per mil to 
correct for its difference with the old B 
paper, the amount of the lowering is seen 
to be closely the same as in the earlier 
work. In the case of the 5314 oil the 
amount of lowering is practically the 
same for the lower stresses and longer 
times, becoming somewhat less as the test 
stress is raised. Using 5317 oil the 
amount of lowering is more or less uni- 
form at the value found in the earlier 
work, except perhaps for the highest 
stresses where there is some indication 
that the.curves may approach each other 
at still higher stresses. 
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POWER FACTOR 


The increase of power factor with in- 
creasing paper density noted in the earlier 
work is also found in the present tests. 
Of particular interest are the observations 
of power factor (measured at 300 volts per 
mil) before and during the course of the 
tests which show that the effects of fore- 
going ionization have little effect in in- 
creasing power factor until well into the 
neighborhood of failure. In one case in 
which the ionization stress was 600 volts 
per mil, the power factor over the range 
200 to 500 volts per mil was substantially 
constant at 0.0032; after 75 minutes at 
600 volts per mil and very copious ioniza- 
tion for 7.5 minutes and breakdown 
imminent, the power factor was found to 
be 0.0041. In another step-voltage test 
the power factor at 400 volts per mil was 
0.00449; after 28 hours at 482 volts per 
mil the value was 0.00430; after 39 hours 
at 529 volts per mil the value was 0.00510. 
The specimen failed at 529 volts per mil 
and 39.43 hours; a power factor reading 
was taken two minutes before failure, 
with value 0.00685. Thus even in the 
neighborhood of failure the value of power 
factor remains very low. The deterio- 
ration due to ionization in the approaching 
failure must be, confined to very small 
volumes of insulation and ionized gas. 


Post-MorTEM EXAMINATIONS 


In a foregoing paper‘ the results of the 
examinations of 117 cases of failure were 
reported, with very clear evidence that 
initial failure usually occurs in oil chan- 
nels or films. Similar evidence has been 
found in the post-mortem examinations of 
65 failures in the present work. Of 
special interest are 6 incipient failures, 
involving only one or two layers, and 

reaching neither electrode, or only show- 

_ing wax on paper edges of oil channels. 

In all these cases ionization as indicated 
on the recorder was well advanced before 
interruption of the test. 

The important facts about the failures 
are: 


_ (a). 


Of the 54 punctures reaching an elec- 


- trode, 88 per cent terminated in an oil chan- 


nel, 79 per cent of these at the central brass 
conductor, 


_ (0). 


Microscopic examination of many 


_ burned areas disclosed the presence of re- 


a 


movable carbonized oil particles on and 


_ among the paper fibers, with scorching of the 


- fibers only at the edge of the puncture. 


(c). In numerous cases examined by the 
‘magenta- -dye test, wax was always present 
at the puncture and particularly along the 
edges of the tapes in the region of the burn, 


yal where the outline of the channel of one layer 


ey 
a 


_ (d). The facts that 88 per cent of the fail- 
ures terminated in oil channels, that carbon- 
__ ized oil was deposited on the paper fibers, 
and that oil chatinels were often clearly out-— 
f: oes by wax on adjacent tapes come to the 
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_was clearly marked on an adjacent tape. 


’ The presence of wax in specimens where no 
_ tape burning was found is worthy of note. 


beginning of breakdown in the oil rather 
than in the paper fibers. 


Srress-LIFE CURVES 


When the average values of life for all 
combinations of paper and oil are plotted 
against the values of stress on logarithmic 
co-ordinates, the straight line of Figure 7 
results, indicating an inverse 12th-power 
stress-life variation in the range of 
stresses studied. 


The Mechanism of Breakdown 


The certainty that initial failure usually 
occurs in the oil channels greatly facili- 
tates the drawing of the picture of the 
mechanism of complete failure. The 
properties of insulating liquids, and 
especially of petroleum oils, have been 
widely studied and their behavior under 
various conditions of electric stress, pres- 
sure, and temperature, are well known. 
For our present purpose we need only in- 
voke three conspicuous properties of 
insulating oils, namely: 


1. Electrical conductivity and the d-c volt- 
ampere curve. 


2. Space charge accumulation and its in- 
fluence on potential gradient. 


8. The influence of pressure and of tem- 
perature. 


THE VOLT—AMPERE CURVES OF OILS 


There are illustrated in Figure 8 volt— 
ampere curves (a) for a high-grade insu- 
lating oil, (b) for the same oil carefully 
purified, and (c) the effect of successive 
redistillations in a closed system. Obvi- 
ously the regions of rapid current increase 
are due to secondary ionization in the oil, 
that is, a progressive liberation of more 
free liquid ions. In the purest states the 
curves are identical in shape with the 
corresponding curves for a gas (although 
the ranges of values are different), and as 
in gases so in liquids the upturn of the 


‘curve is due to ionization by collision of 


electrons with neutral atoms and mole- 
cules of the oil. Cable oils, especially 
after contact with the paper and copper, 
have rather the characteristics of type (a) 
than of types (b) and (c); unless redis- 


Table III. 


tilled and otherwise purified they rarely 
show the horizontal or ‘‘saturation”’ re- 
gion of the current-voltage curve. In 
purified oils ionization by collision and the 
rapid rise of current begins at a stress of 
from 250 to 300 volts per mil.* In less 
pure oils, the current curve begins to rise 
at even lower values of stress, due proba- 
bly to dissociation, or other type of ionic 
separation. Above the saturation region 
in the purest oils the current rises as an 
exponential function of the voltage. As 
an extreme example, in toluol with an in- 
crease in potential gradient from 300 to 
1,000 volts per mil the current increases 
20,000 times.8 In the less pure oil of type 
(a), ionization is well under way at 250 
volts per mil and the current has already a 
relatively high value and increases four 


times as the stress rises from 250 to 300 


volts per mil. 

The ions of the saturation region are 
most commonly due to residual dissoci- 
ated impurities. These are increased by 
contact with other materials, for example, 
paper and copperintheimpregnation proc- 
ess, thus accounting for a change of the 
oil to type (a). The upturn of the cur- 
rent curve is due to collision of electrons 
liberated.in the oil and at the electrodes, 
and moving with high velocities, with the 
neutral atoms and molecules of the oil, 
thereby causing a cumulative increase in 
the number of ions of both signs. 


SPACE CHARGES 


The accumulation of space charges near 
the electrodes in a gas at low pressure in 
which electrons are being liberated is 
well understood. A similar phenomenon 
takes place in a liquid under high electric 
stress. However, the mass of the liquid 
ion is so great and its specific velocity so 
small, that it appears more likely that the 
well- known accumulation of ions, and 
consequent high potential gradients at 
the electrodes of an insulating oil are due 
to clouds of ions surrounded by neutral 
molecules, and unable to escape to the 
electrodes. As the stress or temperature 
rises, more and more of these ions are 
liberated from the enveloping neutral 
molecules, with corresponding contribu- 
tions to the increase in current. 


D hits 5317 Oil 
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Under alternating stresses below say 
200 volts per mil, in the oil channels of 
impregnated paper, these space-charge 
layers oscillate back and forth with the 
frequency of the applied stress. At very 
low stress the amplitudes of oscillation are 
small, With increasing stress the ampli- 
tudes increase, until ultimately some of the 
ions reach the boundary of the channel. 
Motion is arrested, and space charges 
accumulate, with increase of potential 
gradient over the oil-paper interface. 
The velocities of ions in cable oils at 20 
to 30 degrees centigrade are of the order 
10—4 centimeter per second per volt per 
centimeter; at the stresses here in ques- 
tion the velocities are quite high enough 
to permit practically complete passage of 
the ions back and forth over the whole 
thickness of the channel, in one 60-cycle 
period. In the lower range of stress this 
oscillating motion of space charges causes 
the component of loss due to the oil and 
contributes to the measured values of 
capacitance and power factor as already 
described in earlier papers.4° The in- 
crease of stress at the surface of separa- 
tion of oil and paper is not yet high enough 
to cause breakdown of the oil. As the 
stress increases further the number of free 
ions in the oil increases rapidly, due to 
internal ionization. Thus, the volume of 
space charge increases and the local stress 
at the interface between oil and paper 
rises rapidly to values far above the over- 

nm all average measured values, and initial 
_gas formation and gaseous ionization 
occur, leading on to breakdown ina short 

time. 


PRESSURE AND TEMPERATURE 


Over a wide range of pressure above 
4} and below atmospheric value, the volt- 
ampere characteristic of the oil is not 
a affected in either position or shape. 
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but moves upward in exponential relation 
to the temperature increase. These rela- 
tions are in accord with the theory of 
secondary ionization in liquids. As re- 
lated to the present problem, it may be 
noted that in a certain cable oil under 
constant value of stress, an increase in the 
temperature from 15 to 83 degrees centi- 
grade causes the current to increase 40 
times, and for a temperature of 102 de- 
grees centigrade, 150 times. Increase of 
temperature decreases viscosity and in- 
creases ionic velocities and current. Up 
to about 50 degrees centigrade the prod- 
uct of conductivity and viscosity is 


approximately constant, indicating that © 


the “‘free-ion content’’ of the oil is con- 
stant.1! At higher temperatures further 
dissociation sets in with large increases 
in the number of free ions, current, and 
loss. 


IONIZATION, SPACE CHARGE, AND POWER 
FACTOR 


The normal power factor-stress curves® 
of Figure 9 may be explained somewhat 
as follows: The in-phase component of 
the current is due principally to the 
motion of ionic charges through the mass 
of the oil, and this motion causes an 
energy loss due to friction. The magni- 
tudes of current and loss are thus very 
sensitive to the number of ions present, 
to their specific velocities (mobilities), 
and to the applied stress. In the initial 
or low-stress regions of the curves the 
first stirrings of oscillatory motion of the 
sluggish ions begins. With increasing 
stress excursions are longer, more ions 
begin to move, and the ionic current in- 
creases faster than the capacitance- 
charging current; the power factor rises. 
With increase of temperature, the same 
sequence occurs, but the power factor 
rises more rapidly and to higher values 
due to the thermal increase in the number 
of dissociated ions. 

In the lower range of temperatures and 
for stresses between say 30 and 300 volts 
per mil the power factor—stress curves are 
flat. This is the region in which all of 
the liquid ions have been set in motion. 
Their excursions (with frictional loss) 
are unrestricted, and like the charging 
component of the current, are propor- 


tional to the stress; the power factor re- 
mains constant. These conditions obtain 
over the range 20 to 50 or 60 degrees 
centigrade, though the constant value of 
power factor increases with the tempera- 
ture owing to the increase in the number 
of free ions. 

With further increase of temperature 
the power factor maxima at low ‘stresses 
appear. The increasing maxima are due 
to the thermal increase in the number of 
dissociated free ions. But the increase of 
temperature also causes a decrease in 
viscosity; ionic mobilities increase, and 
with increasing stress ionic oscillations 
reach the paper barriers of the oil spaces. 
Thus ionic motion is restricted, the loss 
component of current no longer increases 
linearly with stress; the capacitance 
component maintains its linear increase; 
the power factor decreases with increasing 
stress. 

At stresses beyond say 300 volts per mil 
all these curves again enter regions of 
power factor increase at first gradual and 
then more rapid. This increase is caused 
by the rise in conductivity of the oil due 
to ionization by collision attendant upon 
the increase of stress. Ultimately these 
increases lead on to breakdown, space 
charge playing its part in increasing the 
internal oil stress as described above. 

Original differences in oil power factor 
are also reflected in the constant-power- 
factor values of the impregnated insula- 
tion; but a lower oil power factor does 
not necessarily lead to a higher break- 
down strength. Oil power factor is 
usually measured at low stress (say 25 
volts per mil), and is due to the original 
free ion content and conductance of the 
oil. In the higher range of stress toward 
breakdown, however, the conductance of 
the oil is enormously increased by sec- 
ondary ionization, rising to hundreds or 
even thousands of times the low. stress 
value. The original difference is negli- 
gible in the greatly increased values of 
each. Aside from certain inherent prop- 
erties of the oil itself, breakdown is 


largely dependent on space charge forma-_ 


tion, in its turn related to the total num- 
ber of mobile ions present. Comnse-— 


quently, it is not normal to find any 
correlation in oils between power factor 


‘and dielectric strength. 


BREAKDOWN 


In the light of the foregoing the process 


of failure in the insulation here studied is — 


readily explained as follows. 
The original state of the insulation com- 
prises thoroughly impregnated paper and 


completely filled oil channels, that, is, _ 
entire absence of visible gas pockets or 


bubbles. The type then is that of the 
best oil-filled cable insulation. 


Under increasing stress the first dis- 


turbance of the original condition is the 


liberation of small gas bubbles in the oil 


channels. This occurs when the crest 
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- copious ionization begins. 
tion of the time element in the preioniza- 


Figure 6. Variation of 
life and time to start 
ionization 
Papers B and D impreg- 
nated with oi1 5317 


1—Life 


9—Time to start ioniza- 
tion 


STRESS —RMS VOLTS PER MIL 


400 


500 
TIME — MINUTES 


value of the a-c stress wave reaches the 
breakdown (electron avalanche, or dis- 
ruptive spark) stress of the oil. The 
computed value of the stress in the oil 
channels at final failure of the specimen in 
the paper density studies is from 1,000 to 
1,500 volts per mil. The maximum dis- 
ruptive strength of the purest hydro- 
carbon liquids is about 3,000 volts per 
mil,’ that of a good cable oil substantially 
lower. The difference between these 
figures and those computed is to be found 
in the free ion content of the oil after im- 
pregnation, and, more important, in the 
consequent increase in stress near the 
paper surface by the ‘accumulation of 
space charges in each half cycle. 
Initial or crest gaseous ionization may 
not be detected at once on the recorder 
unless it occurs in a large number of 
places at the same initial critical stress. 
Nor does it necessarily result in a perma- 
nent gas bubble, if the stress rises no 
further. A minute gas bubble at the 
crest of the wave readily might be ab- 
sorbed by the oil in the following half 
_ cycle during which the stress is below the 
critical value. However, if even crest 
ionization is allowed to continue it will 
liberate at each recurrence more liquid 
ions, the volume of the bubble and its 
attendant gas discharge will increase, 
attack the paper, and finally lead on to 
failure; with corresponding indications on 
the ionization recorder. Evidence of 
these conditions is found in the examina- 
tion of several specimens removed from 
‘test at various stages of internal ioniza- 
tion. In these there was no gas forma- 
tion or other evidence of approaching 
failure except a slight odor of burnt oil. 
However, on oil extraction and magenta 
staining clear wax deposits were found in 
every case, usually along the paper edges. 
Some of the tests clearly indicate that 
for stresses as low as 400 volts per mil 
sufficient time will lead to the appearance 
of ionization and ultimately to break- 
down. Figures 5 and 6 show that a time 
- element is involved both before and after 
An explana- 


tion (recorder reading zero) period is 
offered in the foregoing paragraph. In 
the postionization period time is obvi- 
ously necessary for the gaseous discharge 
_ to burn its way through the adjacent 


_ paper tapes. Figure 3 gives a good idea 
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of the growth of ionization in the average 
case; from post-mortem examinations of 
a number of specimens it appears that the 
central constant values of these curves is 
maintained while the ionization discharge 
is working through from one to three 
layers of the 16 layer specimen; from 
then on the failure proceeds with a rush. 
Obviously, as the rapidly applied stress is 
increased the time interval before ioniza- 
tion becomes shorter and finally disap- 
pears (in this work at from 600 to 700 
volts per mil). Still further increase of 
stress reduces the time during which sus- 
tained ionization is evident. The short- 
est such time intervals observed in these 
tests were from three to nine minutes, at 
700 volts per mil. 


THE INFLUENCE OF PAPER DENSITY ON 
BREAKDOWN 


The decrease in breakdown strength 
with increasing paper density found in 
these and preceding tests clearly is due 
to the increase of stress shifted to the oil 
channels by the increase in the dielectric 
constant of the denser papers. This and 
other behavior in the matters of conduct- 
ance, capacitance, power factor, loss, and 
oil density have been explained in pre- 
ceding papers, with particular reliance on 
the variation of ionic content and space- 
charge phenomena in oils. 

The present tests, with increasing single 
values of stress rapidly applied and with 
failures occurring after intervals down to 
three minutes after the application of 
stress, show the same decrease in break- 
down stress with increasing paper density 
as found in the earlier voltage step tests, 
which ranged over life values from two to 
four days. No attempt was made to 
shorten the life further by stresses above 
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Figure 7. Life versus stress for four combina- | 
tions of oil and paper 


O—Paper B, oi] 5314 
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700 volts per mil. It should also be noted 
that for both oils, stresses for immediate 
ionization are more than 12 per cent 
higher for the lighter than for the heavier 
paper. 

As to tests of impulse type, that is, 
durations of stress of the order of micro- 
seconds, the time intervals requisite for 
ionization to begin and to increase dis- 
appear, and breakdown takes on the 
character of disruptive discharge or so- 
called pure electric breakdown. If the 
medium is uniform this type of break- 
down should occur at higher stress the 
denser the medium, as based on theory 
and confirmed by experiment. Cable 
insulation is not uniform, and the mecha- 
nism of failure pictured in these studies 
makes it a matter of progressive action 
first in the oil and then in the paper. 
Under impulse test the influence of time 
is practically excluded, and it may well be 
that the over-all density is the controlling 
factor. The results of Foust and Scott® 
give some support to this view; and as 
already noted Figure 6 suggests that for 
the heavier oil the curves for B and D 
paper may coincide or cross each other at 
still higher stresses. 

There remains the question of the ap- 
parent contradiction between these stud- 
ies and cable manufacturers’ informal re- 
ports that the use of high-density paper 
results in higher dielectric strength. A 
possible answer suggests itself as follows. 

If the comparison is that between a 
cable insulated completely with low- 
density paper and the same cable insu- 
lated completely with high-density paper, 
then the present studies indicate strongly 
that the former would have the higher di- 
electric strength in tests such as here re- 
ported, excepting possibly those of im- 
pulse types. However, if the cable- 
conductor insulation is made up in part 
with high-density paper next to the con- 
ductor, and in part with low-density 
paper outside, two conflicting conditions 
enter as follows: 


(a). The electric stress at the surface of the 
conductor. is reduced due to the increased 
capacitance of the inside-high density paper. 


(b). The ratio of the dielectric constants of 
the denser paper and of the oil is increased, 
and so tends to increase the stress in the oil 
channel, and thus offset the lowering of 
stress of condition (a). : 


Approximate analysis in terms of cable 
dimensions and dielectric constants leads 
to equations which show that under cer- 


tain conditions, for the same dimensions 


and the same value of applied voltage, 
the value of the oil stress in the channels 
of the inside high-density paper, may fall 
below that in the inside oil channels of the 
same specimen insulated throughout with 
low-density paper. Thus for a single 
conductor with cable insulation com- 
pounded of high- and low-density papers, 
a gain of dielectric strength up to 11 per 
cent over that of the low-density paper 
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Figure 8. Current—volt- 
age curves in insulating 
oils 
(a). Commercial insu- 
lating oils 

(6). Further purified 


(c). Successive distil- 
lations 
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alone is indicated, depending on the di- 
mensions and relative values of paper 
density and dielectric constants of paper 
and of oil. x 


Gas-FILLED CABLES 


It is interesting to ask whether these 
results have any bearing on the conditions 
in gas-filled cables. There being no free 
oil in the channels it appears that the 
mechanism of a short-time test failure 
may be of different type; space-charge 
and surface-layer effects are probably 
lower in- value and of less effect; the 
cumulative oil ionization leading to 
failures at lower stresses and longer times 
in oil-filled channels has no obvious 
counterpart in gas-filled insulation. On 
the other hand two important facts stand 
out: 


1. The ratio of values of stress in paper and 
oil noted are more than doubled for the 
paper and gas of the gas-filled cable. 


2. Local ionization in gas-filled insulation 
may not be reflected in an over-all measure- 
ment of power factor of even a short sample, 
and such local ionization once started must 
be a serious menace even to wax-covered 


paper. 


It would be interesting to know the values 
of stress at which local ionization, as dis- 
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tinct from that indicated by power-factor 
curves may first be detected in gas-filled 
insulation, and its rate of growth if any, 
as a factor in ultimate failure. 


Conclusions 


1. High-stress short-time constant-tem- 
perature tests of completely impregnated 
cable-paper insulation, approximating that 
in oil-filled cables, show that a higher- 
density paper has a lower breakdown 
strength. The results confirm those of 
earlier tests in which a step-voltage test over 
longer times was used. The behavior is 
much the same for both a light and a heavy 
oil. 

2. A method is described for detecting the 
first occurrence of gaseous ionization in 
impregnated-paper insulation and for taking 
a continuous record of its growth up to 
breakdown. Interruptions of the tests at 
various stages as revealed by the ionization 
recorder show that ionization and failure 
almost invariably begin in the oil channels 
of cable insulation, and that a time element 
enters in both preionization and subsequent 
ionization periods. 

3. Breakdown stress-time curves have 
been plotted for low- and high-density 
papers, each impregnated with a light anda 
heavy oil, for stresses between 700 and 500 
volts per mil, and corresponding time inter- 
vals between 3 minutes and 900 minutes. 
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Figure 9. Power factor versus stress at differ- 
ent temperatures 


A time variation as the inverse 12th power 
of the stress is suggested. 


4. The mechanism of breakdown and 
power-factor and capacitance variation as 
related to paper density are discussed and 
explained in terms of fundamental conduct- 
ance phenomena in insulating oils. 
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The Power-Distribution Problem 
in Arc Welding 


H. W. PIERCE 


NONMEMBER AIEE 


HE extent to which are welding has 

contributed to the shipbuilding pro- 
gram is well known. The consequent ex- 
pansion of welding in shipyards resulted 
in various problems: the training of 
operators, production of the materials 
used, and by no means least, the develop- 
ment of satisfactory power-distribution 
systems. , It is the intent of this paper to 
discuss briefly the general principles of 
power distribution for are welding and to 
illustrate the application of these prin- 
ciples in the provision of an adequate, 
flexible, and economical distribution sys- 
tem in a typical shipyard. Although 
many conditions in shipbuilding are pe- 
culiar to the industry, it is believed that 
similar reasoning can be applied to any 
metal-fabricating plant making use of 

_ are welding on a like scale. 


Background 


| Inthe period between World War I and 
World War II, the plant of the New 
York Shipbuilding Corporation consisted 

_ essentially of five large covered building 
ways, a wet slip, outfitting piers, and the 
usual shipyard fabricating and outfitting 
‘shops. The corporation had commenced 
building operations in 1900 and therefore 
had a background of long experience in 
riveted ships of all classes. Are welding 

_ was introduced in the yard prior to World 
War I on a very sirall scale; as late as 
1930 equipment for ttis work consisted 
of only a score of ind‘vidual d-c motor- 

' generator sets and one constant-potential 
_ multiple-operator set with half a dozen 
outlet panels. Power for most of the 
welding machines and other power appli- 

- cations was provided by a 2,300-volt 
_ distribution system supplying various sub- 


stations, transforming to 440-volt three- 


' phase 60-cycle power for the shipways 
and fabricating shops. Some use was 
_ made of d-c power distribution in the case 
~. of the latter. 
Applications of arc welding increased 
steadily from 1930 to 1939, particularly 
in the naval vessels then building, and the 


number of operators employed reached - 


a peak of 300. Power for these growing 


: Paper 45-48, racbinmended by the AIEE committee 


Seon electric welding for presentation at the AIEE. 


winter technical meeting, New York, N. Y., 
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operations was provided by moderate in- 
crease in the regular 440-volt distribu- 
tion system, and some addition of both 
single-operator and portable multiple- 
operator motor-generator sets. A-c drive 
was made standard, and the old d-c-drive 
sets were replaced. It became increas- 
ingly evident that further extension of 
welding in shipbuilding operations would 
require radical revision of the system of 
power distribution. 


Expansion 


The magnitude of the problem which 
had to be solved in connection with the in- 
crease of activity from 1939 on is best 
understood by reference to the records of 
employment and power consumption from 


Figure 1. Power and A B G 
man-load record, New MULTIPLY BY 
~ 100 1000 100 


York Shipbuilding Cor- 


: 320 10,200 234 
poration, 1939-44 
A—Total man-load 245 8,200 194 
B—Kilowatt-hours 
monthly 170 6,200 154 


C—Maximum demand 


D—Welding man-load 95 4,200 114 


20m crcOO. mma 


200 34 


that time to the present. The power con- 
sumption and demand curves shown in 
Figure 1 are, of course, for all power used 
in the yard, as it is not possible to sepa- 
rate that used for welding operations ex- 
cept in certain areas. Records at these 
points established the correlation between 
electrode consumption and power, and 


these, when applied to the yard asa whole, | 


indicate that at the peak in 1943 arc weld- 
ing accounted for at least 1,250,000 kilo- 
watt-hours per month. 

In 1939, moreover, the contracts under 
negotiation only partially indicated the 
requirements of the future, but it was 


realized that a basic plan of distribution | 


would have to be selected which would be 
highly flexible and which could be ex- 
panded as increased demands were placed 
uponit. Atno time during this expansion 
period was it possible to predict the weld- 
ing requirements with any degree of ac- 
curacy for more than the next 12 months. 


It should be noted also that at the outset 
of expansion shortages of critical materials 
had not yet developed. In the latter part 
of the program, availability of equipment 
and materials became one of the most im- 
portant factors, and time of delivery took 
precedence over first cost or economy in 
operation. Since these factors are inct- 
dent to war emergency, they will be 
pointed out in the following discussion 
where they dictated the choice of any de- 
tail. 


Principal Considerations 


Although it is not within the scope of 
this paper to discuss in detail the relative 
merits of types of welding equipment} a 
bare description of the distribution: sys- 
tem would be meaningless without the rea- 
sons which led to its selection. The prin- 
cipal questions which required answer be- 
fore the layout of any distribution system 
could be started were: 


1. Was direct or alternating current to be 
used for the arc? 


2. Was generation of d-c welding current 
to be accomplished with individual or mul- 
tiple-operator units? 


3. What was the maximum current and 
range of current to be supplied each opera- 
tor? 


4. What was the total power to be delivered 
to each specified area of operation? 


The first two items are highly contro- 
versial; furthermore, technological im- 
provements present a constantly changing 
picture. Decision can be made only on 
the basis of close examination of all fac- 
tors involved in a specific application. 


Primary Factors 


The selection of equipment and, there- 
fore, the determination of the main fea- 
tures of the distribution system rest with 
the following factors: , 


1. Position in which welding is done. 


2. Size and types of electrodes used. 


3. Average current eo per operator. 
} 
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4. Total number of operators. 


5. Area covered by welding operations; dis- 
tances involved. 


6. Space limitations. 

7. Cost of installation. 

8. Operating costs, including maintenance. 
9. Safety. 


Many of these factors are interdepend- 
ent: the size and type of electrode is 
partly dependent upon the position in 
which welding is to be done, and items 4 
and 5 taken together form a most impor- 
tant factor—the degree of concentration of 
force. 


General Conditions 


Shipyards and shipyard practices are 
not necessarily alike, depending on the 
size and type of ship built by any yard. 
In the case of New York Shipbuilding 
Corporation for the past five years, the 
output has been naval construction ex- 
clusively and almost entirely large com- 
batant vessels: cruisers, aircraft carriers, 
and battleships. Even under the pressure 
of wartime, such vessels require from ten 
months upwards on the ways and from 
four to eight months outfitting. Because 
of the complication of structure, the 
amount of shape, and rate of production, 
there is comparatively less opportunity 
for subdivision of the work, and, conse- 
quently, the necessity to do a high propor- 
tion of welding on the ways. The welding 
force increases with the steel erected, 
reaching a maximum at launching. It 
then drops to zero until the next keel is 
laid down, when the cycle starts over 
again. 

Following launching, the ship moves 
into the wet slip where heavy weights, 
such as turrets, are installed and finally to 
an outfitting pier for completion. The 
welding load drops only momentarily 
following launching and, as a rule, equals 
or frequently exceeds previous peaks dur- 
ing the outfitting .period, decreasing 
sharply as the delivery date approaches. 

Welding conditions in the shops are 
quite different from those in the wet slip, 
and there is considerable variation be- 
tween shops, depending upon functions. 
Insofar as welding operations are con- 
cerned, we deal principally with the plate 
and angle, boiler, copper, pipe, machine, 
and turret shops. The subassembly areas 
or slabs are quite similar to the plate- and 
angle-fabricating shop, in regard to weld- 
ing. 7 
Tn illustrating the application of factors 

which led to the choice of the distribution 

_ system, it is therefore convenient to deal 
with the ways, the outfitting piers, and 
the shops separately. . 
As previously noted, the entire system 


developed over a period of several years. 
The first step was the provision of ade- _ 

quate power on the five permanent and 
overed ways, the wet slip, piers then in 
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Figure 2. Sectional 

elevation of building 

ways, showing both 

covered and open 
types 
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use, and the shops. Subsequent expan- 
sion added five open temporary ways and 
required additional pier facilities. In the 
main, this expansion was an extension of 
the systems previously adopted, but some 
additional problems, notably availability 
of materials, were involved. 


Covered-Ways Equipment 


At the time the power system was de- 
veloped for this area, there was little 
choice in the type of power for welding. A 
large percentage of the welding must be 
done in the vertical and overhead posi- 
tions, and electrodes for alternating cur- 
rent, which would operate as easily and 
give comparable speeds and weld quality, 
were not available. Even now, with great 
improvement in a-c electrodes, the use of 
alternating current for ship work on the 
waysis debatable. It is necessary to have 
moderately long lines from the machine 
or panel to the work. This line lies on 
and across great masses of steel and leads 
through openings and hatchways, result- 
ing in large and variable inductive drops. 
Although alternating current has been 
used on the ways in a number of European 
shipyards, direct current is almost always 
used in the United States. 

The relative advantages and disad- 
vantages of the two methods of generating 
the d-c power, the single-operator or the 
constant-potential multiple-operator set, 
require more consideration. Both types 
were available, both had been in use in 
this yard, The peak load on one shift on 
one way was estimated at 120 production 
operators and 80 tackers, therefore, re- 
quiring some 200 welding machines or 


panels per ship during the last months on 


the ways. This represents a high concen- 
tration of force. Space in the way area is 
at a premium, even if the machines or 
panels could be located at ground level. 
The length of welding cable actually 
handled by each operator had been stand- 
ardized at 200 feet, made up of 100 feet 
of 2/0 cable attached to machine or panel, 
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and 100 feet of 1/0, permanently spliced. 
This represented a compromise between . 
minimum voltage drop and a length which 
would permit a reasonable working radius 
with minimum weight. Reference to a 
sketch showing a typical sectional eleva- 
tion of the ways, Figure 2, shows the 
necessity, even with a 200-foot lead, for 
keeping the current control as close to the 
ship and to the level of the top deck as 
possible. This may be done by locating 
the machines either on deck or in the 
staging. The former method is very un- 
satisfactory on ships with a number of 
decks or much subdivision, since all ma- 
chines have to be moved as additional steel 
is erected. Even when a group of ma- 
chines is nested in a cradle there is still 
interference and loss of valuable deck 
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Figure 3. Typical 12. \onn 
resistor-box group- 
ing of panels to pro- 8 a” 


vide 200 operators 
per ship 


space. The use of the staging space is ar vag 
far better solution. One or two vertical _ 


moves keeps the outlet close enough tothe 


top of structure yet is relatively independ- _ 
ent. of erection. Leads are very little | 
longer than when placed on deck anc 


there is no interference with cranes or ~ 


other services. Ter 
It is our usual practice to group ma- 


chines or outlets at stations along the — 
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Figure 4. Front view of stack of resistor 
panels for ship welding 


ship’s side, spacing these groups at inter- 
vals so that the effective working radii of 
leads overlap, thereby affording coverage 
for all jobs. Since the bulk of work is 
amidship, the grouping at these points is 
heavy and, in a typical case, takes the 
form shown in Figure 3. 

Most ship welding on the ways is done 
with electrodes of 3/;s-inch or less diame- 
ter, using less than 200 amperes, due to 
the fact that so much welding is done in 
either the vertical or overhead positions. 
' Tack welding requires much less, besides 
having an extremely low duty factor. 
There is, however, enough heavy deck and 
armor work requiring 300 to 400 am- 
peres per operator to demand some heavy 
equipment at all stations. Individual 
motor-generator sets are available in 
‘standard sizes from 100 to 600 amperes. 
Though 200-ampere units have been found 
satisfactory in some cases, the 24-hour 
operation under shipyard conditions has 
made it advisable to use 300-ampere units 
as a minimum together with a lesser num- 
ber of 400-ampere machines. As the work 
load is constantly shifting, it becomes a 
major problem to maintain a proper bal- 


ance of equipment. The weight of some 


20 to 30 such units requires special towers 
or staging units, and their movement is a 
major rigging operation. 

Considerable experience with constant- 
_ potential motor-generator sets in the past 
had established, to our satisfaction, the 
_ following points: 


nT 1,500-ampere constant-potential set 
would carry 15 operators and ten tack weld- 
ers on this type of work. 


2. Parallel operation of such machines in- 
-ereased the number of production operators 
; which could be carried to 120 when six units 
- were in parallel. 
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-ampere units. 


3. At these loads, interference was nil or 
negligible. 

4. Reactors were unnecessary to stabilize 
the welding circuit. 


This led the way to our own design of a 
very compact and lightweight resistor 
panel, providing 30 to 200 amperes, in 
steps of ten amperes, independently, for 
each of two operators. In jobs requiring 
more than 200 amperes, a paralleling 
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Figure 6. Plan of ways pe ae: location of 
substations 


A—Welding substation 
O—Underground manhole 
—-+-+—Duct system 

—-— 2,300-volt feeder 


switch could be closed, permitting only 


one welder to work but giving 60 to 400 
amperes. The total weight of this double- 
outlet panel is 180 pounds against 872 
pounds for two standard 200-ampere in- 
dividual units or 1,700 pounds for two 300- 
The double panel is de- 
signed for stacking as shown by Figures 4 
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Rear view of stack of resistor panels 
for ship welding 


Figure 5. 


and 5, and the total weight of a group of 
12 panels or 24 outlets is, therefore, only 
2,160 pounds. Due to this light weight, 
it is possible to place these stacks on 
ordinary staging, which means being able 
to place them in the most desirable loca- 
tion and to shift them easily as conditions 
change. 

These considerations alone would have 
lead to the adoption of the constant- 
potential system for way’s work. First 
cost was, as a matter of fact, lower for the 
entire system, and, from a safety stand- 
point, all portable cable and connections 
were thus handling 70 volts maximum in- 
stead of 440 volts. From a maintenance 
standpoint, oiling and upkeep of some 200 
small motor-generator units- would prove 
considerably more costly than would the 
six large units favorably located in a sub- 
station. A temporary-light station is 
placed adjacent to the substation, and the 
man in charge of temporary lights and 
service at that point is the operator of the 
welding substation, starting and cutting 
in machines as required. Since the panels: 
are of simple and rugged construction, 
they withstand misuse and rough Handing 
toa surprising degree. 

There was, in this case, no disadvantage 
in the fact that all machines must work 
on the same polarity. The electrodes 
used for medium-steel structure, as well 
as the chrome-nickel austenitic electrodes, 
all either were designed for d-c reverse 
polarity or operated satisfactorily on 
either polarity. 


Power Distribution on Covered 
Ways 


The estimated man load per shift per 
ship was 120 production welders aver- 
aging 180 amperes per arc with an esti- 
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mated operating time of 30 per cent, re- 
quiring, therefore, a capacity of approxi- 
mately 7,000 amperes per way. The 
largest standard motor-generator set 
available was the 1,500-ampere size rated 
at 1,200 amperes continuous or 1,500 am- 
peres for one hour. Six machines would, 
therefore, carry the estimated load. As 
previously stated, this had been checked 
by experience, and it was found that the 
60 to 80 tack welders required per ship 
per shift also could be carried without 
overloading, because of the extremely low 
operating time required in tacking. 
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Figure 7. Single-line diagram of a typical 
welding substation and distribution to operators 


F.C.T.B.—Full-capacity terminal bar 
S.C.—Similar circuits 


It is common practice to locate welding 
substations of this nature at the head of 
the ways. In this case, such space was 


not available, and, secondly, due to the 


length of the ways, it appeared highly de- 
sirable to locate the machines at approxi- 
mately mid-length to reduce line drop and 
the amount of copper required. Accord- 
ingly, six welding substations were in- 
stalled as shown in Figure 6. A single- 
line diagram of typical welding substation 
is shown in Figure 7. Under the covered 
ways, due to the column atrangements 
supporting the crane ways and roof, an 


area of 10 by 30 feet was available at each 
- location. 


On account of this small space a two 
level substation was designed, the upper 
level housing the switchgear and trans- 
formers, the lower level housing six con- 
stant-potential welding machines (Figure 
2). To co-operate with the manufacturer, 
it was decided to mount the control equip- 
ment for both motor and generator above 
the motor-generator set, all supported on 


a common base, thus shortening the set 
and giving a very compact unit. A 440- | 
volt driving motor was selected because 
of the use of 440-volt supply for miscel- 


laneous power in ship construction and 
also because control equipment would be 
much smaller and less expensive than 
with 2,300 volts. From the standpoint of 
portability, such sets then could be used 
throughout the yard. 

Synchronous motors on other power 
application had accomplished satisfactory 
correction of the yard power factor; there- 
fore, induction motors were chosen for 
welding, again resulting in lower cost. 
The final machine adopted consisted of a 
440-volt, 150-horsepower induction motor 
driving a 1,500-ampere 70-volt generator 
with an over-all length of 7!/: feet. This 
size permitted six machines to be located 
in the space assigned, giving a total ca- 
pacity of 9,000 amperes for one hour or 
7,200 amperes continuously, which was 
safely above the estimated load. A typical 
interior view is shown in Figure 8. 

The machine described made a com- 
pact portable unit permitting a ready 
transfer of machines between stations as 
the work load built up ona particular way, 
thereby eliminating the possibility of idle 
machines and greatly reducing the num- 
ber required. 

From the main substation, where 
switchgear with adequate short-time and 
interrupting capacities could be provided, 
a 2,300-volt cable was installed to each 


Interior lower level of typical six- 
machine substation 


Figure 8. 


welding substation, directly connected to 
a 750-kva bank of air-cooled transformers 
stepping down to 440 volts. Air-cooled 
rather than oil-cooled transformers were 
selected because of fire hazard adjacent to 
the ships under construction. Each motor 
circuit was connected to the 440-volt bus 
through air circuit breakers to the welder 
motor below. The generators are paral- 
leled through a ring bus with positive and 
negative feeders taken off at opposite ends 
of their respective rings. This places all 
units equidistant from point of take-off 
and insures equal distribution of load be- 
tween machines. This is of great impor- 
tance, when it is considered that the load 
reaches a maximum of 9,000 amperes, and, 
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in one station where ten machines are 
used, it reaches a maximum of 15,000 
amperes. From the positive bus four 
2,000,000-circular-mil feeders are con- 
nected through 2,000-ampere single-pole 
air circuit breakers, the feeders running 
parallel to the shipways. These feeders 
branch out, two in each direction, over- 
lapping at the midship area or in heavy- 
load center (see Figure 9). Connected to 
these feeders are 18 outlet boxes spaced 
along each side of the shipways to give 
flexibility and to shorten the portable 


Figure 9. Typical 
substation, feeder and, 


outlet-box —_arrange- 
ment 

A—Welding substa- 
tion 


E}y—Full - capacity 
negative terminal 
@—Outlet box 
©—Terminal bar 
——Positive feeder 
—— —Negative feeder 
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cables connected to the resistor boxes 
shown in Figures 3, 4, and 5. 

This-is the end of the permanent in- 
stallation. To these outlet boxes there are 
connected four portable cables which run 
to the ship where 12 200- to 400-ampere 
duplex resistor panels are connected sup- 
plying a total of 24 welders. 

Tack welders, who use small electrodes 
and comparatively low currents, could use — 
a much smaller panel. Special tacker’s 
panels are, in fact, in use im some yards. 
We have not adopted this for various rea- 
sons. It is common to have the heaviest 
tacking force on the day shift, working 
with other crafts in the erection and fitting 
of structure. Stcceeding shifts carry a _ 
higher proportion of welders who perform 
the production work. When tackers 
finish, their lines are left on the job, and 
are taken over by the welding operator, 
with consequent saving of time and effort. 
To conserve on the number of panel out- 
lets where an unusually large force of 
tackers is assigned to a shift, we have 
found it practicable to work two on a 


single outlet. The duty cycle is so low | 


that there is little interference between the _ 
two, even when they are not in the same 
vicinity or in direct communication. 
Particular attention is paid to the 
ground or return system. From the nega- — 
tive bus or ground return there are con- 
nected four 2,000,000-circular-mil cables. 
each terminating at four equidistant points 


| 
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_ considered for the covered ways. 
outfitting piers are long and narrow with 
_ gantry cranes spanning practically the 
entire width. Thus, very little space was 


along the shipways. At these points 
there are heavy copper terminal bars to 
which the hulls of the ships are well 
bonded with portable cables. In addition 
there is installed a full-capacity negative 
ground terminal connected directly to the 
generator bus located amidship, or in the 
heavy-load center, to which the ships’ 
hulls are connected with portable cables. 
These also are shown in Figure 7. In the 
early stages of ship construction the four 
feeders are necessary because various 
joints, seams, and so forth of the hull 
have not been completed, which offers a 
poor path for the return currents. As the 
ship nears completion the hull becomes a 
relatively good path for the return cur- 
rents, far better, in fact, than all the cables 
that could be installed in a practical and 
economical manner. As this condition is 
reached, cables are added between the 
full-capacity negative bus and the ship’s 
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TO MAIN SUBSTATION 
Figure 10. Welding substation and distribu- 
tion system on typical outfitting pier 

A—Welding substation 
O—Underground manhole 
O—Outlet box 
—-+—Duct system 
—— -Conduit system 


hull, ‘until practically all the return cur- 


rents are returning to the substation at 


this point. 


Outfitting Piers 


Insofar as the selection of welding 


equipment for the outfitting piers is con- 


cerned the factors are very similar to those 
The 


available between the crane rails and the 


. _ side of the pier for location of welding 
_ equipment. As on the ways, considera- 
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tion of space and weight requirements led 
to the adoption of the constant-potential 
system with, however, provision of suffi- 
cient power for a few individual-operator 
machines to cover any special job in the 
course of outfitting which might require a 
different polarity or special equipment. 

A welding substation was installed be- 
tween the crane tracks spanned by the 
gantry cranes. From the substation’s 
cable vault an underground-duct system 
was installed to outlet boxes located on 
each side above ground bétween the crane 
rails and the sides of the piers, as shown in 
Figure 10. These outlet boxes are con- 
nected to the underground manholes with 
metallic conduits running under the crane 
rails. The resistor boxes are stacked in 
groups on the decks of the ships and are 
connected by portable cables to the outlet 
boxes (see Figure 11). With this method 
no interference was experienced among the 
cranes, material handling, ship mooring 
cables, and the welding outlet boxes and 
cables. 

On the outfitting pier, where ships are 
moored one on each side after launching, 
an extremely heavy welding area was 
created. Based on an estimated man- 
load peak of 160 welders per ship with 
two large ships outfitting simultaneously, 
or 320 welders per shift, using 150 amperes 
per man with an operating time of 25 per 
cent, a capacity of 12,000 amperes was re- 
quired. : 

The same type and size of multiple- 
welding machines are used as on the ways 
for interchangeability between stations. 
A ten-machine station was installed hav- 
ing a total capacity of 15,000 amperes one 
hour or 12,000 amperes continuous. The 
one-hour rating takes care of all additional 
power required for tacking service. The 
ten welding generators were paralleled on 
a ting bus with the positive and negative 
cables taken off at opposite ends of their 
respective rings. From the positive ring 
ten 2,000,000-circular-mil insulated feeder 
cables were connected through ten 2,000- 


ampere single-pole air circuit breakers, | 


these cables running underground through 
the duct system to 20 outlet boxes (two 
boxes per cable). From the negative ring 
ten 2,000,000-circular-mil bare cables 
were installed, these cables running under- 
ground through the duct system to the 
same outlet boxes. This shipyard is lo- 
cated in a fresh-water area, and, with the 
ship well-bonded to heavy negative- 
ground return cables, no pitting of ships’ 
hulls due to electrolytic corrosion has been 
experienced. 


Shops ’ 


Welding conditions in most of the fab- 
ricating shops are very different from 
those discussed under ways and outfitting 
piers. The operators are either in rela- 
tively small groups or are widely distrib- 
uted over a considerable area, so that the 


concentration of force is low. More posi- 
\ 
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tioning for downhand welding is done, 
hence the average current used is much 
higher. Many shop operations require 
special electrodes, and more or less fre- 
quent changes in polarity are necessary. 
Space is usually ample for locating ma- 
chines, and, as work loads are uniform 
and steady, there is little occasion to move 
or transfer equipment. An individual ma- 
chine can, therefore, be selected which 
can be used to capacity and which is par- 
ticularly suited to the operation at that 
point, whereas the multiple-operator set 
is at a serious disadvantage. 

In many instances full advantage can 
be taken of a-c welding, particularly in 
the turret and boiler shops where heavy 
work in the downhand position predomi- 
nates. The shops therefore are equipped 
with individual units, either a-c or d-c 
motor-generator sets or transformer-type 
welders, as the work dictates. 

All units take power from the 440-volt 
three-phase 60-cycle shop feeders with 
fused outlet boxes and safety switches at 
all locations where welding is required. 
The transformer welders are necessarily 
single phase and are distributed equally 
over the three phases. Expansion of facili- 
ties was. handled by running new shop 
feeders, or reinforcing old ones. A num- 
ber of outlet boxes ample to cover antici- 
pated needs were provided, and, in those 
few cases where the load was underesti- 
mated or radically shifted, itwas compara- 
tively simple to modify the 440-volt feed- 
ers. 

The five temporary ways, which con- 
cluded the expansion problem, presented a 
similar electrical problem to that on the 
permanent covered ways, except that the 
former were intended for slightly smaller 
ships, and there was no overhead crane 
structure, as shown in left-hand side of 
Figure 2. These ways were built on the 
site previously occupied by two wide ways 
in World War I. This resulted in an ar- 
rangement permitting a very narrow space 
between pairs of ships and prevented in- 
stallation of machines or outlets between 
each ship. On the other hand, this close 


’ coupling permitted a ship to be serviced 


for welding entirely from one side, assum- 
ing adequate generating capacity. 

Three six-machine substations were, 
therefore, installed for the five ways 
(Figure 12), the compact design permit- 
ting the station to be located between the 
ship and the gantry space and actually - 
under the staging. Since length was not 
restricted, but height had to be kept down 
the machines, transformers, and switch- 
gear were all located on the same level 
with an underground-duct system branch- 
ing out from each substation to the vari- 
ous outlet boxe; located on both sides of 
the pairs of ways. All cables were run 
underground to the outlet boxes with port- 
able cables connecting these boxes to the 
resistor units located on the staging at the 
side of the ship. \ 

The estimated welding man-load pership : 
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per shift was 90 welders using 180 amperes 
per arc with an operating time of 30 per 
cent. This meant a peak load of approxi- 
mately 4,860 amperes. The fact that two 
adjacent ships would not be expected to 
be in the same construction stage at the 
same time allowed sufficient margin 
whereby two ships could be supplied from 
a six-machine station. This condition 
proved satisfactory, until a ship was held 
up due to change in design. This caused 
a welding peak to develop beyond the 
capacity of the substations. 

Normally, an additional substation 
would have been installed on the open side 
of the fifth ship to supply the additional 
welding capacity. As it was impossible 
to obtain either the large constant-poten- 
tial motor-generator sets or the trans- 
formers and switchgear in time, it was 
necessary to use items on hand. Eighty 
200-ampere. individual motor-generator 
sets were found to be immediately avail- 
able; accordingly, five towers were in- 
stalled on the side of the ship way and 
five 440-volt circuits were run, one to 
each tower, from existing 440-volt outlets 
in the vicinity. These also are shown on 
Figure 12. Sixteen welding machines were 
located on a platform on each tower per- 
mitting the 16 machines to be lifted as a 
unit as erection progressed on the ship. 
See Figure 13. A standard: welder’s lead 


was run from each machine to the working 


locations on the ship. The negative or 
ground-return cables were connected to a 
heavy bus bar which was mounted on each 
tower and bonded to the hull of the ship. 
It is interesting to note that the system 


used at this particular way was one of the 


alternatives considered and discarded in 
deciding the principal power-distribution 


system for welding on the ways. Experi- 
ence with the system wholly justified the 
‘original decision where time of delivery — 


ok 


Figure 11 (left). 

View of power- 

distribution outlets 

on pier with weld- 

ing resistor panels 
on ship 


Figure 13 (right). 


Arrangement of 
single - operator 
welding machines 


for shipways use 
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Figure 12. Plan of open ways showing 
location of substations and distribution system 


—Welding substation 

o —Underground manhole 

O—-++—Duct system 

~- -Conduit system 

Tower for _ single-operator 
welding sets 


or a lack of critical materials did not 
apply. Although some of the difficulties 
encountered were due to the fact that 200- 
ampere machines rather than 300-ampere 
machines had to be used, the lack of flexi- 
bility and portability in this emergency 
setup was keenly felt. Both operators and 
supervisors in welding, as well as other 
departments affected, are in unanimous 
agreement on this point. 


Incidental Power 


In conclusion, there remain substantial 
power demands for items incidental to, 


’ but not included in the foregoing discus- 
sion of welding power. Electric arc weld- 


ing releases various fumes and gases, 
which have been proved low in toxicity 
but which are irritating and, like all metal 
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fumes and smoke, dangerous, if inhaled in 
concentrations easily reached in confined 
spaces in ship’s compartments and tanks. 
Removal of these fumes and the provi- 
sion for a supply of fresh air, therefore, 
are problems of welding and another 
problem for the plant electrical engineer. 

Use is made of two principal types of 
ventilating equipment at the New York 
Shipbuilding Corporation: 


(a). A .two-horsepower individual ex- 
hauster, handled by the welding operator 
and taking the fumes directly from the arc, 
designed for use on the 240-volt 180-cycle 
system provided primarily for drilling and 
reaming operations aboard ship and in the 
shops. 


(b). Fifteen-horsepower exhausters with 
multiple 4-inch suction lines which can be 


_led to various working locations, exhausting 


fumes outside the ship. 


These operate from the 440-volt, three- 
phase 60-cycle system provided for gen- 
eral power. The extent to which ventilat- 
ing apparatus for welding increases the 
power requirements can be appreciated, 
when it is compared to the power actually 
consumed in welding operations. De- 
pending upon the degree to which the ship 
has been closed in, the concentration of 
work, and many other factors, from one- 
third to one-half as much power may be 
used in ventilation as in actual welding. 
The use of welding in fabricating ex-. 
tremely heavy sections as in stern posts, 
rudder crossheads, and in joining high 
tensile and ballistic steels with moderate 


- to high hardenability, has added the neces- 


sity of extensive preheating. Though 
this can be accomplished in some instances _ 
in a furnace, as by gas or oil torch, electric — 
preheating is by far the most satisfactory 
form for most applications, Both induc- 
tion and resistance types are in use, but 
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Induction Heating of Moving 
Magnetic Strip 


R. M. BAKER 
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Synopsis: The general problem of heating 
iron or steel strip by induction is analyzed to 
atrive at equations for power-factor effi- 
ciency and density of heating under all con- 
ditions. Certain general curves are shown 
to illustrate the limitations of strip thick- 
ness, frequency, and density of heating. 


ANY engineers are already familiar 
with the application of radio-fre- 
quency power to the brightening of elec- 


trolytic tin plate in continuous-line pro- / 


duction. In this process, induction heat- 
ing raises the temperature of the iron 
strip to the melting point of tin, causing 
the tin surface to melt and flow into a 
uniform tightly adhering layer while the 
strip is traveling at speeds up to 1,000 
feet per minute or more. This applica- 
tion required the use of vacuum-tube os- 
cillator equipment (frequency about 200 
kilocycles) because of the thinness of 
strip to be heated: (0.007 inch to 0.014 
inch approximately). There are, how- 
ever, many possible applications of induc- 


tion heating to thicker iron or steel strip, ° 


which may be accomplished by rotating 
machines (inductor alternators) having 
an upper practical frequency of about 
10,000 cycles per second (9,600 cycles 
standard). This paper is written to show 
when and how iron strip may be heated 
at machine frequencies (9,600 cycles) and 
to show when it is necessary to use higher 
frequencies supplied by industrial vac- 
uum-tube oscillators or generators. 

There is practically no limitation on 
the thickness of strip which can be 
heated by induction, but, since a con- 


Paper 45-80, recommended by the AIEE committee 
on industrial power applications for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945. Manuscript sub- 
mitted November 25, 1944; made available for 
-printing December 26, 1944. 


R. M. Baker is section engineer in the electro- 
physics department of the research laboratories of 
the Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa. 


tinuous-line process is considered, the 
most likely thickness range is from 
0.003 inch to 0.032 inch. Strip widths 
up to four or five feet can be satisfac- 
torily handled. 

This treatment is limited to iron or 
steel strip which is ferromagnetic. Para- 
magnetic materials like copper, alumi- 
num, brass, and such cannot be heated 


satisfactorily by the usual process of in-— 


duction heating. Iron and steel lose their 
ferromagnetism between 700 and 800 de- 
grees centigrade and cannot be heated 
economically above this temperature. 


INDUCTION- 
HEATING 
COILS 
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Figure 1. 
tion heating of continuous moving strip 


Simplified arrangement for induc- 


‘A much simplified handling and heat- 
ing equipment is shown in Figure 1. 
The heating coils usually are wound in a 
single layer from hollow copper tubing 
about one-half-inch outside diameter 
and with the turns spaced one-eighth 
inch to one-half inch, depending on the 
frequency and the job to be done. The 
turns make complete loops around the 
strip and conform to the strip as closely 
as electrical and mechanical considera- 
tions permit. The coil may be made in 
several sections as indicated and extend 
from one foot to ten or more feet along the 


preference here is toward the resistance 
method, using strip heaters attached to 
the work. Aboard ship the 440-volt power 
is stepped down to 115-volts through 
_ 371/2-kva portable air-cooled transformers 
for ship-lighting circuits. Preheating 
makes use of this power, the strip heaters 
being connected up in very much the same 
manner as temporary lighting. 
_ In the heavy fabricating shops, where 
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preheating is an even heavier load, use 
was made of existing 230-volt d-c power 
feeders no longer needed for power tools, 
which had been converted in the course of 
several years, toa-c. Had such d-c power 
and shop feeders not been available, pre- 
heating in these shops would have been 
handled as aboard ship and would have 
required further reinforcement of the 440- 
volt shop feeders. 
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strip. Suitable support and insulation 
must, of course, be supplied. 

Figure 2 shows typical circuits for feed- 
ing power to the work coil; circuit @ 
using a vacuum-tube generator (200 kilo- 
cycles or higher) and circuit b using an 
inductor-type alternator (3,000 to 9,600 
cycles). 


Nomenclature 


W,»=total watts required or induced in 
strip 

N=strip speed (feet per minute) 

c=specific heat — 
A,=area of strip cross section (square 
centimeters) 
@=temperature rise of strip. (degrees 
centigrade) 

1,=length of coil (centimeters) 

p=effective magnetic permeability of 
strip 

H=peak magnetizing force (oersteds) 

f=frequency (cycles per second) 

t=strip thickness (centimeters) 

K =a parameter (see equation 3) 

p=electrical resistivity of strip (ohm 
centimeters) _ 
G(Kt).=a function of Kt (Figures 3 and 5) 

W =watts per cubic centimeter in strip 

K,=a constant (see equation 5) 

B=flux density corresponding to mag- 
netizing force, H; for H greater 
than 60, B=18,000 gauss — 

I=coil current (rms) amperes 

V =coil voltage (rms) volts 

n=turns per centimeter in coil 

W,.=copper loss in coil (watts) 

b,= width of coil (centimeters) 

b,= width of strip (centimeters) 

h.-=smaller dimension of coil opening 
(centimeters) 

K,=voltage factor of coil 
(VI)¢ =coil volt-amperes due to flux in the 
air 
(VI);=coil volt-amperes due to flux in the 
iron 

és=depth of flux penetration (centi- 

meters) 
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Figure 2. Electric circuits for induction 
heating of moving strip — 
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Power Required to Heat Moving 
Strip 


The power required to heat strip de- 
pends on the weight of strip passed 
through the coil in unit time, its specific 
heat, and the temperature rise desired. 
It is expressed conveniently as 


Ww=16.6 NcA;0@ watts (1) 


where 


N=strip speed (feet per minute) 
c=specific heat 
A;=cross section of strip (square centi- 
meters) 
@=temperature rise (degrees centigrade) 


The equation for the watts per cubic 
centimeter which must be generated in 
the strip for a given speed and tempera- 
ture rise is 


16.6.6 : : 
= i watts per cubic centimeter 


c 
1,=length of coil (centimeters) 


(2) 


Power Generated in Strip 


Because of the complications intro- 
duced by magnetic saturation, the mathe- 
matical problem of calculating the power 


Figure 3. Strip heating by induction G(kt) 
versus (kt) 
; _, watts 
W=*/s wHfG(kt)10 ; (em)? 
: 
ye An ub o-3 
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For large values of kt, G(kt)=—- 


input to a magnetic strip by a certain 
magnetizing force and frequency never 
has been accurately solved. The prob- 
lem has been solved mathematically on 
the assumption that the permeability (1) 


_ is constant in the strip and depends only 


on the peak magnetizing force at the sur- 


face. This solution gives 

We 1/spHfG(Kt) 10-7 watts per cubic 
centimeter (3) 

where > 


B= nate permeates) 
H =peak magnetizing force at the surface 
of the pe foots): Ae 
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Figure 4. Schematic arrangement for meas- 
uring power input to strip 


f=frequency (cycles per second) 


_ , [Aw®2ufl0-9 
p 


t=thickness of strip (centimeters) 
p=electrical resistivity of strip (ohm 
centimeters) 


~ G(Kt) =a function of Ki, favoiving hyper- 


bolic functions and plotted for con- 
venient use in Figure 3 


It can be shown for the nonferrous met- 
als (u=1) that 1/K is equal to the effec- 
tive depth of current penetration. The 
same is approximately true for the ferro- 
magnetic metals (iron and steel) below the 
Curie point (750 degrees centigrade), if 
(u) is given the proper value. 

For large values of Kt, corresponding 
to small depths of eutrent penetration in 
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Figure 5. Experimental curve G(kt) 


Summary of data for all strip thicknesses and 
_ all frequencies of tin plate 


0.0095 inch—193 kilocycles 

0.007 inch—77 kilocycles, 193 kilocycles 

0.003 inch—77 kilocycles, 168 kilocycles, 
300 kilocycles — 

0.00115 inch—88 kilocycles, 300 kilocycles, 

3 490 kilocycles 

= 6 kilocycles—0.32 inch, 0.028 inch, 0.005 

inch, 0.007 inch 


peer cuacn Heating of Moving Sirip 


Table I. Power Factor and Efficiency at 
9,600 Cycles 
Five-Foot Active Coil Length 
Strip Coil Per Cent 
Thickness, Power Coil Over-All 
Centimeters Factor Efficiency Efficiency 
0.02. aerate 
0.04. 0.03 .44 33 
0.08. 0.14 - 89 66 


the strip, the function G(Kt) becomes 
equal to 1/2K¢é, and equation 3 for values 
of Kt > 3 may be written 


ae 4 
i Geeleetee Rem H?/ufp 


watts per cubic centimeter 


(4) 


If it be assumed that the effective or 
proper value of permeability to substitute 
in equations 3 and 4 bears a constant 
ratio to the peak permeability (B/H) 
at the surface of the strip, it may be 
written 


and substituting in equation 4 gives 


AG C10 ps ee 
W= Ga iY Rab HY 


watts per cubic centimeter 


(5) 


The equation was first tested by the 
writer in this form and was found to 
agree well with experimental measure- 
ments on tin plate 0.010 inch thick in- 
duction heated with frequencies of sev- 
eral hundred kilocycles (large Kt values), 
when the constant K; was given the value 
1.8. Thus, for this condition it is found 
that the effective value of permeability 
to be substituted in the power equation 
is 1.8 times (B/H), the permeability at 
the surface of the strip corresponding to 
the peak magnetizing force, H. 


It was only natural to question whether 
or not this value of » determined at high ~ 


Kt values could be used ‘satisfactorily 
in equation 3 with the curve of Figure 3 
to calculate power input at low K¢é values. 
To check this a series of tests was made 
using magnetic strip (tin-plate stock) 
ranging in thickness from 0.00115 inch 
to 0.032 inch and frequencies ranging 
from 9.6 kilocycles to 490 kilocycles. 
These tests are described later. 


Experimental Check of Equation 3 


Although induction heating is often 
applied to strip 36 inches or more wide, it 


‘was decided in view of the large number 


of measurements necessary to use for the 
test a section of strip 1.25 centimeters 
wide by 45 centimeters long, supported 
in a glass tube (two-centimeters inside di- 
ameter) as shown in Figure 4. The coil 
to carry the high-frequency current and 
produce the desired heating was five cen- 
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Figure 6. Power generated in 0.0095-inch- 
thick tin plate with various coil lengths 


Frequency —196 kilocycles 
Coil lengths: 


o—39.3 centimeters 
x—29.5 centimeters 
A—90.8 centimeters 
O—12.0 centimeters 
v— 4.8 centimeters 


timeters in diameter and 39 centimeters 
long. It was wound with 61 turns of */16- 
inch outside diameter hollow copper tub- 
ing and was water-cooled. The power 
input to the strip was determined from 
the rate of flow of water through the glass 
tube and its temperature rise. The tem- 
perature of the strip, which in most tests 
was near or slightly above the boiling 
point of water, was measured with a 
thermocouple. 


Calculation of Data 


In order to correlate the experimental 
results of many tests it was decided to 
assume that the form of equation 3 was 
correct as written. with the possible ex- 
ception that the G(K?) function of equa- 
tion 3 might not agree with the theoreti- 
cal curve of Figure 3 at low values of K?. 
Solving equation 3 for this function gives 
G(K) _2W10! 

2 \ pif 

By determining W by measurement, 
calculating H from the current and coil 
dimensions, evaluating w=1.8 (B/H), 
and inserting the value of measured fre- 


(6) 


° 
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Figure 7. Power generated in 0.007-inch- 


.* \ «* 
va 


thick tin plate at various frequencies | 
A—335 kilocycles 


,  B—193 kilocycles 
C— 77 kilocycles 


100 120 140 160 


quency, one can calculate the value of 
G(Kt) which makes equation 3 agree with 
the measured power input in any test. 
In this way an experimental curve for 
G(Kt) was determined and is shown 
in Figure 5. It is seen that this curve 
agrees well with the theoretical curve of 
Figure 3 except in the region of low Kt 
values. Thus, it is shown that one may 
use equation 3 to calculate power input 
for any value of Kt, but the experimental 
curve of Figure 5 instead of the theoreti- 
cal curve of Figure 3 should be used to 
evaluate: G(K?). 


Evaluation of B and H 


B is the flux density in gauss corre- 
sponding to the peak magnetizing force 
H and is taken from the magnetization 
curve of the material to be heated. Usu- 
ally in induction heating it is necessary to 
make H greater than 60 to obtain the de- 
sired power input so that B may be given 
a constant (near saturation) value of 
18,000. 


WATTS PER CUBIC CENTIMETER 


fo) 200 
MAGNETIZING FORCE (H) 


400 600 800 


Induction heating of iron strip, 
9,600 cycles 


A—0.028 inch thick . 
B—0.014 inch thick 
C—0.032 inch thick 
D—0:007 inch thick 


Figure 8. 


The magnetizing force was calculated 
in all cases from the equation, 


H=0.4r +/2nI oersteds 


n=turns per centimeter in coil 
J =rms amperes in coil (7) 


This equation is accurate only when the 
coil is long in comparison to its diameter 
or minimum cross-section dimension. 


Experimental Curves of Power Input 


The ranges of strip thickness and fre- 


quency used in obtaining the composite | 


curve of Figure 5 is illustrated by the 
curves of Figures 6 to 13 inclusive. 

The curves of Figure 6 show the effect 
of coil length and indicate simply that 
for short coils, the value of H is not cal- 
culated accurately by equation 7. 
seen that the error is negligible for coil 
lengths greater than 20 centimeters, and 
all subsequent tests were, made with a 
coil length of 29 centimeters (46 turns). 
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The curves of Figure 7 show the effect 
of varying H and frequency. The fre- 
quency, strip thickness, and H in these 
curves correspond to large Kt values, and, 
as indicated by equation 5, the power 
input, W, increases with the */2 power of 
H. Recent tests with a single-turn coil 
heating iron pipe indicate this law to be 
valid for values of H as great as 1,000. 

Figure 8 shows that the shape of the 
power curves is quite different for thin 
strip and lower frequencies (low Kt 
values). 

Figures 9 to 13 inclusive show experi- 
ment points determined on the G(Kt) 
curve for various strip thicknesses and 
frequencies. In each case the theoretical 
curve is shown dotted for comparison with 
the experimental points. Most of the 
points were calculated from measure- 
ments for which H was greater than 60. 
Where points were taken from tests in 
which H was less than 60, the points are 
marked with a number corresponding to 
the H value. In general these points do 
not correlate as well as points taken at 
higher values of H. 


Limitation of Power Input to Strip 


The curves of Figure 14 show the 
power input to strips of various thick- 
nesses calculated from equation 3, and 
the experimental curve of Figure 5. 


- These curves are plotted in terms of W’, 


the watts per square centimeter of strip 
(W'=tW). As long as the depth of cur- 
rent penetration (1/K) is less than about 
one third the strip thickness (Kt>8), the 
current in each face of the strip is equal 
to the ampere turns of the coil and the 
power input at constant frequency 
(9,600 cycles) increases as the */. power 
of H. This condition is maintained for 
the 0.16-centimeter-thick strip even up 
to the highest values of H indicated. 
When the depth of current penetration be- 
comes greater, due to increasing H, 
than one third the strip thickness, Ki < 3, 
the currents on the two sides of the strip 
begin to counteract, and the power input 
goes up less rapidly than the */. power of 
H, This is illustrated by the curve for 
the 0.08-centimeter-thick strip, which be- 
gins to drop off at H=400. The curves — 
for the 0.04-centimeter-thick and 0.02- 


(kt) 


Figure 9. . Experimental velite® G(kt). 0.0095- 
inch-thick tin plate 


Frequency 193 hilocyetes 
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centimeter-thick strips drop off at much 
lower values of H. In fact the curve for 
the 0.02-centimeter-thick strip shows 
very little increase in power input above 
H=500. The copper loss and reactive 
volt-amperes of the coil increase approxi- 
mately with the square of H so that, as 
the power curve begins to flatten, the 
power factor and efficiency of the induc- 
tion-heating coil become very low. Thus 
it is evident that there is a definite prac- 
tical limit to the power which may be put 
into a strip of given thickness at any fre- 
quency. If the frequency be increased, 


Table Il. 


Power Factor and Efficiency at 


9,600 Cycles 
Ten-Foot Active Coil Length 


Strip Coil Per Cent 
Thickness, Power Coil Over-All 
Centimeters Factor Efficiency Efficiency 
0.02. ce ataees 
0.04.. 0.08... 81 win 59.5 
0.08. 0.23. 95 Sey LL) 


- this limiting value of power is, of course, 


increased. This is described in more de- 
tail in the next section. 


Power Factor and Efficiency 


The power factor of the induction- 
heating coil is given by the equation 


Wot W, 


Pfi= 
VI 


(8) 


where 


W.,=total power 
(watts) 
W,.=total copper loss in the coil (watts) 

V=coil voltage (rms volts) 
I=coil current (rms amperes) 


induced in the strip 


The coil eegercy is given by the equa- 
tion 


WX 100 


- Coil efficiency = ———— (9) 


Wut We 


To determine the value of the factors 
entering into these equations consider a 
coil arrangement as shown in Figure 15. 


1, =length of coil (centimeters) 

b,=width of coil (centimeters) 

b,=width of strip (centimeters) 

h,-=smaller dimension of coil opening (centi- 
meters) © 


t=strip thickness (centimeters) 


From equation 3 the she power into 
the strip is 


Wy= =1/aubTflbG(K!) 10-1 watts 


». Or if His greater than 60 one Male sub- 
stitute 


(10) 


in equation 10 to obtain 


W.»= 1.62 X10-*fHil.bsG(Kt) watts (11) 


It is shown in Appendix I that the copper 
loss in the coil will be approximately 


W,=2.31X 10-1 1,b,H? ~/f watts (12) 


It is also shown that the volt-amperes in 
the empty coil (no strip) are given by the 
equation, 


(V1)q=2.5K ,fH*hJ.b.X 10-8 volt-amperes 
(13) 
where 


Ky,=inductance factor of coil 


The total volt-amperes of the coil is 
made up of two components: the volt- 
amperes(VJ)due to air flux and (VJ); due 
to fluxintheiron. This latter is the most 
difficult'and uncertain factor to evaluate, 
but luckily its value usually will repre- 
sent a small part of the total volt-amperes 
of the coil. The writer has chosen to cal- 
culate (VI); by a method suggested by 
Rosenberg’s work? on eddy-current heat- 
ing. Although the assumptions made 
by Rosenberg seem very crude, they 
produce a power equation almost identi- 
cal with equation 5 of this paper when 
K,=18. 

It is assumed that the flux density 
penetrates from each surface of the strip 
at the constant value, B, to a depth (3y) 
at which point it suddenly drops to zero. 


Figure 10. Experimental values G(kt). 0.007- 
- inch-thick tin plate 


o—77 kilocycles 
x—1.93 kilocycles 


Figure 11. Eepesimental see G(kt). 0.003- 
inch-thick tin plate 


OWE kilocycles — 
x—168 kilocycles — 
O—130 kilocycles 
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12. Experimental 
0.00115-inch-thick tin plate 


Figure values 


o— 88 kilocycles 
x—300 kilocycles 
A—490 kilocycles 


This depth of flux penetration is given by 
the equation, 


57= 5,040 Vi centimeters (14) 
> Bf 


It is also assumed that the total flux 
varies sinusoidally in time and is in 
phase with the magnetizing force at the 
surface of the strip. 

On these assumptions Appendix II 
shows that for the condition 6, < ¢/2 
volt-amperes in the coil due to flux in the 
iron is given by 


(VI) ;=5HfB5;b JX 10-8 volt-amperes (15) 


If 5, be greater than ¢/2, equation 15 may 
still be used, but 5, must be replaced by 
i/2. That is, the flux in the strip can- 
not increase more after the depth of flux 
penetration becomes equal to one half 
the strip thickness. For convenient 
reference the depth of flux penetration 
is plotted as a curve in Figure 16. 
Because the primary resistance drop 
in the ‘coil is negligible and because of 
the way (VI )shas been obtained, the total 
volt-amperes in the coil is represented by 


VI=(VD)at (V1) (16) 


and one has all the factors necessary to 
calculate power factor and efficiency 
from equations 8 and 9. 


Typical Curves of Power Factor and — 
Efficiency at 9,600 Cycles 


If it be assumed that the strip and coil 
are of equal width (a, condition which only 
can be approached in practice) one may 
calculate Wy, W,, and VI per square 


Power Factor and Efficiency at 
200 Kilocycles 


Five-Foot Active Coil Length 


oro 


Table Ill. 


Strip Coil Per Cent 
Thickness, Power Coil Over-all 
Centimeters _-_ Factor Efficiency Efficiency 
ONO2 reels ONL Bsre aisle \OSstsitie a HemetOe 
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centimeter of strip and using equations 8 
and 9 obtain general curves of power 
factor and efficiency. This was done 
for the following set of conditions: 


f=9,600 cycles per second 
p=22X10-* ohm centimeters 
K,=0.7 (equation 12) 
B=18,000 
h,=7.5 centimeters 


The resulting, equations obtained from 
equations 11, 12, 18, and 15 and based 
on one square centimeter of strip are 


W,=0.226 X10-4H? (17) 
W = 15.5HtG(Kt) (18) 
(VI) g=12.6X10-4H? | (19) 
(VI) ,=8.62H5, (20) 


From these equations and equation 8, 
values of power factor were calculated and 
plotted in Figures 17 and 18. Coil effi- 
ciency was calculated from these equa- 
tions and equation 9 and is plotted as 
curves in Figure 19. These curves indi- 
cate in a general way what power density, 
power factor, and coil efficiency can be 
obtained at 9,600 cycles when heating 
strips of various thicknesses. 

Consider now the possibility of using 
9,600-cycle power to brighten tin plate. 
This now is being accomplished with 200- 
kilocycle power under the following con- 
ditions: 


N=1,000 feet per minute 
p=22X10-* ohm centimeters 
c=0.12 _ 
1, =152 centimeters (five feet) 
t=0.018 centimeters to 0.03 centimeters 
@=250 degrees centigrade 


By substitution in equation 2 it is found 
that the power density necessary is 3,300 
watts per cubic centimeter of strip. 
Values of power factor and efficiency 
obtainable with this input, taken from 
the curves of Figures 18 and 19, are listed 
in Table I. The over-all efficiency is cal- 
culated assuming an efficiency of 75 per 


OSes 
~S CURVE 


(kt) 
Figure 13. Experimental values of G(kt) for 
tin plate of various thicknesses 
Frequency—9.6 kilocycles 


o—0.032 inch thick 
x—0.028 inch thick 
O—0.014 inch thick 
A—0.007 inch thick 
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cent for the motor-generator set. No 
values are shown for the 0.02-centimeter- 
thick strip, because it appears impossible 
to put the necessary power into this 
strip under any condition. Even for 
the 0.04-centimeter-thick strip, which is 
thicker than most tin-plate stock, the 
efficiency and power factor are still too 
low to be practical. The 0.08-centimeter- 
thick strip could, however, be heated 
quite satisfactorily. 

In any case capacitors will be con- 
nected in parallel with the coil or in a 
series—parallel arrangement, as shown in 
Figure 2, to bring the power factor at the 
terminals of the generator essentially to 
100 per cent. © 

Conditions could be improved some- 
what by making the active length of coil 
twice as long (ten feet), as shown in 
Table II. It is still impractical to heat 
the 0.02-centimeter-thick strip although 
the 0.04-centimeter-thick strip can be 
heated with this longer coil at an effi- 
ciency comparable to that obtained with 
the present 200-kilocycle tin-brightening 
line. 

Since most tin-plate production is for 
a-strip thickness of about 0.025 centi- 
meters, it is easy to see why the present 
installations were set up to use the higher 
frequency (200 kilocycles). One would 
not need to jump all the way from 9,600 
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Figure 14. Watts per square centimeter of 
strip versus H 


Frequency—9,600 cycles 
Strip thicknesses: 


A—0.16 centimeter =0.063 inch 
B—0.08 centimeter =0.0315 inch | 
C—0.04 centimeter =0.0157 inch 
D—O.02 centimeter =0.0078 inch 
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Figure 15. 
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cycles to 200 kilocycles from the stand- 
point of the work coil efficiency and 
power factor, but radio- frequency gen- 
erators are cheaper and easier to operate 
at 200 kilocycles than at some lower 
frequency. 


Coil Power Factor and Efficiency at 
200 Kilocycles 


The same equations used in calculating 
the curves of Figures 17, 18, and 19 were 
applied to the problem of heating the 
same strip thicknesses at 200 kilocycles. 
The results are shown by the two curves 
of Figure 20. Since the depth of pene- 
tration of flux and current at this higher 
frequency is less than half the strip 
thickness, even at the highest power 
inputs (high values of H), a single curve 
of power factor and a single curve of 
efficiency is obtained for all three strip 
thicknesses when plotting against watts 
per square centimeter of strip. The 
crosses on the curves indicate the condi- 
tion of operation for each strip thickness 
with a strip speed of 1,000 feet per minute 
and a temperature rise of 250 degrees 
centigrade. The values of efficiency and 
power factor are listed in Table III. 
The over-all efficiencies are calculated on 
an assumed efficiency of 60 per cent for 
the radio-frequency generator (vacuum- 
tube oscillator). Comparing Tables I 
and III one sees that, whereas the 0.02- 
centimeter-thick strip could not be 
heated at 9,600 cycles, it can be heated 
more efficiently than thicker strips at 
200 kilocycles. The 0.04-centimeter- 
thick strip can be heated more efficiently 
at 200 kilocycles than at 9,600 cycles with 
an active coil length of five feet; how- 
ever, by going to a coil twice as long this 
strip can be heated about equally well 
at bothfrequencies. The 0.08-centimeter- 
thick strip can be heated more effi- 
ciently at 9,600 cycles than at 200 kilo- 
cycles. 


Coil Voltage and Current 


The equations in the body of this paper ~ 
have been kept in terms of volt-amperes 
in the coil rather than considering volt- 
Knowing 
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POWER FACTOR 
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100 120 140 160 180 
Figure 17. Coil power factor versus watts per 
square centimeter of strip, 9,600 cycles 


Strip thicknesses: 


A—O0.08 centimeter =0.0315 inch 
B—O.04 centimeter =0.0157 inch 
C—0.02 centimeter =0.0079 inch 
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WATTS PER CUBIC CENTIMETER OF STRIP 
Figure 18. Coil power factor versus watts 
per cubic centimeter of strip, 9,600 cycles 


Strip thicknesses: 


A—O.08 centimeter =0.0315 inch 
B—0.04 centimeter =0.0157 inch 
C—0.02 centimeter =0.0079 inch 


the total volt-amperes of the coil, one 
may, after fixing on the number of turns 
per centimeter, determine the coil current 
from the value of H necessary to obtain 
the desired power density in the strip. 
The volt-amperes of the coil divided by 


‘this current will give the voltage across 


the coil with this current flowing. 
Conclusions 


Some héat can be generated in magnetic 
strip at even low frequencies, but there 
is for every strip thickness and frequency 
a definite practical limit to the density 


. of heating possible. For any strip thick- 


ness and frequency the power factor and 
coil efficiency drop off with increasing 
power density as shown by the curves of 
Figures 17 to 20 inclusive. At strip 
speeds of 1,000 feet per minute and a 
temperature rise of 250 degrees centi- 
grade, strips thicker than 0.04 centime- 
ters (0.0157 inch) can be heated satisfac- 


' torily at 9,600 cycles. For thinner strips 


vacuum-tube or other type of generator 
must be used to supply a higher fre- 
quency. If the temperature rise be in- 
creased, the strip speed must be reduced 
proportionately to keep the power den- 
sity constant. _ anche or ae 
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WATTS PER CUBIC CENTIMETER 
Figure 19. Coil efficiency versus watts per 
cubic centimeter of strip, 9,600 cycles 


Strip thickness: 


A—O0.08 centimeter =0.0315 inch 
B—0.04 centimeter =0.0157 inch 
C—0.02 centimeter =0.0079 inch 


economically above the Curie point 
(700 to 800 degrees centigrade) by in- 
duction heating as described in this paper. 


Appendix | 


Coil Copper Loss 


Consider a coil consisting of a single wide 
sheet of copper forming a turn around the 
strip to be heated. Current supplied to 
this turn will concentrate almost entirely 
on the inside surface, and, if the current be 
adjusted to give a magnetizing force, H, in 
the space between the coil and the strip, the 
copper loss in watts per square centimeter of 
inside surface will be just that which would 
be produced by induction heating a sheet of 
copper in a magnetic field of strength, H. 
This can be shown to be? 


W =0.63 X10~-4H? ~/p7 watts per square 
centimeter (21) 


Substituting the value p=2X10-* ohm 
centimeters for copper and multiplying by 
the total inner surface area of the coil, 
2b), gives for the total power 


We! =1.78X10- "JH? +/f watts (22) 


Experience indicates that with a turn spac- 
ing of from one-fourth to one conductor 
diameter, the actual loss is approximately 
1.3 times that indicated by equation 22 or 
the total copper loss is 


W,=2.31X10-1,b,H? ~/f watts 


The number of turns obviously does not 
enter into the calculation of total loss. 


(23) 


Volt-Amperes in Coil Due to Air Flux 


The strip usually will occupy such a small 
fraction of the total volume of the coil that 
the volt-amperes due to air flux may be 
considered equal to the volt-amperes of the 
empty coil. 

If the ratio of coil section length to the 
minimum dimension of coil opening (I,/he) 
be greater than four, the heating observed 
seems to justify the use of the equation, 
H=0.4r ~/2nI oersteds (24) 
to calculate the peak value of magnetizing 
force in the coil. However only part of the 
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Figure 20. Coil power factor and efficiency 
versus watts per square centimeter of strip, 
200 kilocycles 


A—t=0.02 centimeter (1,000 feet per 
minute) 

B—t=0.04 centimeter (1,000 feet per 
minute) 

C—t=0.08 centimeter (1,000 feet per 
minute) 


total flux b,h,H cuts all the turns of the 
coil. The voltage induced in the coil is 


Va= 0/2nfnl,K 1b ,h-H 10-8 volts (rms) (25) 


where K;,=voltage factor of coil and has a 
value of about 0.7 when the ratio /,/h, is 
between four and six. Ky, will approach 
unity for a long coil. 

The current in the coil from equation 24 is 


amperes (rms) (26) 


pe aes, 
 0.42+/2n 


Multiplying equations 25 and 26 the volt- 

amperes of the coil due to air flux is found to 

be : 

(VI)g=2.5K,fH*hJ-b-X10-* volt-amperes 
(27) 


Appendix Il. Volt-Amperes in 
Coil Due to Flux in the Iron 


If flux penetrates at density B to a depth 
8, from each surface of the strip, the total 
flux in the iron is 2),6;B. The voltage in- 
duced in the coil by this flux is 


Viz \/2nfnl 2b .5;B X 10-8 


Multiplying this by the coil current from. 
equation 26 gives for the coil volt-amperes 
due to flux in the iron, 


(VI) i= 5HfBésbl-X 10-8 volt-amperes (29) 


(28) 


It is obvious, as indicated in the body of the 
paper, that, if 6, becomes greater than one 
half the strip thickness it must be replaced 
by ¢/2. ; 
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Formulas for Calculating Temperature 


Distribution in Transformer Cores 
and Other Electric Apparatus 


of Rectangular Cross Section 


THOMAS JAMES HIGGINS 


ASSOCIATE AIEE 


HIS paper comprises solution of a very 

general problem in the mathematical 
theory of heat; application of it to effect 
formulas for the temperature distribution 
T, the maximum temperature T,,, and 
the average temperature J, in trans- 
former cores; and indication of its use 
with reference to other electric apparatus 
of rectangular cross section and of such 
general shape that the temperature dis- 
tribution is essentially two dimensional. 
As theory indicates and experiment con- 
firms that this condition is often fulfilled 
in practice, these formulas ought to be 
of considerable interest to designers of 
such equipment. For, commonly, the 
maximum electric loading of an electric 
device is determined by the permissible 
maximum or hot-spot temperature in it. 
Hence knowledge of this maximum tem- 
perature and of the temperature distribu- 
tion in general is desired by the designer 
faced with making up new designs, im- 
proving operating performance of existing 
designs, or deciding upon maximum, yet 
safe, overload limits for apparatus already 
in service. 

This work falls naturally into two 
parts. The first encompasses statement 
of the problem in the theory of heat; 
mathematical formulation of this prob- 
lem, solution for the general temperature 
distribution, JT, by the well-known 
method of expansions in infinite series, 
and derivation therefrom of formulas for 
the maximum and average temperatures, 
Tm and T, and expression of special forms 
for T, Tm, and Ty. The second part 
embraces interpretation of the formulas 
derived in the first in reference to applica- 


' tion to transformer cores; illustration of 


use thereto through calculation of the 
maximum temperature in a specified core 
and comparison with the corresponding 
experimental value; discussion of appli- 
cation to calculating temperatures in 
toroidal electric coils of rectangular cross 
section; and mention of other uses. - 


Derivation of Formulas 


STATEMENT OF PROBLEM 


The axis of a homogeneous infinite 
rectangular cylinder coincides with the z 


axis of a system of rectangular co- 


190 TRANSACTIONS 


ordinates; the sides of the rectangular 
cross section, S, ‘of width 2a and height 2b 
are directed parallel to the x and y axes 
(Figure 1). The thermal conductivities 
in the x and y direction are kz and ky. 
The rate of internally generated heat 
density is go(1+-ao7), where of go and ao 
are arbitrary constants. From the face 
of the cylinder f; (¢=1, 2, 3, 4) heat is 
transferred to the adjacent medium ac- 
cording to the relationship, T—Ti= 
—K,oT/on; where of n denotes the out- 
ward drawn normal to f;; Ki=R.kn, 


Figure 1 


wherein R; designates the surface thermal 
resistivity of f; and k, the thermal con- 
ductivity in the direction of n; and regard- 
ing a point in f;, T and T; are respectively 
the corresponding temperatures in the 
cylinder and in the immediately adjacent 
ambient medium. Norestrictionis made 


as to the distribution of T; over f; except 


that it be expressible in a generalized 
Fourier series. What is required is the 
temperature distribution T(x, y), the 
maximum temperature 7J,,, and the 
average temperature T, of the cylinder. 


Paper 45-39, recommended by the AIEE committee 

on basic sciences for presentation at the AIEE win- 

ter technical meeting, New York, N. Y., January 

22-26,1945. Manuscript submitted November 13, 

Hebe made available for printing December 27, 
944. Ae 


Tuomas JAmEs Hiccrns is associate professor of 
electrical engineering, Illinois Institute of Tech- 
nology, Chicago, Ill. (i 
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SOLUTION FOR T 


By virtue of the given conditions the 
temperature distribution is two dimen- 
sional. By well-known theory we have, 
then, to find 7(x, y) that satisfies the 
partial differential equation 


hyd?T /dx?+hyo?T/Oy*= —Go(l+ooT) (1) 
over S, and the boundary conditions 
T—T,=—K,0T/ox x=a (2) 
T—-Tr= K,OT/ox “x=—a (3) 
T—Ts=K,0T/oy yeeind (5) 
Rearranging equation 1 yields 
27 /dx?+ko?T /dy?+ C?T = —C' (6) 
wherein 
k=ky/kz; C?=Qoao/kz; C’=do/Rz (7) 
Rearranging equations 2 to 5 yields 
T+ Ki0T/dx= D S; cos(siey+sz’) x=a 
i-1 
(8) 
T—K.0T/ox= DY Si’ cos(syy+si') -x=—a 
#1 
P oe (9) 
T+K0T/dy= D Pi cos(pxt+pi’) y=d 
t-1 (10) 


T—KoT/y= ZPe cos(pix+ Pi’) yt 
qi 11 


wherein the right-hand members are 
respectively the generalized Fourier ex- 
pansions of T; and T, over —b<y<b and 
of T3 and Ty over —a<x<a. 

The procedure for solving equation 6 
pursuant to equations 8 to llis: Sym- 
bolize the left-hand member of equation 6 
as an operator V = (0?/dx?+ ko*/dy?-+ C?) 
operating on TJ, and find a particular 
solution of equation 6. Add to this func-. 
tions F involving arbitrary constants so 
related that V F=0, whence the resulting 
sum is also a solution of equation 6. 
Substitute this resulting expression in 
equations 8 to 11. Solve the resulting 
set of equations for values of the con- 
stants, whence T is now determined. 

Thus, we assume J to be of the form 

, / 


T =A; cos(mwx+m;,') cosh (ny-+n;') + 
i-1 
DB cos(pert fy’) cosh (ay+ai') + 
2 C; cosh (ryx-++13') cos (sey-+se!) + 
: Z Dy cos (mat oes (42) 
1 
Substituting equation 12 in equation 6 
yields 
E Ad —me-tkng+C%) cos (mer+-m)X 
ae cosh (mgy-tn’) + 
2 Bi(—pe-tkae-+C*) X Whee 
cos (pix-+ py’) cosh (qry+-q¢") + 


r 
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2 Ci(r2— ks 2+ C*) cosh (ryx+r7;') X 
=] 
cos (syy-++s4’) + 


~ D(—m?+C?) cos (myx+m,') =—C' (13) 
=1 


Assuming 

4 [(me—C)/k]” (14) 
qi= [(bi — C2) /k]'”* (15) 
r= (ks C2)1/2 (16) 


we have from equation 13 
2 Di(—m?+C?) cos (myx-+m,') = —C’ (17) 
i-l 


Now as derived in the appendix, the 
generalized Fourier expansion of —C’ is 


- Co = _> (4C’ sin ma cos mz’) (2mya+ 


1-1 


sin 2mj,a cos 2m;’)—1 cos (myx+m,’) (18) 


Comparing corresponding coefficients of 
the cosine terms in the left-hand member 
of equation 17 and the right-hand mem- 
ber of equation 18 we find for D; 


D,=(4C’ sin ma cos m;’)(m?2—C?)-1X 


(2ma+ sin 2m,a cos 2m,')=! (19) 


Accordingly, equation 12 satisfies equa- 
tion 6 pursuant to equations 14, 15, 16, 
and 19. We proceed to determine values 
of the remaining constants such that 
equation 12 will satisfy the boundary 
conditions. 

Substituting equation 12 in equations 8 
to 11 yields 


A,[cos (mya+m,’) —Kim;X 

£ sin (ma-+m/')] cosh (ng-+ny’) + 
> By,[cos (pia t+ pi’) —Kipix 

x sin (pja+ fi’) ] cosh (qay+gi’) + 
> Cileosh (ra+7,’)+KiriX 

% sinh (rya-+14’)] cos (syy+sy’) + 


 D Dy [eos (mya+ my’) —Kim;X 
f-1 


sin (ma-+ my’) |= Secos (sxy+sy’) (20) 
-1 


> A, [cos (ma— m;') — Kom, X 
i-1 
' sin (ma —m,')] cosh (nmy+ny') + 


2 Bilcos (pia— pi’) — KapiX 


i-1 
sin (pja— pi’) ] cosh (qyy+qi’) + 


: > C;[cosh one +KoriX 
 t-1 


inh (r;a—r4’)] cos Gnane 


q E Dileos (ma—mi’) — Kar 


sin (ma—m)\= -2 S4/ cos Cots) (21) 


z 3 Asleosh Geen + KinX 
Te ee (mbt) cos 8 (mart) 


 Bileosh (qib +92’) + KaqiX 

sinh (¢,b+g;')] cos (pat pi’) + 
> C,l[cos (sib+-s;’) — KysiX 

sin (sqb+s,’)] cosh (rye+-7;4')+ 
ED, SRRC ree ee 


2 Py cos (per+b1') (22) 


D Ad feosh (nib—n;')+KaniX 
> sinh (nib—n,')] cos (max-+-m,')+ 
D Bileosh (gib— qi’) + KugiX 

sinh (q4b—q;")] cos (pix-++ pi) + 
3 Ci [cos(s¢b— 54!) — Kasi X 
a sin (s)—51')] cosh (retry!) + 


> Di cos (myx+m;') = 


t-1 


2 Pj! cos (pix+p,") (23) 
=1 

When we take in equation 20 
tan(m,a+m,') =1/Kym, . (24) 
tan(pat+pi’) =1/Kifi (25) 


the first, second, and fourth terms of the 
left-hand member disappear and we have, 
on equating coefficients of corresponding 
cosine terms, 


Cifcosh (rja+r;’)+ Kir; sinh (natn) |= Ss i 


(26) 
Similarly, if in equation 21 we take 
tan(m,a—m,') =1/Kem; (27) 
tan(pia — pi’) =1/Kep; (28) 
we obtain 
C,[cosh (rya—14’) + 
Kor, sinh (rya—1y')]=S;' (29) 
From equation 22, providing 
tan(syb+s4') =1/K3s, (30) 
Ajleosh (nb-+n4’) + 
Ken, sinh (nyb+n,/)]+D,;=0 (31) 
we obtain 
By (cosh (qeb+-gi') + 
Ksqi sinh (q+91’)]=P1 (32) 
Finally, from equation 23, providing 
tan(sb—s1!) =1/Kas (33) 
A,{cosh (nyb—n;')+ Fi 
Kun, sinh (nyb—nz')]+D,=0 (34) 
we obtain 
-Bi{cosh (qib—44’) + 
Kag; sinh (gib—qi’)]=Py' (35) 


Solving equations 24 and 27 simultane. 


ously yields the values of m; and my’; 


similarly the values of p; and p,' and of s, 
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and s;’ are furnished by simultaneous 
solution of equations 25 and 28 and of 
equations 30 and 33. Nomograms afford- 
ing graphical solution of these pairs of 
equations are to be found in reference 2. 
Inasmuch as m, p;, and s; are deter- 
mined, equations 14, 15, and 16 respec- 
tively yield m;, gi, and 7; But n,; now 
being known, mi! and A; are the only 
unknowns in equations 31 and 34. Ac- 
cordingly, equating the right-hand mem- 
bers, canceling D; and then A,, expanding 
the hyperbolic terms, and solving for 
tanh 7,’ and thence ;’, we have 


= tanh~! (Ky—Ks3) [(2/n,)+ 


(K3+K,) coth n,bJ-} (36) 


In equations 31 and 34 A;is now the only 
unknown. Thus, from equation 31 


A,=—D,[cosh (mjb+nj')+ 


K3n; sinh (nyb+n;') ieee (37) 


“Again, r, being known in equations 26 


and 29, r;/ and C; are the only unknowns. 
Thus, dividing left and right-hand ‘mem- 
bers of equations 26 and 29 to eliminate 
Ci, expanding the hyperbolic terms, solv- 
ing for tanh’r,’ and thence r;’, we have 


[(cosh ra+Kyr; sinh rja)S;/— 
(cosh rya+ Ker; sinh 74a) S;] 
[(sinh rya+Kir; cosh rja)S;/— 
(sinh r7a+ Ker; cosh r;,a).S;] 
(38) 


7, = tanh“! 


-In equations 26 and 29 C; is now the only 


unknown, Thus from equation 26 ' 


Czy=S;[cosh (rya+r;’)+ 
Kar, sinh (rya+r4') J-# (39) 


In analogous fashion we obtain from 
equations 32 and 35 


[(cosh gyb-++Kag, sinh g,b)P,y’— 
(cosh gib-+Kugq; sinh g,b)P;] 
[(sinh gb+-Ks3q; cosh g4b) Py’ — 
(sinh gib-++ Kuq; cosh qyb) Py} 
(40) 


qi’ = tanh7? 


and 


B,=P,{cosh (9¢+94')+ 
Kagi sinh (q¢b+q4')]-! (41) 


Accordingly, all constants in equation 12! 
being determined, we have the oem 
solution for T. 


SOLUTION FOR Im 


T is a function of two variables. The 
form of 7—the sum of four infinite series 
—renders unfeasible determination of the 
maximum temperature by application of 
the rules of the calculus for determining 


_maxima and minima of functions of two 


variables. In general, the maximum 
temperature is to be ascertained by plot- 
ting the temperature distribution over 
that region of the cross section which a 
preliminary calculation, or consideration 
of given physical conditions, indicates as 
encompassing Ty». If, however, the 
temperature distribution be symmetrical 
about each of the co-ordinate axes (that — 
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is, Ky=Ko, Ks=Ka, S=Si, Ps=P2), 
Tm occurs at x=0, y=0. Hence, for this 
case, which, in fact, is that usually en- 
countered in practice 


foe] ao 
Tm=D Aicos m;' cosh ni’ + D Bicos bi’ X 
i-l i-l 
eo 


cosh qi’ + D C; cosh 7,’ cos 54+ 
i-1 


D D; cos mi/ (42) 
i=l 
SOLUTION FOR Tq 


The average temperature Tq over the 
cross section is given by 


Ta = (1/1ab) dh ps T dx dy (43) 


Substituting equation 12 in equation 43 
and integrating yields 


T,=(1/ad) (SA: sin ma cos m,’ sinh X 
si nib cosh ny! /mynit+ 
> B; sin pia cos p;’ sinhX 
a qib cosh gi! /Pidet 
> C;sin s;b sin sj’ sinh X 

ra ae 4 [visit 


ao 


> Db sin ma cos m,'/n4] 
i-l 


(44) 


SPECIAL FORMS 


For reasons which will follow it is con- 
venient to have the equations that stem 
from expressing the temperature in the 
form 


Tat +1, Ti=T'+T, (45) 


wherein 7; is an arbitrary constant. 
Substituting equation 45 in equation 1 
yields 


D°T’ /Ox2+kO2T" /ay2+C?T’=—C" (46) 
wherein 
C" =go(1+ oT s)/Ra (47) 


Substituting equation 45 in equations 2 to ! 


5 yields 

T’— Ty’ = —K,0T'/ox x=a (48) 
T’—T2' =K20T"/oy y=—a (49) 
T'—T;' = —K30T'/oy y=b (50) 
T'—T,' =K,0T"/oy y=—b (51) 
wherein 

T=Ti-T, (i=1, 2,3, 4) (52) 


By virtue of the formal identity of equa- 
tion 46 with equation 6 and of equations 
48 to 51 with equations 2 to 5 we have at 
once that the solution for T’ is afforded 
by that for T, if therein we replace C’ by 
C” and interpret S;, S;’, Pi, and P;’ as 
the coefficients of the generalized Fourier 
~ expansions of, respectively, Ti’, T2’, Ts’, 
and 7,’. A similar conclusion holds for 
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Tm’ and Tm and for T,’ and Ta, whence 


Tm = Dest ees T= Da cie Ts; (53) 

The transformations indicated by equa- 
tions 45 and 53 are of particular interest 
because they afford very rapid solution of 
T for the practically important case of 
Ti=T2=Ts=Ti1=T;. For, then, inter- 
preted as the Fourier coefficients of T;/= 
Mpg DRS oy S,= 5) =P,=Pi' =0; 
and the boundary equations for 7’ are 
much simpler than the corresponding 
equations for T. Whence 7’, and thus 
T=T'+T;, can be found more quickly 
than could T, if this latter were to be 
evaluated directly from the equations 
given in stating the problem. 


Application of Formulas 


TRANSFORMER CORES 


Formulas for calculating temperature 


> distribution in transformer cores of rec- 


tangular cross section have been derived 
by Cockroft,) Roth,? and Buchholz.? 
Their procedures are alike: determina- 
tion of the desired formulas is posed as a 
boumdary-value problem in the mathe- 
matical theory of heat (in fact, as a special 
case of that treated in stating the prob- 
lem). Solution of this problem is 
effected in some well-known fashion. 
That the assumptions enabling pose of 
temperature determination as a bound- 


. ary-value problem in heat theory are 


valid under appropriate geometrical con- 
ditions is confirmed by the excellent 
agreement obtained by Roth between 
corresponding experimentally and ana- 
lytically (from his formula) determined 
values of the temperature at points in the 
cross section of a small single-phase trans- 
former. That the boundary conditions 
of practice are as indicated by equations 2 
to 5 is substantiated by Cockroft’s plots 
of data obtained from transformer-core 
temperature investigations sponsored by 
the Metropolitan-Vickers Company. 
Cockroft considers the case of uniform 
generated heat density with thermal re- 
sistivity different on adjacent sides but 
identical over opposite sides in the adja- 
cent ambient ‘medium. Roth extends 
Cockroft’s solution to encompass thermal 
resistivity different on each side; addi-. 
tionally, he advances the solution for 
nonuniform generated heat density with 
thermal resistivity different on each side. 
This latter work encompasses Buch- 
holz’s consideration of nonuniform gener- 
ated heat density and boundary condi- 
tions of thermal resistivity identical over 
all sides and uniform temperature of ad- 
jacent ambient medium’ Yet Roth’s 
solutions, the most general available, do 
not encompass such practically important 
cases as that of a core with oil duct 
through the cross section (hence a non- 
constant temperature distribution in the 
ambient medium along the lower edge of | 
the upper half of the cross section) and 
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of such area of cross section that the 
influence of the nonuniform generated 
heat density due to change of electric 
resistivity of the iron with temperature 
cannot be neglected. 

The solution of this case—and of yet 
more general problems—is, however, af- 
forded by the formulas derived in the first 
part of this paper. We need only inter- 
pret k, and ky as the thermal conductivi- 
ties in the core, ao as the temperature 
coefficient of resistance at zero degrees 
centigrade of the core iron, go as the 
generated heat density due to core losses 
in the iron at zero degrees centigrade, and 
R, (i=1, 2, 8, 4) as the surface thermal 
resistivities of the core faces; express the 
temperature distribution in the ambient 
medium as a generalized Fourier series; 
and through appropriate substitution of 
these data obtain T, Tm, and Tq. 

Values of the just mentioned physical 
constants for typical materials are to be 
found in the papers of Cockroft, Roth 
(exhaustive treatment), and Buchholz. 
The value of go, the rate of generated heat 
density due to eddy currents and hys- 
teresis losses, can be-calculated from well- 
known formulas. 


A NUMERICAL EXAMPLE 


To illustrate application of the formulas 
derived in the first part of this paper to 
calculation of transformer temperatures 
we consider the following problem: to 
calculate the maximum temperature rise 
in the single-phase transformer tested by 
Roth. 

Gwen Data. Single-phase trans- 
former with rectangular cross section, 
a=4 cm, b=6.75 cm, laminations paral- 
lel to edges 2a; measured maximum tem- 
perature rise equals 85 degrees centigrade 
above temperature of ambient medium; 
transformer gives up heat to ambient 
medium, which is air at temperature T;; 
core loss=0.0678 watt per cubic centi- 
meter 4: 

Derived Data. We have k,=0.32 © 
watt per centimeter per degree centigrade; 
ky=0.005 watt per centimeter per degree 
centigrade; k=1/g; Ry=Re=1,000/3 
square centimeter per watt per degree 
centigrade; R;=R,=1,000/1.92 square 
centimeter per watt per degree centi- 
grade—values given by Roth as typical | 
for the transformer tested. Hence, Ki= 
K.=Rikz=106.6 centimeters; K3=K,= 
R;ky=2.6 centimeters. Inasmuch as no 
specific statement is made, we assume > 
that the given core loss is the steady-state 
or hot core loss per unit volume of core. 
Necessarily, therefore, we consider it the 
average operating core loss and neglect 
nonuniformity due to temperature dis- 
tribution. This assumption implies, as 
reference to equations 1 and 7 substanti- 
ates, that q=go(l+ao7) 0.0678 watt 
per cubic centimeter; whence C?=0 and 
C’=q/k=0.212. It is to be expected 
that in this instance no appreciable error 


is introduced by the neglect of nonuni- 
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formity of core loss due to temperature 
distribution: for the cross section is small; 
only the eddy- current losses are affected 
by variation in the temperature coefficient 
of resistance; the slight error introduced 
may be compensated by other small 
errors, for example, the effect of the not 
exactly uniform magnetic field on the dis- 
tribution of hysteresis losses and so forth. 

Formula for Tn’. Making use of the 
special forms already given, we have 
Pi=P,'=S;=S,'=0; from given data, 
Ki= Ka, K3= Ka, 


yield n,’=C;=Bi=0. Accordingly, by 
equation 12 we need determine further 
only m;, m;’, ni, A;,and B; Equations 24 
and 27 yield m’=0 and tan.ma= 
(Kym) —, and from equation 14 we obtain 
ni=m/k'/?, With these values we ob- 
tain from equations 19 and 37 


D,=4C" sin mja/m?(2m,a+ sin 2m,a) 
A;=—4C" sin ma/m?(2m,a+ sin 2mj,a) X 
(cosh 2;b-+K3n; sinh jb) 


Finally, substituting appropriately in 
equation 12 and taking x=y=0, we have 
BOT en! 


Tm’ =4C" > [sin ma/m?(2ma+ 
i=l 


sin 2m,a)][1— (cosh njbo+K3n;X 
sinh n;b)~1] (54) 


Numerical Values of Tm and Ty. 
Using the above derived values of gq, kz, 
ky, K;, and K3, we find ey direct calcula- 
tion 


ma =0.1925; m,=0.0481; 2, =0.3848; 
mb =2.605 
moa =3.1585; m2=0.7884; n2=6.3072; 
sin ma=0.1913; sin 2ma=0.3756; 
cosh mb =6.802; sinh mb =6.728 
sin mea = —0.0124; sin 2m.a =0.0248; 
cosh m2) = sinh mb > 10% 


Substituting appropriately in equation 
54, we obtain 


Tm’ =85.3°+0.00216°+.... 


This value is but 0.3 degrees centigrade 
greater than the measured value. 

Note that the infinite series of equation 
54 converges so rapidly that it is necessary 
to use only the first term! All computa- 
tions were performed on a 20-inch slide 
rule; values of trigonometric and hyper- 
bolic functions are taken from standard 


= 85.3° 


tables having arguments in radian meas- 


ure. 


_ Execrric Cos — 


vA current-carrying toroidal coil of rec- 
tangular cross section, comprised of many 


turns of insulated wire of circular or of 
- rectangular cross section, is an. important 
-.component’ of many electric devices. 


ommonly, the coil is either exposed to 
atmosphere—as, for example, are the 
coils of a Pe eae is ee 


C?=0. When these’ 
_ values are used equations 36, 39, and 41 


of a transformer. Usually, conditions 
are such that the temperature distribution 
in the coil is substantially independent of 
the angular co-ordinate of a system of 
cylindrical co-ordinates, the longitudinal 
axis of which is the axis of the coil. If so, 
the temperature distribution is two- 


‘dimensional, that is, it is the same over 


any cross section of the coil. 

. In use the heat generated in the coil 
results in a general temperature rise 
throughout the coil. In consequence, a 
point of maximum temperature is to be 
found in the cross section. By virtue of 
the assumed angular symmetry this 
maximum temperature is the maximum 
temperature in the coil. Now, in that the 
permissible maximum coil current is that 
which produces a specified maximum 
temperature in the coil, and in that the 
hot or operating resistance of the coil de- 
pends on (and can be calculated from) the 
average temperature of the coil, formulas 
for predetermining the temperature dis- 
tribution, maximum temperature, and 
average temperature are of considerable 
interest to the designer of toroidal coils. 

A comprehensive discussion of the 
physical bases underlying derivation of 
such formulas comprises a recent lengthy 
paper by the writer. For explicit details 
the reader is referred to this paper. For 
present purposes it suffices to remark that 
following epitomization of the work of 
Binder,> Humburg,® Jakob,78 Ott,® 


‘Punga,!® Rogowski,!!12 and Vidmar,}® a 


careful consideration of the individual and 
collective effects of the various physical 
and geometric factors involved leads to 
the conclusion that, if a toroidal coil, z, is 
comprised of many turns of thinly insu- 
lated wire of comparatively small cross 
section, 7 is of rectangular cross section, 
and iu is of a ratio of outer to inner 
radius greater than (roughly) two, deter- 
mination of T, Tz, and TF, for the coil— 
internally generated heat and change of 
wire resistance with temperature being 
taken into account—can be posed as a 
more or less complex two-dimensional 
boundary-value problem in the mathe- 
matical theory of heat, capable of solution 
by known methods. Illustratively, the 
solution for the boundary-value condition 
of constant surface temperature is ob- 
tained and it is shown that this solution 
encompasses, as special cases, the earlier 
analytic solutions of Humburg,® Jakob,’ ate 
and Rogowski.1!}1? 

The more important problems that 
arise in practice are, however, not encom- 
passed in the comparatively simple bound- 
ary condition of constant temperature. 
Experiment shows that the boundary 
condition is commonly that of equations 2 
to 5. Solutions for such a boundary con- 


dition have been advanced by Roth? and - 
Buchholz.14* The latter takes into ac- 


count variation of wire resistance with 


‘temperature but considers only the case of 


constant temperature in the adjacent 


ambient medium mart the same thermal 


resistivity on opposite sides of the rec- 
tangular cross section. On the other 
hand, though Roth encompasses a ther- 
mal resistivity and a (constant) tempera- 
ture of adjacent medium different for each 
of the four sides of the rectangular cross 
section, he has not—because (as he 
states) of the analytic difficulties in- 
volved—taken into account the change in 
resistance of the wire with temperature. 
Thus, though the formulas of Buchholz 
and Roth cover a number of problems 
actually encountered in practice, they do 
not cover problems of such practical im- 
portance as that of calculating the tem- 
perature in a rectangular toroidal coil 
wound in the slot of a spool, wound 
‘around a heat-conducting core, or other- 
wise so disposed that the thermal resist- 
ances on the sides are such that they are 
not encompassed in Buchholz’s solution 
and whereof the electric loading is such 
that change of wire resistivity with tem- 
perature has a marked effect on the tem- 
perature distribution over the cross sec- 
tion (the considerable influence of even 
small variations over the cross section in 
wire resistivity is strikingly illustrated by 
the curves contained in Jakob’s paper). 

The solutions of such cases and of many 
others are, however, afforded by the formulas 
derived in the first part of the paper. Thus, 
we need only interpret kz and ky as the 
equivalent thermal conductivities of the 
coil (analytic methods of calculating 
these and physical data essential thereto 
are to be found in References 2 and 8); 
ao as the temperature coefficient of resist- 
ance at zero degrees centigrade of the coil 
wire; go=I?Ro/V whereof I is the coil 
current, V the coil volume, Ro the resist- 
ance of the coil at zero degrees centigrade; 
and R, the appropriate surface thermal 
resistance of the coil (numerical values 
for various materials are to be found in 
Reference 2). Then we express the tem- 
perature distribution in the ambient 
medium adjacent to each of the four edges 
in terms of its equivalent generalized 
Fourier series and through appropriate 
substitution of these data obtain T, Tm, 
and 7, from equations 12, 42 (if applica- 
ble), and 44 or from the equivalent equa- 
tions 45 and 53. 

In that calculation of the temperature 
distribution in electric coils by the formu- 
las mentioned involves nothing not al- 
ready demonstrated by the numerical 
example given, it does not seem desirable 
to take space for additional calculations 
on electric coils. The interested reader is 
referred to the numerical examples to be 
found in the writer’s‘ first paper on tem- 
perature distribution in electric coils and 


‘in an unpublished paper wherein formu- 


las, expressed in Fourier—Bessel series, 
are derived for coils of such radii thatthe 
toroidal geometry must be taken into © 
account. In each example calculated 
values are found to be in close agreement 
with corresponding determined by 
experiment. 
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OTHER APPLICATIONS 


The formulas derived in the first part 
of the paper are applicable to the deter- 
mination of temperature distribution in 
bus bars of rectangular cross section, in 
conductors of rectangular cross section ly- 
ing in the armature slots of large rotating 
machines, and to problems in other 
physical domains that are defined by 
equations 1 to 5 and proper interpretation 
of the symbols therein. 


Appendix 


Over the range —aSxSa a function 
f(x) that satisfies certain necessary condi- 
tions (usually fulfilled by functions en- 
countered in actual practice) can be ex- 
panded in a generalized Fourier series 


(x) = D2, M; cos (mix+ M;') 


i-1 


whereof 


tan (ma+m,') =Ci/m: 
tan (ma—m,') =C2/m4 


C, and C, are arbitrary constants, and M 
is given by 


M,=2m;,(2m,a+ sin 2mja cos 2m4’)~1X 
S-4 f(x) cos (myct-my')dx 


Illustratively, if f(x)=—C’, we have 


M,= —2m,'C' (2ma+ sin 2m X 
cos 2m4')-? [72 cos (mix-+my')dx 


= —A4C’ sin ma cos my! X 
(2ma+ sin 2m cos 2m;')~ 


and 


—C'=— > 4C’ sin ma cos mi (2ma+ 
tol 


sin 2m,a cos 2m,’)—} cos (myec+m,') 
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Measurement of Stray-Load Loss in 
Induction Motors 


D. H. WARE 


NONMEMBER AIEE 


Synopsis: This paper is written to present 
test data confirming the accuracy of the re- 
verse-rotation test for stray-load loss’* in 
polyphase induction motors. This method is 
the most convenient yet proposed for direct 
measurement of stray-load losses in squirrel- 
cage motors, and it is recommended that it 
be included in the AIEE Test Code for 
Poly phase Induction Machines.” Proposals 
for this revision are made. 


HE efficiency of an induction motor 

may be determined by one of several 
methods. One method is to load the mo- 
tor to normal load and measure the elec- 
tric input and mechanical shaft output 
power. This is the so-called input-output 
method. Another method, usually termed 
the segregated-loss method, is to deter- 
mine each loss separately and to calculate 
the efficiency from their sum. 

The input-output method is the precise 
method of determining efficiency but is 
often very difficult to perform. Precise 
technique!®.?1.22 is required, regardless of 
how the motor is loaded. When input 
and output are measured, the difference 
of these two quantities of nearly equal 
magnitude is the result required. Ac- 
curacy is reduced by the subtraction. 
Often the necessary power supply and 
loading equipment are not available to 
load fully large motors under conditions 
where accurate measurements may be 
taken. : 

Consequently, it is very important to 
have dependable methods available to 
determine efficiency by the segregated-loss 
method. Not only is it important to know 
the sum of the losses, but also, from the 
designer’s point of view, it is important 


to know the value of each loss. The 
losses that must be determined are the 
primary copper loss, the secondary copper 
loss, the core loss, friction and windage 
loss, and stray-load loss. The first four of 
these may be measured quite accurately 
by comparatively direct methods. 

Stray-load loss, however, is more diffi- 
cult to measure. Before methods were 
available for direct measurement, stray- 
load loss often was called the unknown 
loss to distinguish it from the four com- 
ponents of the total loss that could be 
measured directly. It is similar to the 
short-circuit core loss in transformers and 
synchronous machines and is caused by 
leakage flux. 

It is to be expected that stray-load loss 
in induction machines could be measured 
in a manner similar to that used to meas- 
ure short-circuit core loss in synchronous 
machines. One member could be excited 
with direct current of such value to give 
full-load current in the other member, 
which would be short-circuited. At the 
same time the shaft would be driven at 
normal speed. By measuring shaft input 
and determining the copper loss in the 
short-circuited. member, the stray-load 
loss or short-circuited core loss could be 
calculated. 

This method is the one now in the test 
code for direct measurement of stray-load 
loss of induction motors. It is very satis- 
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Figure 1. Stray-load loss tests on 25-horse- 


power 1,800-rpm motor 


© Stray-load loss by reverse rotation 

@ Stray-load loss by dynamometer efficiency 
test, number 1 

A Stray-load loss by dynamometer efficiency 
test, number 2 

D Stray-load loss by dynamometer efficiency 
test, number 3 


factory for wound-rotor motors, where 
the direct current may be applied to the 
secondary winding, generating normal 
frequency in the primary winding. How- 
ever, squirrel-cage motors can be excited 
only from the primary winding. The 
secondary copper loss must be measured 
by applying the equivalent alternating 
current to the primary winding and meas- 
uring the torque at standstill. This test, 
which is described on page 12 of the 
‘““AIEE Test Code for Polyphase Induc- 
tion Machines,” has not proved practi- 
cable for factory use. 

In 1939, T. H. Morgan, W. E. Brown, 
and A. J. Schumer presented the reverse- 
rotation method of measuring stray-load 
loss.*4 This test is more direct and easier 
to perform on squirrel-cage motors. Con- 
siderable care must be taken to get ac- 
curate results by the reverse-rotation 
method, since the load loss is the differ- 
ence between measured quantities. How- 
ever, it is easier to obtain a certain degree 
of accuracy with this method than with 


the input-output method because the 


quantities measured are so much smaller 
in the reverse-rotation test. 

In the discussion following Professor 
Morgan’s paper it was pointed out that 
the stray-load losses that occur in the 
stator at fundamental frequency are not 
included in the test he proposed. Such 
losses are caused by leakage flux penetrat- 


‘ing the conductors, binding bands, finger 
~ flanges, and other structural parts. 


It is the purpose of this paper to show 


that, if these losses are measured sepa- 


rately and properly considered in the cal- 


/ 


- culations, dependable and accurate results 


Le 
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; > f 
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will be obtained. These losses may be 
large or small depending on the design of 
the motor but usually are not appreciable 
in small motors. However, large motors, 
rated 500 to 1,000 horsepower and larger, 
cannot be tested correctly without con- 
sidering these losses. This is especially 
true of two-pole motors. 


Test Procedure 


The reverse-rotation test is performed 
by applying balanced polyphase voltage 
to the stator terminals of the motor 
while driving the rotor at synchronous 
speed in the direction opposite to that of 
the rotation of the magnetic field. If the 
motor is a wound-rotor motor, the rotor 
should be short-circuited. The mechani- 
cal power required to drive the rotor and 
the electric power input to the stator each 
is measured. Let W, represent the elec- 
tric-power input to the stator and P, 
represent the mechanical power required 
to drive the rotor. W, includes the fol- 
lowing losses: 


1. J*R loss in the stator. 


2. Stray losses in all structural parts, con- 
ductors, and so forth occurring at funda- 
mental frequency in the stator. 


3. Core loss in the stator that occurs at 
fundamental frequency. 


4. One half the losses in \the rotor caused 
by the fundamental flux. Since the rotor is 
rotating in the direction opposite that of the 
magnetic field, these losses occur at a fre- 
quency twice that applied to the stator. 
They include JR loss, fundamental core 
loss, and stray losses in the conductors and 
structural parts in the rotor. 


The quantity P, includes: 


1. Stray losses in the rotor and stator 
caused by tooth-frequency fluxes. 


2. One half the losses in the rotor caused 
by the fundamental flux 


8. Friction and windage losses. 


The friction and windage loss may be 


measured by removing the voltage from | 


Table | 
er 
Stray-Load* 
Stray-Load Loss by 
Loss by Reverse 
Dynamometer Rotation 
Motor (Watts) _ (Watts) 
[ees ae ee ee eee 
(Ae cs atcha cssake elevate BST. seis tem ire Taxes 650 
Binc ccWu doean ee DTA eben Gln peverre 245 
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EEN ite cL laea 8) Sia elas ABT sesirttranlas ee eit 450 
Ye ep aOOD 18 PIA a AO Rice 620 
GRE ais spre erecs TSO sete astray 215 
MOT ae he Sys tbe dOOSsctace eels 800 
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* Fundamental stator loss was considered to be 
negligible. ; , 
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the motor terminals and again measuring 
the mechanical power required to drive the 
rotor. Let P;represent this power. 

The J?R loss in the stator, the stray 
losses occurring in the stator at funda- 
mental frequency, and some fundamental 
core loss may be measured by applying the 
same polyphase current to the stator with 
the rotor removed. Let this quantity be 
represented by W;. The core loss under 
this condition may be slightly different 
from that during the reverse-rotation test, 
since the voltage applied will be somewhat 
different. 
been found to be a negligible quantity in 
either case. The stray loss in the rotor 
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Figure 2. Stray-load loss tests on 30 horse- 
power 1,200-rpm motor 


© Stray-load loss by reverse rotation 
@ Stray-load loss by dynamometer efficiency 
test 


and stator caused by the tooth-frequency 
fluxes may be represented by 


LL, =(Pr—Py) —(Wr— Ws) 


The stray loss in the stator due to the 


fundamental frequency is represented by 


LL;= W;—I?R; 


where R; is the d-c stator resistance at the 
temperature conditions of the test with 
the rotor removed. This loss is caused 
by the stator current and is proportional 


to the square of the stator current. How- | 


ever, that portion caused by the magnet- 
izing current is included in the measure- 


ment of the no-load core loss and should ~ ’ 


be omitted in the determination of stray- 
load losses. Consequently, this loss 
should be determined at a value of cur- 
rent, 4 


en eres 


where J, represents the primary current 
when the motor is loaded, andJ,, repre- 


* 


_ sents the magnetizing current. 
It has been shown! that the tooth- 
frequency loss, LL,, varies with the 
square of the rotor current. Since the 


) 
. thon 


1 
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However, this core loss has - 


Yr 


- different temperatures. 


rotor current is approximately equal to 
In, the tooth-frequency loss also should 
be determined at current J». 

The reverse-rotation test and the 
stator-impedance test may be taken at 
In order that a 
correction for copper temperature can be 
made, it is best to keep LL; separate from 
I?R. If R, represents the d-c resistance 
at the temperature of the reverse-rota- 
tion test, the formula for the tooth- 
frequency loss becomes 


LL, =(P,—P+) —(W;—1?R,—LL,) 
The total stray-load loss equals - 
LL,=LL,+LL; 

The completed feenula is then 


Tigh pb — W,+1e?R,+2LL; 
Test Data 


The following data were obtained on a 
squirrel-cage motor rated 1,750 horse- 
power 3,600 rpm. 


Stray-load loss by pump-back between 
identical motors............ 11,800 watts 


Stray-load loss by reverse-rotation test in- 
ClUdingeoloen ace teksten alta 18,100 watts 


The difference of 1,300 watts represents 


0.1 per cent of full load. The fundamen- 


tal-frequency stray-load loss in the 
stator was measured as 5,400 watts. The 
reverse-rotation test as originally pro- 
posed neglected the fundamental stator 


- loss, but this test clearly indicates that it 


must not be neglected. Without this 
correction, which is twice LL; or 10,800 


‘watts, the stray-load loss would have 


been calculated to be 2,300 watts from 
the test data. 

A squirrel-cage motor rated 500 horse- 
power at 1,800 rpm was tested with the 


- following results: 


Stray-load loss by pump-back between 


identical motors....:........ 2,500 watts 
Stray-load loss by reverse-rotation test in- 
Clin geal sey een ere enone 2,800 watts 


The two methods differ by 300 watts or 
0.08 per cent of fullload. The funda- 
mental loss in the stator was tested to be 
320 watts. Here consideration of the 
fundamental stator loss is not so im- 
portant. 

The tests that follow were taken before 
it was thought necessary to consider the 
fundamental stator loss. However, mo- 


' tors of similar size and design were tested 


for this loss and were found to have a 
negligible amount. 
Three methods were used to test a 


- wound-rotor motor rated 150 horsepower 


at 900 rpm. The ‘following values were 
obtained for rated load. 


_Stray-load loss by pump-back between 


identical motors.......... ....615 watts 


Stray-load loss by reverse-rotation test (LLs 


ECR OEE Rae _.....600 watts 
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Stray-load loss by d-c excitation of rotor. . 
600 watts 


A squirrel-cage motor rated 25 horse- 
power at 1,800 rpm was tested by re- 
verse-rotation test. Dynamometer effi- 
ciency was measured three times. Figure 
1 gives the results of these tests. The 
fundamental stator loss was neglected. 

A 30-horsepower squirrel-cage motor, 
rated 1,200 rpm, was tested by the re- 
verse-rotation method and by dyna- 
mometer efficiency. Figure 2 shows the 
results. Here also, the fundamental 
stator loss was neglected. 

Thirteen motors, all rated 25 horse- 
power at 1,800 rpm, of the squirrel-cage 
type were tested by dynamometer eff- 
ciency and by the reverse-rotation test. 
These motors were built by 11 different 
manufacturers and varied considerably 
in their characteristics. Table I gives 
the results. 

These data should be considered by 
examining the error in load loss as a 
per cent of full load, not as a per cent of 
the load loss. The probable error in 
measurement is about the same quantity 
in watts for a given size motor, whether 
the load loss is large or small. Conse- 
quently, the error expressed as a percent- 
age of full load is a better measure of the 
value of a stray-load loss test. This is 
true whether the load loss is determined 
by pump-back between identical- motors, 
by a dynamometer, by.the reverse-rota- 
tion test, or by d-c excitation of the 
rotor. 


Conclusion 


It is now six years since the publication — 


of Professor Morgan’s paper. This seems 
sufficient time for all concerned to evalu- 
ate his method of direct measurement of 
stray-load loss. 

This paper indicates how his method 
may be brought into agreement with the 


‘input-output test by making the test and 


correction for fundamental stator-load 
loss in large motors. This correction is 
unnecessary in testing small motors. 
With this correction, where necessary, 
the reverse-rotation test is accurate for all 
sizes and speeds of motors and is easily 
performed. 

It appears desirable, therefore, to con- 
sider Professor Morgan’s method for in- 


clusion in the ‘““AIEE Test Code for Holy 


phase Induction Machines.’ 


Appendix |. Nomenclature 


W,=power input to stator’ during reverse- 
rotation test 

P,=power input to shaft during reverse- 
rotation test 

Py=power input to shaft with no power 
applied to stator terminals 

W;=power input to stator during stator- 

~ impedance test with rotor removed 
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' pages 2693-715. 


| 
LL,=total stray-load loss 
LL, =stray-load loss due to rotation 
LL,=stray-load loss in stator with rotor 
removed 
I,=primary current at load for whick 
stray losses are to be determined 
Im=Mmagnetizing current 
Iz=primary current value at which stray- 
load loss tests are made 
R;=primary d-c resistance during stator- 
impedance test with rotor removed 
R,=primary d-c resistance during reverse- 
rotation test 


Appendix Il. Proposed Method 
of Determining Stray-Load Loss 
in Induction Motors 


Measure stray loss in the stator with the 
rotor removed by applying balanced poly- 


phase current to the terminals of the pri- 


mary winding. The value of watts measured, 
less the primary J?R current, is designated 
by LLs. This loss should be measured at a 
value of current J. where 


h=V12—Ine 


J, is the primary-load current and I, is 
the magnetizing current. 

With the rotor and stator assembled, 
apply balanced polyphase current to the 
stator terminals. Drive the rotor at syn- 
chronous speed in a direction opposite to 
that of the phase rotation of the stator. 
Measure shaft input designated by P, and 
the stator input designated by W,. These 
measurements should be made at the value 
of current Jo. 

Remove the power from the stator and 
determine the mechanical power required 
to drive the rotor at synchronous speed in 
the same direction. Designate this power 
by Ie I 

The stray-load loss is then equal to 


—P— W+1AR, +2EL,; 
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Devices for Aircraft 


F. W. HOTTENROTH, JR. 


NONMEMBER AIEE 


HE devices required for controlling 

electric equipment on airplanes in- 
clude pressure switches, thermostats, con- 
trol relays, contactors, switching mecha- 
nisms, and various combinations of these 
devices. These controls must operate 
correctly under the extremely severe con- 
ditions encountered on airplanes and, at 
the same time, must be smaller, lighter, 
and more reliable than similar devices 
produced for other applications. 

In order to design properly to meet the 
requirements, it is necessary first of all to 
set up standards which describe accurately 
the conditions under which the devices 
must operate. Test equipment is built 
which simulates these conditions and. is 
used to check the operation of devices in 

- accordance with the standards. 

The results of these tests provide addi- 
tional standards such as electrical creep- 
ages and clearances and, in addition, they 
indicate desirable design features which 
should be incorporated in devices to make 
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them suitable for operation on airplanes. 

It is regrettable that at this late date 
there are no general standards for electric 
devices used on_airplanes. There are 
many standards set by governmental 
agencies for specific devices but these 
standards are not consistent with those 
of other agencies, or even with other 
standards set by the same agency. 

The purpose of this paper is two-fold: 


1. To suggest that the AIKE set up stand- 
ards of preferred practices for electric con- 
trol equipment used on aircraft. A set of 
standards is included as a sample of the 
type of standards which are considered 
necessary. 


2. To describe design features which have 
definite advantages under conditions en- 
countered on aircraft. 


Altitude 


One of the first requirements for a de- 
vice which is used on an airplane is that 
it must operate satisfactorily at the alti- 
tudes which will be encountered by the 
airplane. Not many years ago, an alti- 
tude of 25,000 feet was considered the 
ultimate in airplane performance. The 
altitude record in 1929 was less than 
42,000 feet. Today, we speak of 40,000- 
foot service ceilings for present-day air- 
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planes and of 50,000-foot service ceilings 
for airplanes that will be built in the near 
future. In order that the electric devices 
of today will operate satisfactorily on the 
airplanes of tomorrow, standards for 
altitude should be 50,000 feet. 

An altitude of 50,000 feet is equivalent 
to an absolute pressure of 3.4 inches of 
mercury. This pressure is readily obtain- 
able with a small vacuum pump. The 
majority of tests on devices to determine 
the effect of altitudes can be run on equip- 
ment consisting of the compressor from a 
small household refrigerator connected as 
a vacuum pump to a bell jar equipped 
with terminal connections for handling 
various types of control and load circuits. 

The greatest effect of altitude on elec- 
tric control devices is the effect upon the 
electrical rating of contacts, due to the 
increased difficulty of extinguishing an arc 
at the low pressures encountered at high 
altitudes. 

A large number of tests have been run 
to determine the effect of altitude upon 
contact-interruption ratings at various 
voltages and with various forms of con- 
tact mechanisms. Much of these test data 
have been described in detail in a paper 
presented by J. S. Rader and L. T. Quill 
at the Los Angeles meeting of AIEE held in 
August 1944.2. From a design viewpoint, 
the comparison of 12- to 24-volt operation 
and the advantages of double-break con- 
tact construction should be stressed. 
When most airplanes were equipped with 
12-volt systems there was little diffi- 
culty in extinguishing arcs, even at high 
altitude. When airplane voltages were 
increased to 24 volts, arcing troubles were 
encountered. Figure 1 shows that a 
contact break of only 1/32 inch will ex- 
tinguish a 12-volt 40-ampere inductive 
are but it will extinguish only four am- 
peres if the voltage is increased to 24 
volts. 

However, reference to Figure 2 shows 
that use of double-break contacts prac- 
tically eliminates the handicap of the © 
24-volt system. The contact gap for 24 
volts with double-break contacts is prac- 
tically the same as that required for 12 
volts with single-break contacts. The 
close relationship between the curves in’ 
Figures 1 and 2 indicates the operation 
of some physical law or a remarkable 
coincidence. ; 

The reduction of ratings of contact 
devices due to altitude is clearly shown 
in Figure 3. Sea-level ratings must be 
divided by three to obtain ratings for 
high altitude. Fortunately the rating 
curve takes an upward turn at altitudes 
above those under discussion. The ex- 
treme case is the high rating of the 
vacuum switch. 

Another important factor to be con- | 
sidered in high-altitude design work is 
the necessity for greater creepages and 
clearances due to lower potential break- 
down values at high altitudes. M. J. 
DeLerno’s paper! on potential breakdown 
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CONTACT GAP — INCHES 
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CURRENT — AMPERES 


Figure 1. Comparison of single-break contact 
gaps required for 12- and 24-volt inductive 
loads at altitudes to 50,000 feet 


These curves show conservative ratings for 

inductance equivalent to motor loads and are 

about 50 per cent of maximum interrupted test 
values 


at high altitude indicates that high 
potential tests made at sea level on de- 
vices to be used at high altitude should be 
three times the normal values. 


Vibration 


Devices should operate satisfactorily 
under any conditions of vibration en- 
countered on an airplane. However, 
there still is no definite figure to express 
accurately the maximum vibration con- 
ditions actually encountered on all types 
of airplanes. 

There has been a rule of thumb which 
states that a device should not be dam- 
aged by vibration having simple harmonic 
motion, with an amplitude of 1/3. inch 
which is equivalent to a total travel of 
1/1, inch. This vibration should vary in 
frequency from 5 to 55 cycles per second, 
with the frequency continuously varying. 
Tf the device is not damaged by this 
vibration for a period of five hours, it is 
considered that it will not be damaged by 
_ the vibration it will encounter during the 
"life of the device. This requirement was 
amplified by some to such an extent that 

_ devices had to operate satisfactorily even 
under these extreme conditions of vibra- 
tion. We believe that this was never the 
intent of the requirement. Many devices 
are built to operate within certain speci- 
fied tolerances. Under these extreme 
conditions of vibration they will not 
operate within those tolerances. Further- 


_ more, under those conditions they may 
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actually operate incorrectly. It seems 
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_ the values for a shakedown test during 


which a device will not become in- 
_ operative and operational test during 
\ which a device should operate within pre- 
A shakedown test should 
be equivalent to an accelerated life test. 
This principle has been carried out in the 
‘new specifications set up by Wright Field 
_ covering requirements for 400-cycle ap- 
iv paratus. 
_ which require that a device should not be 


ps _ damaged by vibration aot five hours with 


" 
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Standards have been set up 


a !/s.-inch amplitude. A second standard 
for operation requires that a device must 
operate satisfactorily during vibration of 
1/30 inch total travel at frequencies from 
5 to 55 cycles per second. 

Test equipment for checking devices 
under these conditions of vibration is now 
readily obtainable from many sources. 
Some types of testing equipment have 
been made extremely heavy and rugged 
to withstand the vibration set up by their 
own moving masses. This has necessi- 
tated fastening of the equipment to large 
masses: of concrete and has made it ex- 
tremely difficult to measure correctly 
vibration amplitudes. Other forms of 
vibration machines are inherently bal- 
anced and are, therefore, lighter weight 
and have longer life. They are particu- 
larly well suited for life testing. 

Tests on various devices on the vibra- 
tion machine show the importance of 
balanced construction. Pivoted parts 
should have equal masses on each side of 
the pivot. Furthermore, tests on the 
vibration machine show that parts should 
be rigid and, at the same time, have as 
light weight as possible. 

Figure 4 shows an extremely sensitive 
relay which is equipped with a balanced 
armature and which is ideally suited for 
operation under vibration conditions. 
This is a polarized relay with a dead cen- 
ter position. When no current is applied, 
the armature is in a central position and 
contacts are both open; These contacts 
remain open even if the relay is subjected 
to vibration of 1/32 inch total travel at 
any frequency up to 60 cycles per second. 
Then, if the relay is energized by current 
flowing in either direction, one pair of 
contacts will close and will stay closed 
under the same vibration conditions. The 
amount of power necessary to close the 
contacts and hold them against this vibra- 
tion is only one half milliwatt. The de- 
sign of a relay with such a low-power 
input, able to withstand such extreme 
vibrations, would be extremely difficult 
if the principle of balanced construction 
were not observed. 


Temperature 


Temperature conditions encountered 
by aircraft are far more severe than are 
encountered in ordinary applications of 
other devices. The higher an airplane 
flies the lower the temperature it en- 
counters until it reaches the stratosphere. 
Then the temperature begins to increase. 
But at an altitude of 60,000 feet above 
the equator, the temperature may be as 
low as 112 degrees Fahrenheit. How- 
ever, the Army Air Forces, in their 
winterization program, have set —65 de- 
grees Fahrenheit as the minimum tem- 
perature for design requirements. 

On the other hand, it has been found 
advisable to design devices to withstand 
temperatures as high as 200 degrees 
Fahrenheit for 48 hours. It is, therefore, 
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necessary that the designs for devices for 
aircraft be suitable for a total range of 
265 degrees Fahrenheit. The main item 
of interest in covering this wide tempera- 
ture range is the proper choice of materials 
to insure correct operation of devices over , 
this temperature range. Tests on pres- 
sure switches which had rubber dia- 
phragms showed the differentials might 
become 20 to 30 times as great when the 
rubber was stiffened by low temperatures 
as it would when operating at normal tem- 
peratures. On the other hand, pressure 
switches equipped with metal bellows are 
practically unaffected by temperature. 

In designing devices for aircraft, the 
kinds of material used should be carefully 
chosen so that different expansion coef- 
ficients of materials will not cause wide 
variations in operation. A piece of 
aluminum one inch long will shrink two 
thousandth’s of an inch more than a piece 
of iron one inch long in going from the top 
temperature at 200 degrees Fahrenheit to 
the bottom temperature of —65 degrees 
Fahrenheit. This change in dimension 
may be the cause of faulty operation in 
many devices. 
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Figure 2. Comparison of single-break contact 

ratings to double-break contact ratings for 24- 


volt d-c inductive loads at altitudes to 50,000 
feet 


These curves show conservative ratings for 

inductance equivalent to motor loads and are 

about 50 per cent of maximum interrupted test 
values 


A wide range of temperature makes it 
essential that any timing devices operat- 
ing on a thermal principle must be com- 
pensated for temperature. This may be 
done as is shown in Figure 5, by having 
two pieces of bimetal which oppose each 
other. Change of ambient temperature 
increases the forces between the two 
pieces of bimetal. Heating of one bimetal 
with relation to the other will operate the 
contact mechanism after a definite time. 
Due to the compensation principle used, 
the timing is practically unaffected by 
change of temperature. 

On the other hand, it should be noted 
that common forms of timing relays 
operating on the flux-decay principle are 
considerably affected by temperature. 
The curve shown in Figure 6 is representa- 
tive of the Sterne effect upon eats 
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type of relay. Most of the change in 
timing is due to the increased conductivity 
of the copper slug at low temperatures. 
This characteristic should be taken into 
account in applying timing devices so 
that the increased timing at low tempera- 
tures will not be a source of trouble. 


Salt Atmosphere and Humidity 


A commonly accepted standard for 
salt atmosphere is that a device must 
pass satisfactorily a 200-hour salt-spray 
test. This is an accelerated test. which is 
generally imposed upon a device after it 
has satisfactorily passed all other tests. 
There is considerable difference in opinion 
as to whether it is necessary for a device 
to operate satisfactorily immediately after 
being taken from the salt-spray test, or 
whether it is permissible to clean the salt 
off the device and then have it operate 
satisfactorily. There seems to be no firm 
standard on this subject. It appears 
reasonable to set up as a standard that 
a device must operate satisfactorily after 
it has been cleaned, following exposure for 


200 hours to the salt-spray test. Whena. 
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ae Figure 3. Comparison of 0.020-inch double- 
; break contact rating to 0.040-inch single- 
3 break contact rating for 24-volt d-c inductive 
loads 


Contact ratings are approximately 50 per cent 
: of maximum interrupted-current test values. 
For rating purposes, inductive loads are con- 
sidered to’ be motor loads with L/R ratio 
e about 0,03 


small electric control which has contacts 
as part of its mechanism is exposed to the 
salt-spray test and is left uncovered in 
the salt spray for a period of 200 hours, it 
is certain that particles of salt will 
evaporate out of solution on the contacts. 
When the device is removed from the 
salt spray and the salt has thoroughly 
dried on the contacts, it is quite unlikely 
that the contacts will operate. If, how- 
ever, the salt is removed, the contacts 
should operate properly. The condition 
of 200 hours of steady exposure to salt 
spray is an accelerated testirig condition 
which is not actually met in service. Itis 
more intended to prove that the device 
will not corrode and become inoperable 
due to corrosion resulting from the salt 
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atmosphere encountered by airplanes — 


operating near the ocean. We, therefore, 
feel that the above interpretation of the 
standard is fully justified by the actual 
application of the devices. 

In addition to the salt atmosphere, 
there is an atmospheric condition of high 
humidity which often is encountered by 
devices. This humidity condition is far 
more severe than has been ordinarily en- 
countered by devices manufactured for 
use in the United States. In the tropics, 
it is often possible to have high tempera- 
tures and, at the same time, high humidi- 
ties. In order to simulate this condition 
with an accelerated test, we have set as 
our standard for humidity requirements 
that a device must operate satisfactorily 
after being subjected to a 95 per cent 
humidity at 100 degrees Fahrenheit for 
a period of 168 hours. 

The test equipment for salt-spray test- 
ing is fully described in Army-Navy 
Specification AN-QQ-S-91. This type of 
equipment has been used for some time 
for corrosion-resistance tests. For the 
testing of devices under conditions of 
humidity, an easy way to maintain cor- 
rect humidity is to place the devices in a 
bell jar together with certain salts which 
automatically maintain a correct per- 
centage of humidity. Potassium-sul- 
phate crystals hold a humidity of 96 
per cent at 100 degrees Fahrenheit. 

In order to design devices which are 
suitable for uses under the conditions of 
corrosive atmosphere and humidity, there 
seem to be three major items which have 
to be kept constantly in mind. The first 
of these is that when dissimilar metals 
are used close together they must be 
properly chosen so that they are not far 
apart on the electromotive series or, if 
they are far apart, they must be properly 
plated. For instance, a designer who is 
accustomed to using parts made of brass 
must be particularly careful to see that 
they are not fastened directly to aluminum 
parts, unless the brass parts are plated 
by a coating such as nickel plate. Sec- 
ondly, it is essential that all steel parts 
must be plated with a corrosion-resisting 
plating or the parts must be made of a 
type of stainless steel. This does not 
work an undue hardship on the designer 
in the case of structures, but it is often 
difficult to protect properly stampings 
made from thin spring steel or wire springs 
made from spring wire having diameters 
of less than approximately 1/32. inch. 
Ordinary plating methods are very likely 
to produce faulty springs since the nascent 
hydrogen produced in the plating process 
may attack the spring steel and cause 
hydrogen embrittlement. Reputable 
spring manufacturers have developed 


properly controlled techniques for taking 


care of this condition but it is still an 
item which must be watched carefully. 
One of the most severe effects of humid- 


ity on materials is the expansion of plastic 


parts on which changes in dimension may 


_cause difficulty. Some molded parts are 
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entirely satisfactory for ordinary do- 
mestic applications but may change di- 
mensions by as much as 1/¢4 inch per inch 
when subjected to the extreme humidity 
conditions encountered by our airplanes. 
This by no means prohibits the use of 
molded parts on airplane devices but does 
warrant extreme care in their use wherever 
dimensional stability is essential for cor- 
rect operation. Of course, this condition 
is even more amplified in the case of fibre 
parts which will expand two to three 
times as much as common plastic parts. 


Voltage 


Designers of aircraft controls have had 
difficulty in finding out just what the 
standards of voltage are which must be 
met by devices when used on airplanes. 
Normally, the planes of today have 24- 
volt systems. Actually, this means that 
the battery furnishes 26.4 volts at full 


BALANCED 
ARMATURE 


Figure 4. Balanced-armature design of polar- — 


ized relay operates correctly even under ex- 


treme conditions of vibration with only one- — 


half-milliwatt coil input 


€ 
charge at the battery terminals. When 


the generator is operating properly, it sup- . 
plies a regulated voltage of 28.5 plus or | 


minus 0.5 volt at the voltage regulator 
terminals. A designer, therefore, has a 
choice of a number of voltages to con- 
sider as standard. On the basis of the 
nominal voltage the standard practice 
for d-c systems allows ten per cent over 
and 20 per cent under. Therefore, he 
could design a device to operate at 26.4 
volts maximum and 19.2 volts minimum. 
This is obviously incorrect since the top 
voltage may go as high as 29 volts on a 
properly regulated system. Starting 
from the maximum voltage of 29 volts and 
using the same spread of plus ten per cent 
and minus 20 per cent, we work backwards 
to a minimum value of 21 volts. This 


a 


seems like a reasonable spread of voltage — 


and indicates that a device should operate 
satisfactorily at voltages as low as 21 


volts and should not overheat at voltages 
as high as 29 volts. However, it is pos- 


sible that the generators may be shot away — 


and all important devices must operate 


satisfactorily on the battery voltage, 


\ 
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Figure 5. Thermal timing relay with ambient- 
temperature compensation 


Sample in transparent housing 


This indicates that there may be a mini- 
mum voltage of 19 volts. However, the 
batteries are probably highly overloaded 
when generators. are inoperative, so it 
seems advisable that an even lower value 
should be used. A standard of 18 volts 
seems reasonable thereby allowing a one- 
volt additional safety factor over the 19 
volts given above. However, it should be 
noted that some of the Air Corps stand- 
ards call for correct operation at 20 volts. 
A standard stating that devices must 
operate correctly at 18 volts is incomplete 
unless temperatures are also taken into 
consideration. A device which may func- 
tion properly at 18 volts with ambient 
temperatures of 70 degrees Fahrenheit 
may not operate at 18 volts at 200 de- 
grees Fahrenheit. And even though it 
may operate at 18 volts at 200 degrees 
Fahrenheit for a short period of time, its 
own self-heat over a longer period of tgme 
may make it inoperable at the same 
values. Fortunately, the temperature of 
200 degrees Fahrenheit cannot exist for 
any long period of time after the airplane 
is in operation so the possible condition of 
operation for an extended period of time 
at temperatures above 70 degrees Fahren- 
heit may be assumed to be nonexistent. 
This is the basis of the standard that 
devices must operate correctly at 18 volts 
and 200 degrees Fahrenheit with no self- 
heating and at 18 volts at 70 degrees 


_ Fahrenheit with full self-heat. 


ie) 


_ Conclusions : 

Lieutenant Colonel Holliday, head of 
_the electrical equipment laboratory at 
Wright Field, has emphasized the fact 
that a device which is not completely 
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Figure 6. Effect of temperature on dropout 
time of flux-decay relays 


reliable has no place on an airplane. At 
the same time, he points out that weight 
is the prime consideration in choosing be- 
tween two devices which are equally re- 
liable. 

In order to meet both of these require- 
ments it is essential that the designer of 
devices for aircraft must have clear-cut 
definitions of the requirements of devices 
for aircraft in the form of design stand- 
ards. There are no such standards at the 
present time. 

Should not the AIEE and the National 
Electrical Manufacturers’ Association fill 
this need by setting up standards of pre- 
ferred practices for electric devices used 
on aircraft? Asa concrete foundation for 
such a program the following suggestions 
are offered for discussion and considera- 
tion as standards to cover electric con- 
trol devices. 


Appendix. Standards for Electric 
Control Devices Used on Aircraft 


A. Devices must operate satisfactorily 
under the following conditions or any com- 
bination of these conditions. 


1. Acceleration to ten g. 
2. Altitudes to 50,000 feet. 


3. Vibration at amplitude of 0.015 inch with fre- 
quencies of 0 to 55 cycles per second 


4, Temperatures from —70 degrees Fahrenheit to 
+70 degrees Fahrenheit for continuous operation. 


| 
5. Voltages from 18 to 29 volts for 24-volt systems, 


B. Devices must withstand the follow- 
ing conditions without being damaged. If 
operating characteristics are affected to the 
point where the device does not operate 
satisfactorily it will be considered damaged. 


1. Vibration for five hours in each of the two worst 
airplanes at an amplitude of 0.030 inch and with 
frequencies from 0 to 55 cycles at normal room 
ambient temperature. * 


2. Temperatures from —70 degrees Fahrenheit to 


200 degrees Fahrenheit for 48 hours at the worst » 


temperatures. 
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3. Humidity of 95 per cent at 100 degrees Fahren- 
heit ambient temperature for 168- hours with rated 
coil voltage applied from coil terminal to ground. 


4. Salt spray for 200 hours, Salt crystals may be 
washed off before rechecking operation. 


5. High-potential test: 
———————————— nnn 


High Potential A-C Rms 
Volts Applied for One 
Second 
SSeS aes 

50,000-Foot 


Rated Voltage Sea Level Altitude 


Up to 50 volts direct current. . 
Up to 208 volts direct current. S000 a.eteeias 1,000 


C. Ratings 


1. Magnet coils. 

Must pick up at 200 degrees Fahrenheit ambient 
temperature with no self-heat in coil at 18 volts for 
24-volt system. 

Coil temperatures must not exceed 325 degrees 
Fahrenheit with maximum volts and 200 degrees 
Fahrenheit ambient temperature with device 
mounted on aluminum plate in accordance with 
reasonable design practice. 


2. Contact ratings. 
Devices with motor ratings must be able to make 


and break six times their normal rating with 
L/R=0.03. 

D. Spacings (inches) 
a 


Potentialin 
Volts 


Oto 31 to 
30 300 


Between any uninsu- 
lated live part and 
an uninsulated part 
of opposite polar- 
ity,* uninsulated 
grounded part other 
than the enclosure 
or exposed metal 
part ~ 

Between any uninsu- 
lated live part and 
the walls of a metal 
ENCLOSULE . .4. ses sce e ee ees cen Kees 

Between wiring ter- 


Through air...1/16. . .1/s 
Over surface... 1/8. . .1/4 


Glinalse. jane sores ataytiersstisis cee 7s Aalal/ aes 


A barrier of 1/s2-inch-thick insulation may be used 
in lieu of these spacings. 


* Parts of opposite polarity are those which may 
be so connected in a circuit that a direct connection 
between the parts would produce a short circuit. 
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Tracer-Controlled Position Regulator for 


Propeller Milling Machine 


C.R. HANNA 


FELLOW AIEE 


N a companion paper by Rutemiller 
and Morton! the electrical control of 
an automatic machine for milling ship 
propellers up to 24 feet in diameter is 
described. The outstanding features of 
this machine, which is illustrated in Fig- 
ure 1, are the speed and accuracy with 
which it can generate the desired blade 
contours in conformity with scale models. 
These features permit enormous savings 
in time over previous methods of propel- 
ler machining. This superior performance 
is made possible largely by the use of two 
tracer-controlled regulators to control the 
positioning of milling cutters which ma- 
chine both faces of the blades simultane- 
ously. It is the purpose of this paper to 
describe the design features and perform- 
ance characteristics of the regulators and 
to indicate by means of a typical stability 
calculation in an appendix some of the 


theoretical considerations involved in 


their development. Although the regu- 
lating system described was designed 
specifically for the propeller milling ma- 
chine, it may be used, with some modi- 
fications, in other machine-tool applica- 
tions, as well as in other fields. 


General Description _ 


The control required for contour follow- 
ing comes under the classification of posi- 
tion regulators and presents a much more 
difficult problem than most other types of 
regulators, such as speed governors or 
electric voltage or current regulators. In 
position regulators a follow member not 
only must accelerate at the proper rate 
and move at the right speed, but also 
must be in the correct position. In an 
electric system using a fixed-field motor 
whose armature is supplied with variable 
voltage from a generator, the current 
must be controlled for proper acceleration, 
the voltage must be regulated for proper 


_ speed, and the accumulated motion must 


at every instant be such as to position the 
follow member accurately. It should be 


_ apparent, therefore, that such regulators 


ae eS ee 
Paper 45-47, recommended by the AIEE committee 
on industrial power applications for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945. Manuscript sub- 
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are of necessity more involved than most 
other regulators. 

In the propeller milling machine, two 
identical position regulators are needed— 
one normally being used to control the 
suction-face drive motor, and the other 
the pressure-face drive motor. As illus- 
trated in Figure 2, each regulator con- 
sists essentially of a standard variable- 
voltage drive with the exciter for the main 
generator energized by a single-stage d-c 
amplifier which derives its positioning 
stimulus from a Silverstat tracer unit. 
The unidirectional output of the exciter 
is applied to the generator field in series 
with an independent constant potential 
so as to obtain a drive-motor rotation that 
is continuously variable from a maximum 
in one direction through zero to a maxi- 
mum in the opposite direction. Each 
motor drives a small saddle carrying the 
associated tracer unit and also a large 
saddle carrying one of the two milling 
cutters. 

A detailed description of the operation 
of the machine is given in the companion 
paper already referred to. Consequently, 
the following brief explanation will suf- 
fice to describe the functioning of the 
regulators. As the model table rotates 
relative to the tracer unit, the tracer 
probe will be deflected as it traverses the 
model. This causes a corresponding de- 
flection of the tracer Silverstat,? resulting 
in a proportional change in the Silverstat 
voltage. This voltage change is amplified 
by the amplifier and exciter and results 
in a change in generator voltage which 
causes the drive motor to move the tracer 
saddle in ‘the direction to return the 
tracer probe and Silverstat to their origi- 
nal positions, relative to the saddle. Er- 
rors are minimized and hunting is pre- 
vented by circuits which are described 
later. 

The ratio of the tracer-saddle speed to 
the cutter-saddle speed is adjusted by 
means of gearing to equal the scale ratio 
of the model. 
porting the propeller is rotated in unison 
with the model table. Consequently, the 
milling cutters move proportionately 
across the blade faces in contours similar 
to those being traced by the correspond- 
ing probes. The Silverstat steps are suf- 
ficiently small and the stability of the 
regulating system is sufficiently great to 
produce continuously smooth and stepless 


motion of the cutter saddles. 


Following each cutting stroke the pro- 
peller blade and models are returned auto- 
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Also the work arbor sup- 


matically at high speed to the starting 
position, preparatory to the next cut. 
During this return traverse the main sad- 
dles attain velocities several times the 
normal cutting speed, and, although there 
is no requirement for accurate following 
during the return stroke, because the cut- 
ting tools are withdrawn from the work, 
it is necessary that the regulators retain 
control throughout this interval to avoid 
severe transient disturbances during re- 
versals of direction at the ends of the 
strokes. 


The Tracer Unit 


The tracer unit is illustrated in Figures 
8 and 4. It consists essentially of a small 
Silverstat operated by a double-lever sys- 
tem. These elements together with the 
Silverstat resistors are compactly as- 
sembled within a cylindrical steel case. 
A probe whose shape conforms to that of 
the cutting tool is mounted on the tapered 
nose of the primary lever. 

The ratio of the lever system is adjust- 
able so that the motion of the probe re- 
quired to produce full Silverstat deflection 
can be made to correspond approximately _ 
to the ratio of the size of the model to that 
of the propeller being machined. This 
adjustment in the tracer sensitivity pro- 
vides means for maintaining the stiffness* 
of the regulator constant as the model 
ratio is changed. In other words, when a 
particular size of model is used, the abso- 
lute magnitude of the error is independent 
of the model ratio, and a 24-foot propeller 
can be machined with no greater absolute 
error than a ten-foot one. Since this ad- 
justment affects only the magnitude of the 
error and does not of itself determine the 
model ratio, it does not need to be con- 
tinuous. Accordingly, four positions of 
the ratio-adjusting pin, corresponding to 
blade-to-model ratios of 2, 3, 4, and 5, 
provide adequate range. — 

The spring and gravitational forces act- 
ing on the levers are such that the maxi- 
mum force on the probe need never exceed 
two pounds. Thus, with probes of reason- 
able weight the force exerted on the model 
is sufficiently low to permit the use of 
even moderately soft materials such as 
plaster or soft wood. Ball-bearing pivots 
provide definite fulcrums with minimum 
friction for both levers. 

A pair of contacts built into the tracer 


unit serves as a limit switch to shut down 


the machine when the Silverstat operating 
lever is deflected beyond its normal range. — 
This feature protects the propeller blade, © 
the tracer unit, and the machine, from 
damage due to mechanical or electrical 
failures. A time-delay relay in the limit- 
switch control circuit prevents shutdown 
during minor transient conditions which 
result in only moderately excessive ac- 
celerations. During these transients 


ie (Me ne eS 
* The stiffness of the regulator is defined as the 


-_ force developed on the main saddle by unit main- 


saddle displacement. 
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A general view of the propeller 
milling machine 


Figure 1. 


The model table is in the left foreground. The 
propeller mounted on the work arbor is about 
12 feet in diameter 


damage to the tracer is prevented by 
adequate overtravel in the lever system. 


The Regulator Circuit 


Because of time delays inherent in the 
regulating system a stable regulator ca- 
_pable of only mediocre accuracy can be 
realized by applying only the Silverstat 

- positioning stimulus to the amplifier in- 
put. Sustained oscillations in this simple 
‘low-accuracy regulator would be pre- 
vented by the inherent damping of the 
-motor-armature circuit. The maximum 
practical stiffness, and hence the ac- 
-* curacy, of such a system is restricted to 
relatively low values by fundamental de- 
sign limitations on the ratio of motor- 
circuit damping to system inertia and also 
by the time delays which have the effect 
of introducing phase shifts that reduce 
_ the effective damping of the system. Any 
attempt to increase the regulator stiffness 
, to improve the accuracy would result in 
hunting. In the system illustrated in 
Figure 2 there are three principal time 
delays: namely, the exciter-field delay, 
the generator-field delay, and the motor- 
and generator-armature-circuit delay. 
Consequently, in order to obtain a regu- 
lating system with adequate stiffness to 
insure high accuracy and at the same time 
provide sufficient damping to insure rapid 
decay of free oscillations, it is necessary 
to introduce strong antihunting influences 
which will now be described. 
In reference to Figure 2, the voltage ¢, 
_ appearing across the sensitivity or stiff- 
 ness-adjusting rheostat R; is derived from 
the Silverstat and has an average value 


» «stat resistance is short-circuited out. 
Variations from this average voltage 
a value, corresponding to displacement of 


AN the probe from its zero-error position, can 
eS; be considered as made up of two compo- 
3 Se 
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MODEL - 


nents. One of these is the drop due to the 
component of current which flows through 
R; and is proportional to the probe deflec- 
tion or positional error. This component 
constitutes the positioning stimulus for 
the regulator. The other component is 
due to the part of the current which flows 
through the capacitor C. By making R, 
small compared to R2, and by proper 
choice of the value of C, this component 
can be made proportional to the rate of 
change or first derivative of the probe dis- 
placement. It is well known* that the 
inclusion in the input to a regulator of a 
stimulus proportional to the rate of change 
of the quantity being regulated exerts a 
powerful stabilizing effect. When the 
tracer probe is deflected from its normal 
position this component of voltage ap- 
pears ahead of the positioning stimulus. 
Thus a large restoring force is produced 
which tends to correct for the error before 
it can attain its maximum value. For this 


reason this component may be considered 


as anticipating the positioning voltage, 
and the circuit comprised of R;, Re, and C 
therefore is referred to as an anticipator 
circuit. Because it is not feasible to 
make R, negligibly small compared to Re, 
the anticipator does not give perfect dif- 
ferentiation, with the result that an addi- 
tional small time delay acting upon the 
anticipator output is introduced into the 
regulating system. This effect is shown 
analytically in the appendix. 

A further stabilizing voltage, é2, is ob- 
tained from the feedback transformer 
connected into the generator—motor-arma- 
ture circuit. The bridge circuit consisting 
of R3; Ry, Rs and the motor-armature re- 


Figure 3. The tracer 
units 


The lower unit is 
removed from _ its. 
cylindrical housing 
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Figure 2. Schematic. wiring diagram of the 
regulating system 


sistance are balanced so that the voltage 
across Rg is strictly proportional to the 
back electromotive force of the motor and 
independent of load and accelerating cur- 
rents. Since the back electromotive force 
is proportional to speed, this voltage is 
thus proportional to the output velocity. 
The time constant L/R; of the primary 
circuit of the transformer is made low so 
that the primary current is essentially in 
phase with the voltage across Rs and the 
output velocity. The transformer second- 
ary voltage e2 is proportional to the rate 
of change of the primary current and 
hence is proportional to the output ac- 
celeration. This voltage is applied to the 
amplifier input with a polarity such that 
the torque due to it opposes rapid accel- 
eration of the drive motor. It is therefore 
antihunting in its effect. Because it is not 
feasible to make the time constant of the 
transformer primary circuit negligibly 
small, the differentiation of velocity to 
obtain acceleration is not perfect, and the 
consequence here also is the introduction 
of another small time delay, acting in this 
case only upon the acceleration compo- 
nent of the amplifier input voltage. 

With the regulator input voltages de- 
scribed thus far, it is possible to increase 
the stiffness to a point where the position- 
ing accuracy at very low speeds is more 
than adequate. However, when the drive 
motor is running at some constant speed, 
the steady-state excitation required by the 
main generator must be produced entirely 
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Table:! 


<= 


Machine Constants 


Accuracy Constants 


Stability Constants 


M =1.2X108 lbs per (ft per sec?), . 
r=2.7>X108 lbs per (ft per sec) .. 
T1=0.01 sec 
T:=0.7 sec 
T:=0.05 sec 


we ok =S 


. $=60X 108 lbs per ft oat 
. 0 =2.5X 104 lbs per (ft per sec). ...Ta=0.5 sec 


. m=10.8X108 lbs per (ft per sec?) 


....11=0.02 sec 


by the positioning voltage. This means 
that when the motor is running at top 
speed the Silverstat must be deflected by 
the probe far enough from the mid-posi- 
tion to produce full excitation of the gen- 
erator. In other words a high output 
speed can be obtained only at the expense 
of a proportional deviation or error in the 
tracer probe position, and at top speed 
this error may be several times the normal 
acceleration error. 

It is the function of the voltage e; to 
minimize these errors proportional to 
speed. This voltage being part of the 
drop across Rg is proportional to the out- 
put velocity and is applied to the ampli- 
fier input in series with e; and e, in such a 
direction as to tend to maintain the out- 
put velocity which produced it. Most of 
the main generator excitation required to 


= produce the output speed is thus provided 


by és, relieving the Silverstat of the major 
portion of this duty. By this means the 
velocity error is reduced to a small frac- 
tion of what it otherwise would be. The 
portion of the velocity excitation pro- 
vided by the Silverstat is just sufficient to 
insure that the tracer unit retains control 
of the regulator. Instead of improving 
the stability of the regulator, however, the 
feedback for velocity-error correction has 
exactly the opposite effect. Fortunately 
though, the reduction in damping is small, 
and it is readily compensated for by a 
slight increase in the derivative compo- 
nent of the anticipator-circuit output 


' voltage. 


The Amplifier 


The use of a vacuum-tube amplifier 
greatly simplifies the attainment of ade- 
quate anticipation, acceleration feedback, 


and velocity-error correction with circuit 
- components of small physical size and low 


power consumption. Its almost infinite 
input impedance permits a wide flexibility 
in circuit arrangement and makes it pos- 
sible to eliminate completely undesirable 
loading of the anticipator circuit by the 
feedback circuits and vice versa. A 
further advantage of the amplifier is that 
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it permits the use of very low-wattage 
Silverstat resistors, making it feasible to 


mount these within the limited space in-, 


side the tracer housing, thus avoiding a 
large number of electric connections to the 
tracer unit. 

Although only a single tube is indicated 
in Figure 2, there are actually three tubes 
connected in parallel. This improves the 
reliability of the equipment, since the 
regulators still will operate with somewhat 
greater error on only two tubes. The 
tubes, which are of a standard radio type 
obtainable in any radio shop, are very 
conservatively loaded so as to insure a 
long useful life. 

A potentiometer Rs in the cathode-bias- 
ing circuit is ganged to the stiffness con- 
trol R, for the purpose of compensating 
for the change in average drop across R; 
as the stiffness of the regulating system is 
varied. This makes it possible to change 
the regulator stiffness without causing 
any disturbance in the system. Control 
Ry is used to adjust the regulator to the 
center of its range during the setting-up 
process. 

A voltmeter connected across the Silver- 
stat is calibrated in terms of relative error 
and provides a means of constantly check- 
ing the operating condition of the regula- 
tor and the accuracy of the milling opera- 
tion. One of these instruments is located 
at the control station for each of the two 
A vernier centering adjust- 
ment, not indicated in the schematic 
diagram, but connected in series with Ro, 
is mounted alongside the relative-error 
indicator on the control pedestal. This 
serves as a relative-error control and may 
be used by the operator, if desired, to 
“monitor” the error during the milling 
strokes. It also facilitates adjustment 
during the setting-up operation and pro- 
vides a means of correcting for possible 
drifting during the initial warming-up 
period. 


Performance 


The performance of the propeller-mill- 
ing machine as a whole is capable of 


SPRING 
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greatly exceeding the specification require- 
ment of 200 square inches of blade surface 
milled per hour. This is due both to the 
inherent cutting capacity of the machine 
and to the ability of the regulators to 
maintain a high degree of accuracy at 
speeds higher than needed. A practical 
cutting speed for face milling is of the 


order of 30 inches per minute, and at this © 


speed the regulators hold the accuracy to 
better than +0.004 inch at the work. 
During the high-speed return stroke the 
velocity reaches 100 inches per minute 
and the corresponding error is of the order 
of +0.012inch. As mentioned previously 
there is no necessity for maintaining high 
accuracy during the return stroke so that 
the latter figure has no particular signifi- 
cance in the operation of the machine. 
It is indicative, however, of the capabili- 
ties of the regulators. 

The rates of acceleration and decelera- 
tion at the ends of the strokes are limited 
to values of the order of ten inches per 
minute per second, and during these in- 
tervals the error is held to well within the 
specification requirement of +0.020 inch. 


Conclusion 


In designing the regulators much con- 
sideration was given to features which in- 
sure reliability and ease of operation. No 


unusual skill is required either to operate — 


or to service the equipment. 

Although the regulating system de- 
scribed was developed specifically for the 
propeller milling machine, the funda- 
mental principles involved are of such a 
general nature that they will find useful 
application in a wide variety of regulator 
problems. 


Appendix | 


The Anticipator 
If we refer to Figure 2, the ratio of e to 


the Silverstat voltage in operational form is" 


Ri _(1+Tab)/(a+1) 
Ro/Cp — 1+-Tab/(k1+1) 
Rit 1/Cp 

where 


Ta=R:2C =the anticipator time constant 
ky E | Ro ii Ry , 
p =the differential operator d /dt 


It is apparent from this expression that the 
anticipator output contains two components, 


one proportional to the Silverstat voltage, 
and one proportional to the rate of change of 


this voltage. Both components are delayed, ~ 


however, as indicated by the time-delay 
operator? [1+ Tep/(Ai+1) ). 


Any departure in e; from its average value : ‘ 
is due to a displacement of the main saddle ~ 


from its correct position and results in a 


TRANSACTIONS 203 . 


ft 


force on the saddle tending to reduce the — 
‘displacement. The appearance of this force, — 
however, is subject successively to the de- — 
lays of the exciter field, the generator field, — 


and the generator—motor-armature circuit. 
The expression for the force due to e in 
terms of the displacement x is thus 


ie 
s(1+Typ)x 

(1+ 7p) (1+ T2p) (1+ Tsp) [1+ Tab/(ki +1) ] 

(1) 


where the proportionality constant s is the 
regulator stiffness, and 7;, 72, and 73 are, 
respectively, the three delays previously 
listed. 


Acceleration Feedback 


The feedback transformer voltage may 
be written as 


EPR RoL pe, _ aT pea 

Rit+Lp 14+Tp 
where i is the primary current, ke is the 
transformer ratio, and 7;is the primary time 
constant L/R;. The voltage e is thus 
proportional to the rate of change of e& 
and is delayed by the time lag of the trans- 
former primary circuit. Since e, in turn is 
proportional to the output velocity or rate of 
change of displacement, é2 is proportional to 
the second derivative of displacement or ac- 
celeration. The voltage ee also results in a 
force on the main saddle which is likewise 
delayed by the times 7;, T2, and 73. If we 
follow the foregoing reasoning, this force, 
which tends to reduce the acceleration, may 
be expressed in terms of the displacement as 
follows: 


r= mp*x 
* (1+ Tip) (1+ Top) (1+ Tap) (1+ Tp) 


where m is the force per unit acceleration and 
has the dimensions of a mass. 


(2) 


- Velocity-Error Correction 


In a similar manner the force due to the 
velocity-error-correction poltiee é3 may be 
written as 


—fropx 


~ G+Tp)A+Tp)1+Tp) 


here ro is the force per unit velocity having 
the dimensions of damping. The negative 
sign in equation 3 signifies that the damping 
is negative or that the force F, is tending to 
maintain the velocity px rather than to 
reduce it. 


Characteristic Equation 

The three forces acting on the saddle due 
to regulator action are opposed by the 
inertia of the mechanical system and the 
electrical damping of the generator—motor- 


armature circuit. The appearance of the 
_ latter opposing force, however, is delayed 


(3) 


_ by the armature-circuit time delay 73. Ex- 
7 pressed algebraically the relationship is 
; rpx : 
— Mp*x —-——_._—_ =F, +F,+F 4 
Per tht h (4) 


_ where r and M are, respectively, the slope of 
_ the speed-force curve and the mass of the 
_ mechanical system, both referred to the 
_ saddle. Substitution of equations 1, 2, and 
3 in this equation, and reduction of the right- 
hand side to a common denominator give 


> f 
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the following as the characteristic equation 
of the complete regulator system: 


cP tae 

(1+73p) 

s(1+Top) (1+ Tp) +mp? [1+ Tap/ (ki +1) ]— 
rop [1+ Tap/(ki+1)]1+T 1) 


(1+ Tip) (1+ Top) (1+ Tsp) (1+ Tip) X 
[1+ Top/(ki+1)] 
(5) 


The constants M, 7, T;, Tz, and T; are fixed 
by the design of the rotating machines, * and 
constants s, 70, and ; are determined by the 
accuracy requirements of theregulator. The 
problem is then to determine values of m, 
T,, and T;, which will result in stable opera- 
tion with a high rate of decay of free oscilla- 
tions. A typical set of values is given in 
Table I. 

By substituting these values into equa- 
tion 5, clearing of fractions, collecting terms, 
and dividing by the coefficient of 7, the 
following equation is obtained: 


p'+189.3p%+11,400p5+268.5 X 1084+ 


380.7 X 10463 +-314.6 X105p?+ 
67.96 X 10°p+ 12.97 X107=0 (6) 


— Mp?— 


The approximate factoring of this equation 
by the method described in Appendix II is 


(p+16.2) (p+63.94) (p+95.0) 
(p?-+2.16p+5.58) (p?+12.04p+235.4) =0 
(7) 


The three linear factors in equation 7 
represent nonoscillatory motions of the 
saddle of the form x =xoe?!! where pf; is the 


p'+14.2p% +267.00p?+575p+1,317 
p'+2.16p'+ 5.58p? 


rates of decay are 96 per cent per cycle and 
93.1 percent per cycle. These rates of decay 
represent very high damping. If either of 
these figures were smaller (of the order of 60 
per cent or less) it would be necessary to 
change one or more of the stability constants 
listed previously and repeat the solution of 
the characteristic equation. If even the 
optimum values of the stability constants 
still yield too low a rate of decay, it is neces- 
sary to reduce the regulator stiffness and 
accept the correspondingly lower accuracy. 


Appendix Il 


In the solution of high-order linear equa- 
tions such as equation 6 in Appendix I, the 
means of finding linear factors by Horner’s 
method or by successive trials using syn- 
thetic division are well known. The deter- 
mination of quadratic factors which repre- 
sent complex roots presents greater diffi- 
culty. A form of synthetic division for 
quadratic factors was devised by one of the 
authors for facilitating rapid approximation 
by successive trials and is shown in this 
appendix. It was found later that the 
method was given by M. Liwschitz, formerly 
with the Westinghouse Electric and Manu- 
facturing Company, in an unpublished 
report. 

Equation 6 after depression by the re- 
moval of the three linear factors becomes 


p'+14.23+267p?-+575p+1,317 =0 


The method is best illustrated by performing 
the long division by one of the actual quad- 
ratic factors. 


pit 2.16p+5.58 
p?-++12.04p+235.4, 


12.04p3+261.42p2-+575p 
12.04p°+ 26.02p+ 67p 


root of the appropriate factor. The quad- 
ratic factors of the form p?+8p+¥ corre- 
spond to oscillatory motions of the saddle 
which may be represented by the general 
equation 


x=e-“"(A cos 2aft+B sin 27ft) 


where f is the frequency of oscillation and A 
is the decrement. In terms of the trino- 
mial coefficients B and 7, 


1 a 
= a Vy — 62/4 

Tv 
and 
A=£6/2 
The fractional decay per cycle is given by 
(1—e—4//) 

The oscillation frequencies obtained by 

this means from the two quadratic factors in 


equation 7 are 0.3386 and 2.24 cycles per 
second, respectively, and the corresponding 


~ * The mass of the saddle is negligible compared to. 


the equivalent mass of the drive motor, 
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235.4p?+508p+1,317 
235.4p?+508p+1,317 


In the foregoing, the important figures are 
underlined. The process is greatly simpli- 
fied by tabulating only these figures as fol- 
lows: 


1 14.2 267.0 575 1,317 |2.16-+5.58 
5.58 67 1,317 
2.16 26.02 508 


1 12.04 235.4 


The upper of the two rows under the divi- 
dend coefficients are the successive prod- 
ucts of the differences by the last coefficient 
of the divisor. The lower of the two rows 
are the successive products of the differences ~ 
by the middle coefficient of the divisor. The 
differences are obtained readily by subtract- 
ing two numbers simultaneously from the 
dividend coefficients. The differences, of 
course, are the coefficients of the quotient. 

This compact tabulation of only the 
necessary figures greatly facilitates the esti- 
mation of more accurate coefficients for use 
in succeeding trials. It is easily possible to 
make sufficiently accurate approximations of 
the two unknown coefficients in the divisor 
for equations of the sixth order with fewer 
than ten trials. For fourth-order equations 
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HE ship screw propeller, introduced a 

little over a century ago, is now used 
almost universally.1 Large high-speed 
passenger and naval vessels of the present 
day use propellers as large as 22 feet in 
diameter. These screws must transmit 
very large amounts of power which causes 
them to erode and pit rapidly. Erosion 
and cavitation can be minimized and the 
efficiency of power transmission increased 
by the use of smooth accurately finished 
blades. 

The methods used in finishing ship 
propellers did not keep pace with the art 
of machining metals and have been a 
laborious time-consuming job. The ex- 

cess metal that had to be removed from 
the rough casting to produce the desired 
contour was taken away by hand chipping, 
grinding, and polishing. The large size 
and cost of a suitable machine tool un- 
doubtedly discouraged its early develop- 
ment. The first attempts were made 
about 17 years ago by using modified 
planers and shapers arranged to generate 
a helix. In 1937 the Morton Manufac- 
turing Company designed and built a 
special machine for shaping the pressure 
face side of propeller blades, and two ad- 
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ditional machines of this design have been 
built since.? This machine generates the 
helix through the action of pitch gears 
much like a screw-cutting lathe. It is not 
capable of machining the back or suction- 
face side of the blade, because this surface 
is not a true helix. Furthermore, it can- 
not be used on pressure-face sides of 
blades on which the pitch is not constant 
from hub to tip. 

The machines just described are limited 
in their application, and the need for a 
machine that would generate any contour 
accurately and quickly was increased by 
the rapidly expanding ship-building pro- 
gram. In 1940 the Morton Manufactur- 
ing Company and the Westinghouse Elec- 
tric and Manufacturing Company under- 
took the development of such a machine 
for the United States Navy. 

The general arrangement of the ma- 
chine is shown in the side elevation and 
plan view, Figure 1, and in the picture of 
the final installation, Figure 2. The ma- 
chine is equipped with two cutting heads 
so that it can be arranged to operate on 
both sides of a blade simultaneously, thus 
speeding up the operation and equalizing 
the pressure of the cutters and reducing 
the deflection of the work. This arrange- 
ment is clearly shown in Figure 3. 

The machine is equipped with 11 motors 
and three motor generator sets. Practi- 
cally all of these motors operate in a defi- 
nite sequence when the machine is per- 
forming in an automatic cycle. Full mag- 
netic control is provided for all motors. 


- 


Position Regulators 


The machine is of the form-following 
type, that is, one that reproduces the con- 
tour of a pattern or model in the metal of 
the propeller casting. This provides for 
the machining of any contour on either 


ee 


as illustrated, four or five trials usually suf- 
fice, making the method more rapid than 
the usual Ferrari-Cardan method. A fur- 
ther advantage over the latter and other 
more or less formal methods is that there is 
no chance of carrying an error through the 
complete solution since each trial is a check 
on the preceding one. jie 


The number of trials required is reduced, 


of course, if one can start with coefficients 
close to the final values. A quick and con- 
-yenient first approximation to the correct 
~ value of the last coefficient of the divisor is 
obtained by factoring the original equation 
with the odd-powered terms omitted. For 
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side of the blade and the machining of 
any number of propellers with either right- 
ot left-hand pitch from the same model, 
Since all blades on a given propeller are 
duplicates, a pattern of only one blade is 
required, and the propeller is indexed for 
each succeeding blade. 

The models are made of some soft ma- 
terial such as wood, so that they can be 
made easily by hand. Therefore, the 
form-following device must apply only a 
very small pressure to the model. Be- 
cause of the size of the work, it is desirable 
to use reduced-size models. Machines of 
the pantograph type have been built for 
machining airplane propellers, but the 
limitations of pressure and the extreme 
complication of a magnifying pantograph 
for a machine of this size make such an 
arrangement impractical. A position- 
regulating system of the servo type, there- 
fore, is used on this machine. 

The accuracy of the machine depends 
primarily upon the position regulators, 
and the speed of operation is determined 
by their ability to follow changes in con- 
tour rapidly. 

The regulators used on this machine are 
entirely electrical. They control the 
speed of the saddle-feed motors from 1,000 
rpm forward to 1,000 rpm reverse with- 
out any apparent loss of control in the re- 
gion around zero speed. These regulators 
are described in another paper.® 


Cutter Drive 


The cutters are driven by adjustable- 
speed constant-voltage d-c motors, which 
provide the speed adjustment that is nec- 
essary to suit cutters of different diame- 
ters. The motors are reversed by manu- 
ally operated switches on the control 
panel so that cutters of either hand can be 
accommmodated. The magnetic control- 
lers do not provide dynamic braking, as 
it is desirable to have the cutters rotate ~ 
from the momentum of the drive in case 
of a voltage failure so they will cut them- 
selves clear. 


Relieving Mechanisms 


The cutter saddles are each provided 
with relieving mechanisms that move the — 
cutters clear of the work during the return ~ 
stroke and into position for cutting during 


- the example given the expression 
pi+267p?+1,317 
is factored approximately into 
(p?-+-5) (p? +260) 


giving either 5 or 260 as one coefficient of the 
first trial divisor. This method is exact if 


the damping in the system is zero, in which 


case the odd-powered coefficients are absent 

to begin with. The approximation is quite 

good, however, for dampings as great as 
50 per cent of critical. 
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the cut stroke. These mechanisms are 
driven by compound-wound d-c motors 
provided with full magnetic reversing 
control, in order that they will operate in 
the proper sequence during the automatic 
cycle. 

At the beginning of the cutting stroke, 
the cutter is positioned with respect to the 
work by this mechanism. This position- 
ing must be consistent and accurate, The 
relief-drive motors drive the cutter saddles 
against a positive stop, at which time the 
motor stalls. The mechanism is self- 
locking in this position, and the motor is 
de-energized by a timing relay. 


Ram-Feed Drive 


The ram-feed motion, that is, the mo- 
tion of the cutter radially along the blade 
is driven by a constant-speed constant- 
voltage d-c motor. This motor provides 
movement at traverse speeds for setting 
up the machine and also movement in 
definite increments to position the cutter 
into a new path for each successive cut 
during automatic operation. 

This motor is controlled by a reversing 
dynamic-braking controller which is gov- 
erned by a measuring relay. The measur- 
ing relay is a device that measures motor 
revolutions and stops the motor after a 

_ definite movement has been accomplished. 
_ The increment of movement is adjustable, 
thus providing a means of adjusting the 
amount of feed for each stroke. This 
device, when operating in conjunction 
with a properly designed controller, con- 
sistently can measure increments of one- 
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half motor revolution and can then be 
adjusted to give any increment of move- 
ment up to 20 revolutions. ; 


Saddle-Feed Drive 


The saddle-feed screws are each driven 
by adjustable-voltage d-c drives. These 
drives are controlled by the position regu- 
lators when the tracers are in operation. 
They are provided with full-magnetic 
reversing regenerative-braking controllers 
so that they may be operated from push 
buttons at high or low fixed speeds for 
setting-up purposes. 

The entire speed range of these motors 
is obtained by generator voltage control. 
Consequently, the voltage impressed on 
the motor armature is an approximate 
measure of the saddle speed. Voltmeters 
are provided to indicate this voltage at 
all times; these are calibrated in terms of 
saddle speed in inches per minute and 
provide the operator with a continuous 
indication of the cutter saddle speed. 


Work-Arbor and Model-Table 
Drive 


The work arbor and model table are 
coupled together mechanically, and, while 
their relative position may be changed 
for indexing the blades, they are always 
moved as a unit during the machining 
operation. 

This is the primary feed motion. When 
the model table is rotated by the work- 
arbor motor, the movement of the model 
changes the position of the probes from 


Figure 1 (left). Side elevation 

and plan view of propeller mill- 

ing machine giving’ names of 
various parts as used in test 


Figure 2 (below). General 
‘view of machine as installed 
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The control cubicle is at the 
left. The operator is stationed 
on the pit balcony. The con- 
trol desk is also located here 
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their neutral or center position, thus 
causing the saddle-feed motors to move in 
the proper direction and at the proper 
speed to bring the tracer probes back to 
the center position by moving the tracer 
saddle. The cutter saddles also are moved 
a proportionate amount since they are 
driven by the same motor. Models of 
different ratios are accommodated by 
changing the gear ratio between the cutter 
and tracer saddle; thus the rate of work- 
arbor rotation controls the rate of motion 
of the saddles. 

There is a certain maximum rate of 
acceleration that can be accommodated 
by the position-regulating system. The 
work-arbor drive is arranged to provide 
controlled acceleration and retardation so 
that the ability of the regulator system is 
not exceeded. The rate of acceleration is 
controlled by a motor-operated rheostat 
that is driven by an adjustable-speed d-c 
motor. This rheostat controls the fields 
of the work-arbor motor and its associ- 
ated adjustable voltage generator. 

On most machine tools, it is desirable to 
maintain a certain optimum surface cut- 
ting speed. This speed depends upon the 
size and type of cutter and the material 
being machined and the geometry of the 
machine. The construction of this ma- 
chine is such that the surface speed of the 
cutter across the work depends primarily 
upon two variable factors: the pitch of 
the blade which may vary from six to 30 
feet, and the radius of the cut which may 
vary from one to 12!/, feet. The work- 
arbor drive, therefore, must provide an 
adjustable-speed range in excess of 60 to 
one. 

Since the work-arbor drive is the pri- 
mary feed motion, it must be stable at 
any operating speed over its entire speed 
range. This means that the speed regula-. 
tion with changing loads must be prac- 
tically flat over the entire speed range. 

The Rototrol regulated adjustable-— 
speed drive was selected for this motion, 
because it provides all of these features.4:5 

The work-arbor motor also may be 


operated from jogging or inching push 


buttons at a high or low fixed speed to 


facilitate setting up the machine. 


Work-Arbor and Saddle-Feed 
Control 


There is, naturally, a maximum limit to 
the speed at which the position regulators 
can follow and maintain the required ac- 
curacy of positioning. A speed of 50 
inches per minute was set on this machine 
as the maximum usable feed speed for the 
cutter saddles. This corresponds to 500 
rpm of the saddle-feed motors and is the 
maximum speed at which the position- 
regulating system must follow accurately. 

During the return stroke when the cut- 
ters are in the relieved position, high ac- 
curacy is not necessary and, consequently, 
the saddle-feed motors can operate at 
their maximum speed of 1,000 rpm at this 
time. To insure that these limits will not 
be exceeded, a speed-regulating system is 
provided for the work-arbor motor. Two 
voltage relays are connected so as to be 
responsive to the voltage generated by 
the saddle-feed generators, and these re- 
lays are, therefore, responsive to the 
saddle-feed motor speed. These relays 
are set with a small differential in pickup 
voltage, and their contacts are arranged to 
control the motor-operated rheostat. 

When the pickup voltage of the first re- 
lay is reached, the motor-operated rheo- 
stat is stopped if it has not already ac- 
celerated the work-arbor motor to maxi- 
mum speed. If the position regulator calls 
for a greater speed from the saddle-feed 


- motors than that allowed for by the dif- 
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ferential setting of the two relays, the 
second relay will pick up causing the 
rheostat to decrease the work-arbor speed. 
The dropout point of the second relay is 
naturally higher than that of the first; 
consequently it will drop out and stop the 
theostat before the voltage drops low 
enough to drop out the first relay. 

The pickup voltage of both of these re- 


lays may be set by means of a rheostat . 


that is located on the operator’s control 
desk. This rheostat is used to set the 
speed of operation of the feeds. 

The amount of metal to be removed 
may be much greater in some places than 
in others, and, therefore, the depth of cut 
may vary considerably. A cutter load- 
regulating arrangement is therefore pro- 
vided. This consists of two additional re- 


lays similar to those already described but 


connected so as to be responsive to cutter 
motor current. The contacts of these re- 
lays control the work-arbor motor rheo- 
stat in the same manner as the voltage re- 
lays previously described. These relays 


also are provided with calibrating rheo- 
stats mounted on the control desk. 
‘Through the action of these relays, the 
3 -work-arbor motor speed is regulated in 
accordance with the cutter load, slowing 
down when deep cuts or hard spots are 


encountered and speeding up again be 


2 
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Figure 3. Wiew from control desk showing 
a propeller being machined 


This shows the two cutters in cutting position 


The saddle speed-limiting regulators 
and the cutter load regulators provide 
safety features which protect the machine 
and cutters automatically, thus relieving 
the operator from this responsibility while 
the machining operation is going on. | 


Push-Button Control for Setting Up 


The contour of a ship propeller blade is 
a very irregular surface. There are few 
reference points available to use as datum 
points when setting up the machine. In 
setting up, the operator must position the 
rough propeller with respect to the model 
so that there will be enough stock at all 
pgints on each blade. This involves a 
rather tedious setting-up operation during 
which the various parts of the machine 
must be moved individually and, in some 
cases, several motions simultaneously and 
in synchronism. 

Momentary-contact push buttons in 
portable push-button stations are pro- 
vided for this purpose. These push but- 
tons give an inching or jogging operation 
in which the motor rotates only so long as 
the push button is held depressed, and the 


‘motor is stopped quickly by dynamic or 


regenerative braking when the button is 
released. 

Two fixed speeds are provided for the 
jogging operation. A fast speed is used to 
move the machine cutting elements rap- 
idly into approximate position and a very 
slow speed for accurately positioning 
these members. 

The jogging push buttons are contained 
in portable push-button stations provided 
with handles for easy portability, and long 


- flexible cables enable the operator to carry 


1 


these stations about so that he can take 
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them to any necessary location while 
setting up the machine. Brackets are 
provided on the operator’s desk which 
hold these portable push-button stations 
in an accessible position when they are not 
in use. 


Automatic Operation 


After the setting-up operation is com- 
pleted, the electric circuits are arranged 
for automatic operation by means of 
selector switches on the various control 
stations. 
part by use of the jog buttons and makes 
the machine ready for full automatic 
operation. 

The position regulators must be in 


operation and properly adjusted, the cut-. 


ter motors must be running, and the re- 
lieving mechanism control must be set for 
automatic operation before the automatic 
cycle may be started. The automatic 
cycle always is started in the return direc- 
tion. Depressing the ‘‘Auto-Return’’ 
push button starts the work-arbor motor 
and the motor-operated rheostat. The 
rheostat accelerates the motor until it 
reaches its maximum speed or until one 
of the tracer-controlled saddle-feed mo- 
tors reaches its selected maximum speed, 
and the speed regulators take control. 
The work-arbor motor then continues to 
operate under control of the speed regu- 
lators, and the saddles operate under 


control of the position regulators which | 


follow the model. 

As the cutters approach the edge of the 
blade, the dogs on the model table operate 
the return-limit switch which starts the 
motor-operated rheostat in the direction 
to decrease the speed of the work-arbor 
motor. When the rheostat reaches its 
minimum speed position, the work-arbor 
motor is stopped. The relief-drive motors 


then move the cutter saddles into cutting 


position, and thé work-arbor motor is 
started in the opposite direction. This 
motor again is accelerated by the motor- 
operated rheostat. There is a separate 


saddle-speed-limit control rheostat on the — 


operator’s desk so that the maximum 


speed of the saddle may be set for different ‘ 


speeds in each direction. This: permits 
the operator to set the cutting speed for 
the ‘best cutting condition while the re- 


turn stroke may be made at a much, — 


faster rate. The motor-operated rheostat 
therefore stops when the saddle speed 


reaches the maximum determined by the ~ 


setting of the saddle-speed-limit control 


rheostat for the cutting direction, During _ 
_ the remainder of the cutting stroke, the 
work-arbor motor speed is under control | 


of both the speed-limit control and the 
cutter load-limit control. 


regulators. 


When the cutters ae oi the other | 
edge of the blade, the dogs on the model ie 
table operate the cut-limit switch, which 
starts deceleration of the work-arbor 


This prevents movement of any - 


The cutter mh 
saddles are controlled by the position — 
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motor through the action of the motor- 
operated rheostat, and again this motor 
stops when the rheostat reaches the mini- 
mum speed position. The relief-drive 
motors then move the saddle so that the 
cutters are clear of the work, and the 
work-arbor motor again is started in the 
return direction. At this same time, the 
ram-feed motor is started, and it operates 
for a definite number of revolutions as 
determined by the measuring relay; thus 
the rams are moved ahead a definite 
amount and the cutters will follow in a 
new path across the blade during the next 
cut stroke. 

The machine will continue to follow 
this automatic cycle without further at- 
tention from the operator except the oc- 


- casional adjustment of the model-table 


dogs which adjust the length of stroke to 
conform approximately to the outline of 
the blade. 

The automatic cycle may be stopped at 
any time by depressing the ‘‘Stop’’ push 
button. This will cause relieving mecha- 
nisms to move the cutters clear of the 
work and the work-arbor motor to be de- 
celerated just as is done at the end of the 
stroke. The work-arbor motor will stop 
when the motor-operated rheostat reaches 
the minimum-speed position and will not 
start again until a ‘Start’ push button is 
depressed. The cutter motors will con- 
tinue to run, and the position regulators 
will remain in operation. 

/An ‘“‘Emergency-Stop”’ push button is 
provided which is intended for use only 
in an emergency such as might be caused 
by the breaking of a cutter or the like. 
When this button is depressed, the reliev- 
ing mechanisms move the cutters away 
from the work, and the work-arbor motor 
and both saddle-feed motors are stopped 
quickly by regenerative braking. The 
position regulators are thrown out of 
operation. It is then necessary to syn- 
chronize the tracers with the cutters again 
and pick up the cut by adjustment. 


Protective Devices 


In addition to the protective features 
previously described, overtravel-limit 
switches are provided to protect against 
inadvertent movement of any part of the 
machine beyond its normal limit of travel. 

If the tracer probes strike an obstruc- 


‘tion, or if they fall off the model because 


the stroke-limit switches are not set cor- 
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rectly, limit switches that are built into 
the tracer head are operated. The opera- 
tion of any of these limit switches has the 


_ same effect as depressing the ‘“‘Emergency- 


Stop” push button. 

There is a nuimber of setup clutches on 
the machine which provide for different 
mechanical arrangements for various 
operations. To insure that these are set 


_ in their proper relative positions, various 
interlocking limit switches are arranged 


to be operated by these levers. These 


_ limit switches are connected into the con- 
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Synopsis: Transients in circuits supplied by 
controlled rectifiers using gas- or mercury- 
vapor-filled electron tubes are found ana- 
lytically by an extended superposition 
method. Loads containing resistance, in- 
ductance, and a counter electromotive force 
are studied, and results are obtained for both 
rectification and inversion. Examples are 
based on the half-wave biphase rectifier, 
while the appendix contains an analysis of a 
p-phaserectifier. The assumptions include 
constant-circuit parameters, a fixed firing 
angle during transients, continuous load 
current, and no-leakage reactance in the 
supply transformer. 


ESPITE the increasing use of recti- 
fiers in industry, most of the analyses 
and reports in technical literature cover 
only the steady-state aspects of their 
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trol circuits in such a manner that the 
proper mechanical setup must be made 
before the machine can be operated. 


‘ 


Conclusion 


The electric equipment applied on this 
machine provides reliable means, by the 
use of proved apparatus, for performing 
all of the functions required on a machine 
of this type. Several new problems of 
regulation, interlocking, and sequence 
control were encountered in the design of 
this equipment. Standard eqiipment was 
employed throughout with minor modi- 
fications to make it better suited for its 
particular use. 

The successful completion of a machine 
tool of this type requires not only a con- 
sideration of the structural design of the 
machine parts to insure rigidity and ac- 
curacy, but also a co-ordination of design 
between the electrical engineer and the 
machine designer in arriving at the best 
solution for the kinematics of the machine. 
The proper operation of the mechanisms 
involved depend so much upon co-opera- 


tive action between the electrical and me- 


chanical devices, that the design of both 
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operation. Little has been written about 
their performance with suddenly applied 
loads, with abrupt changes in operating 
conditions, or even with relatively com- 
mon switching procedures. 

As the field of their application has been 
widened and as more exact characteristics 
have been specified for them in these 
applications, the need for complete knowl- 
edge of their behavior has increased also. 
For instance, the rate at which the field 
in an eddy-current clutch can be strength- 
ened affects the performance of a syn- 
chronous motor driving a wind-tunnel 
propeller through that clutch. Similarly, 
the transient characteristic of a motor or 
exciter field supplied from a rectifier is im- 
portant when the field must be de-ener- 
gized in.an emergency. And much of the 
action during the reversing of a thyratron- 
controlled motor by inversion depends on 
the transient performance of the motor 
and the rectifier. 

This paper has two main purposes. The 
first is to extend the existing published 
theory beyond steady-state analyses. The 
second is to call attention to an analyti- 
cal method which is valuable as much 
for its simplicity as for its generality. 


must be considered simultaneously. It 
would have been very difficult to select 
and design electric equipment for this ma- 
chine after the mechanical design had been 
completed. We believe that the out- 
standing machines of the future will be 
the co-operative efforts of electric-applica- 
tion engineers and the machine designers. 
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fut-E 


The equivalent circuit of a bi- 


Figure 1. 

phase half-wave controlled rectifier supplying 

a load containing resistance, inductance, and 
a counter electromotive force 


Both rectification and inversion will be 
discussed. 

Some simplifications are necessary, of 
course, to permit any analysis at all. The 
complete problem of finding responses in 
automatic control and regulating systems 
employing rectifiers is complicated im- 


is assumed throughout this paper. Most 


_ of the time this involves only a reasonable 


approximation, and part of the time it is 
an exact statement. 

In addition, the load current is assumed 
to be continuous. Discontinuous conduc- 
tion, in which the current pulses succeed- 
ing the first one are identical and in which 
no transient response lasts beyond each 
pulse, has already been discussed.? 

To keep the analysis specific, only recti- 
fiers using grid-controlled gas- or mercury- 
vapor-filled electron tubes will be men- 
tioned. For simplicity, the half-wave bi- 
phase rectifier is studied exclusively in the 
main portion of this paper. Appendix IT 
contains the general analysis of a p-phase 
rectifier. 


Method of Analysis 


If the switch in the circuit of Figure 1 
is closed after the instantaneous voltage 
across the transformer winding passes 
through zero and before the firing point of 
the first tube is reached, the total voltage 
across the load, eg, will appear as in Fig- 
ure 2. The transient-current response to 
this voltage could be found by using or- 
dinary differential’ equations, with suc- 
cessive boundary conditions to be evalu- 
ated tediously, or else by a Fourier series 


* 


Figure 2. Voltage output of the circuit in 
Figure 1 


based on the superposition theorem and an 
extension of the Duhamel integral.?3 It 
states merely that the total current in a 
linear circuit can be found at any time by 
superposing all the currents produced by 
separate voltage sources in the circuit, 
regardless of whether transient or steady- 
state responses are considered and despite 
the fact that each of the component cur- 
rents may have started at a different time. 

Figure 3 shows how a typical rectifier 
circuit, supplying a load containing re- 


The circuit in Figure 3B yields the current 
4, which is the component produced by 
the rectifier output voltage shown in Fig- 
ure 2. In Figure 3C, only the current 
ig produced by the counter electromotive 
force is considered. Together, 7; and 7. 
comprise the total current response in 
the complete circuit. 

Since the exponential rise of 7 in 
Figure 3C is a relatively familiar phenom- 
enon, finding 7; as the result of the ser- 
rated rectifier output voltage presents the 
major difficulty. The first step, illus- 
trated in Figure 4, is to decompose this 
voltage into continuous sine waves of the 
same frequency which start at regular 
intervals. Each voltage, moreover, is in- 
troduced at the same angle on its sinu- 
soidal wave shape. 


The first sine wave has the same peak ~ 


value as the rectifier output voltage, and 
the sine waves thereafter have peak values 
twice as large and start at half-cycle in- 
tervals. When these waves are super- 
posed, the resulting voltage wave is the 
original rectifier output voltage for which 
the response is desired. 

If the beginning of the mth voltage wave 


A. Original circuit, with the rectifier re- 
placed by a source supplying the proper 


is chosen as the zero axis of time, this 
wave can be expressed as 


én =2E pm sin (wt+64) (1) 


in the interval 0<wt<a. Since each of the 
component waves begins a radians before 
the following one, the expressions for all 
of the components during this same inter- 
val will be 


€n-1 =2Em sin (wt-+6-+7) 
€n—-2=2Em sin (wt-+6+27) 
a=2E,, sin [ot-+8+(n—3)m] 
@.=2Em sin [wt+6+(n—2)r] 
@4=E,» sin [wt+6+(n—1)r] 


The current response to each of these 
components is simply the transient re- 
sulting when it is switched at the specified 
time into a circuit containing resistance 
and inductance. This response has the 
general form: 


i=(E/Z) sin (0@—6)e-/ 7+ 


mediately by the continuously changing sistance, inductance, and a counter elec- (E/Z) sin (wt—0+6) (3) 
firing angle of the rectifier tubes. To  tromotive force (pictured as a battery), for an applied voltage of 
make a beginning, a constant firing angle can be studied as the sum of two circuits. , 
e=E sin (wt+6) (4) 


If £ in equation 3 is replaced by 2Em, the 
general current expression becomes the 
exact response to the mth component 
wave. For the exact response to any of 
the component waves, it is necessary only 
to notice that, during the interval 
0<wi<m, the existing component current 
produced by a voltage wave which started 
y half cycles earlier is identical with the 
current which will exist r half cycles 
later as the result of the mth component 
voltage. , 

If we let t be the time for a half cycle, 
the current response to any of the com- 
ponent voltages can be found by substitut- 
ing (t+rt,) for t in the expression for the 
current response to the voltage wave 
which precedes it by r half cycles. The 
currents in the interval 0<wt<7 thus ap- 
pear as follows: 


in (QE,,/Z) sin 0—d ec /EE 
(2E,/Z) sin (wt—0+6) 
in 1=(2Em/Z) sin (9—8) e—4)/7 4 
(2Em/Z) sin (wt—0-+6+7) 
in-2 = (2Em/Z) sin (9-5) €~ 424)/7 4 
(2Em/Z) sin (wt -—0+6+27) 
a= (2Em/Z) sin (9— aye + — 94/7 
(2Em/Z) sin [wt—0+65-+(n—3)q] |- 


method, where the current responses to : voltage 1) ie (QE4/Z) sitalO—8) ele (n=aynl/7 
the d-c component and the fundamental 8B. Circuit petra ie the rectifie (Ep [By des fed 26-POL =O) 


and harmonic a-c components are deter- 
mined separately. 


_ Operational calculus, with either the 


Heaviside or Laplacian transform method, 
Most 


C. Circuit responding only to the counte 
electromotive force 


= (E,,/Z) sin (9—8)e7 Lm) )/7 
(Em/Z) sin [wt-0+8+(n—1)r] 


BEPPE A 


become proficient in its use, and fre- ye : 

quently the problem of determining the — BOBO 4 Ae 

_ proper operational forms is almost as dif- Figure 3. Equivalent i th | 
h ~ representation of the p 

B G 


is. circuit in Figure 1 
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VOLTAGE ACROSS THE \ouctve LOAD 
(PHASE CONTROLLED) : 
Figure 4. Decomposition of the output volt- 
age of a biphase half-wave controlled rectifier 
into sinusoidal components 


UI TITILINR OOOO i 


Figure 5. Current responses to the sinusoidal 
voltage components of Figure 4 


bay, The ‘total current response, i, during 
the interval concerned is 
ys ttintis. ina tinatin (6) 


_. Since each component current in equation 
i _. 5 consists of an exponential and a sinu- 
- soidal term, 7, is composed of an m-term 
group of exponentials and an n-term group 
of sinusoids. 
By adding and subtracting (Em/Z)X 
- sin (0—6)e-[4+@—4]/" the sum of the ex- 
- ponential terms in 7, can be rewritten as 


et 
$3 


exp) =(2Em/Z) sin (0-8) €-/" X 
Re Beenie tl") /1—4/ty 
es 8 (Em/Z) sin @=aje He —D4y/? (7) 


oy since all the terms having (2E,/Z) as a 


= __ series with the ratio "4/7, | 


7 . . . . 
p _ The sum of the sinusoidal terms in 7, 


Sin 


coefficient form an mn-term geometric 


can always be expressed as 
A(sin) = (Em/Z) sin (wt—0 +5) (8) 


in the interval 0<wt<7, whether 7 is even 
or odd. 
On this basis, 


i= iy(exp) +t,(sin) 
=(Em/Z) sin (wt—6+8) +(2Em/Z) X 
sin (0—6)e-/*[(1—e-"4/7) (1 —e /7) J — 
(Emn/Z) sin (9 —8)¢~ e+" —N)al/? (9) 


Equation 9 is valid in the interval 
0S wtS 7 and gives the exact load current 
in the circuit of Figure 3B for the uth 
half cycle after the closing of the switch. 
The complete transient response can be 
found by letting » assume all the inte- 
gral values from one to infinity, or to a 
number that brings the exponential terms 
as closely as desired to their limiting 
values, 

A “physical picture” of this transient 
response can be obtained-by considering 
the voltage components in Figure 4 as 
actual voltages which are switched into 
the load circuit at regularintervals. With 
linear circuit elements, each transient 
caused by the inclusion of another voltage 
source in the circuit behaves exactly as 
though it were the only transient present, 
and the total response at any instant is 
simply the sum of all the previously 
started transients. A convenient mathe- 
matical relation between these transients 
then makes it possible to express their 
sum in three terms. 


Assumptions 


The analysis presented in this paper is 
based on the following assumptions: 


1. Theload circuit contains only resistance, 


inductance, and possibly a counter electro-" 


motive force in series. 


2. The resistance and inductance are con- 
stant. 


3. Ifitis present, the counter electromotive | 


force remains constant during the interval 
analyzed. ; 


4. Leakage reactance in the rectifier supply 
transformer is negligible. 


5. The are drop of a rectifier tube is con- 
stant. 


6. Ionization and deionization times in the 
rectifier tubes are negligible. 


7. The angle of retard, 6, remains fixed 
during a transient. 


8. Load current is continuous. 


| ~ HR 
RECTIFIED 
VOLTAGE aa i 
PHASE- 
CONTROLLED 


EQUIVALENT CIRCUIT 


ZERO AXIS OF CURRENT 


Figure 6. Current build-up in an inductive 
circuit supplied by a biphase half-wave con- 
trolled rectifier 


A—Sum of the exponential components of the 
successive current responses 

B—Sum of the sinusoidal components of the 
successive current responses 

C—Total current response 


9. The rectifying elements are grid-con- 
trolled gas- or mercury-vapor-filled electron 
tubes. ' 


In general, these are standard assump- 
tions, and the errors introduced are small 
compared to the main response. 

Only resistance and inductance are con- 
sidered in the load circuit, since shunt 
capacitance is ordinarily insignificant at 
power frequencies in industrial loads. 
When the counter electromotive force is 
generated in the armature of a d-c motor, 
assuming it to be constant requires that 
the speed of the motor remain unchanged 
during the transient period. It is usually 
an accurate assumption, depending only 


-on the relative magnitudes of the elec- 


trical time constant, £/R, of the motor’s 
armature circuit and the mechanical time 
constant, J/D (moment of inertia divided 
by the damping torque), of the shaft load. 
In a fully loaded one-horsepower 230-volt 
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Figure 7. Transient in an inductive load caused — 
by suddenly advancing the firing angle — 


Load supplied from a controlled biphase rectifier 
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Figure 8. Equivalent circuit for a controlled 

biphase half-wave rectifier momentarily operat- 

ing as an inverter from the energy stored in its 
inductive load 
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Figure 9. The output of a controlled biphase 
rectifier operating as an inverter 


1,150-rpm d-c shunt motor, for instance, 
L/R may be in the order of 0.01 second 
whereas J/D, even assuming that the 
shaft load consists entirely of friction with 
no inertia, may be in the order of 0.4 
second. With load inertia considered, 
J/D may easily exceed 1.0 second. If a 
series inductance is intentionally added 
for filtering purposes, however, this as- 
sumption must be studied carefully. 


Rectification With no Counter 
Electromotive Force Present 


If the arc drop of the rectifier tubes is 
neglected, transient currents in such loads 
as motor and clutch fields can be found 


from the circuit in Figure 3B by using. 


equation 9. The transient-current re- 
sponses to the sinusoidal voltage com- 
ponents of Figure 4, mentioned only 
briefly in the previous analysis, are illus- 
trated in detail in Figure 5. Each one 
contains the sinusoidal and exponential 
currents which can be added, as in Figure 
6, to obtain the total current response 
beginning with the closing of the switch. 

Figure 6A shows the build-up of the ex- 
ponential component expressed in equa- 
tion 7, and Figure 6B, the sinusoidal 
component of equation 8. 

The steady-state current can be ob- 
tained from equation 9 by letting  ap- 
proach infinity. 


ty_ss= (En/Z) sin (wt—0+6) + (2Em/Z) X 
sin (@—8)[e°/7/(1—e~4/7)] (10) 


_ If T>>h, as it may be if the load is heavily 


inductive, the first term in equation 10 will 
be very nearly equal to the ripple com- 
ponent of the load current, and the second 


term will closely approximate the d-c_ 
component. Beet Cade 3 : 

Finally, if the load inductance, L is 
assumed to in 


crease. without limit, the 


eal 4 F 


ripple component of load current ap- 
proaches zero and equation 10 becomes 


it_ss= (2/7) (Em/R) cos 6 (10a) 


which is the well-established expression 
for the load current in a biphase half-wave 
rectifier supplying an infinitely inductive 
load. 

This method of analysis is not limited 
to starting transients but applies equally 
well when the firing angle of the tubes is 
suddenly advanced as in Figure 7. Here 
the rectifier output voltage which formerly 
produced a certain load current is 
abruptly and completely replaced by a 
new output voltage. As far as the pre- 
vious load current is concerned, the volt- 
age causing it becomes zero, and it de- 
cays exponentially from the value zp that 
it had at the instant the new firing angle 
became effective. The component of the 
load current from the new output voltage 
begins, of course, from zero just as 
though there were no other component 
present; and the complete expression for 
the transient in Figure 7 is 


i, =ipe (+ —Y4l/T 4 (B/Z) x 
sin (wt—8+6)+(2E,/Z) sin (0—s)e /"X 
[de *4/?) /(1— 7) |— (Em/Z) X. 
sin (@—d)e e+("—)4)/T (Qa) 


in which 6 is the new angle of retard. 


Inversion With no Counter 
Electromotive Force Present 


When a rectifier is supplying power to 
its load, it is operating as a rectifier in the 
normal sense; when it is absorbing power 
from the load, it is operating as an in- 
verter. Current can pass through the 
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Figure 10. Decomposition of the output 

voltage wave of a controlled biphase rectifier 

suddenly transferring from rectifier to inverter 
~ operation 
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Figure 11. 
sponses in an inductive load supplied by a 


controlled biphase rectifier following an 
abrupt change from rectifier to inverter 
operation 


rectifier tubes, however, in only one direc- 


tion, and load current thus flows in the. 


same direction for both rectification and 
inversion. . 
To absorb power from some source in 
the load circuit, a rectifier therefore must 
have an output voltage which is either 
negative itself or, if positive, at least 


lower than the value necessary to keep _ 
the existing load current flowing through - 


the load. In both cases, some energy 
source in the load circuit must supply 
power to keep the load current flowing. 


A rectifier supplying an inductive load 


such as a field winding will operate mo- 


nientarily as an inverter if the firing angle 


of the tubes is increased suddenly. While » 


the current is dropping to its new level, 
the energy stored in the magnetic field 
will provide the power for inverter action. 
The equivalent circuit for the rectifier 
under these conditions is given in Figure 


8, where the polarity markings by the in- 


ductance, L, show the induced voltage» : 


that maintains the flow of current. 


Since there is no external source of | 


energy in the load circuit, continuous in- 


version is impossible, and the load current 
will drop either to a value that can be 


supplied by the rectifier with the new fir- 


ing angle or to zero if the output voltage 


of the rectifier is negative. This charac- — 
teristic provides rapid control of the cur-— 
rent in inductive loads with no danger of © 
excessive voltages. The stored energy is _ 


i 


removed by delivering it through the 


rectifier back to the a-c supply lines. 


i 
td 


TRANSACTIONS 211 


Los 


PHASE CONTROL 
RETARDED 

DURING THIS 

INTERVAL 


Transient in an inductive load 
caused by suddenly retarding the firing angle 


Figure 12. 


Load supplied from a controlled biphase 
rectifier 


Negative rectifier output voltages may 
seem startling. However, if the load cur- 
tent is somehow kept continuous, the out- 
put voltage in Figure 2, with a positive 
average value, can be changed into the 
output voltage of Figure 9, with a negative 
average value, merely by making 6 
greater than 90 degrees. During inver- 
sion, the energy source in the load circuit 
keeps the current continuous, and 6 fre- 
quently does exceed 90 degrees. 

Figure 10 illustrates this inverter action 
when firing is retarded. The top diagram 
shows how the output voltage changes as 
the firing angle is increased. In the de- 
composition of this output-voltage wave 
in the lower diagrams, eo, the former out- 
put voltage as a rectifier, becomes zero at 
the instant inversion begins and is re- 
placed by the succession of sinusoidal 
voltages, é1, 2, €3, €4,...- 

If the transient response to each of these 
voltages is obtained, the total current 
during inversion can be expressed as the 
sum of an exponentially decaying com- 
ponent and the exponential and sinusoidal 
components of the current responses to 
each of the successive voltages. These 
component currents are shown in Figure 
11. In the interval between the appear- 
ances of e; and @ in Figure 10, the current 
response is 


4p=h€ 77 —(Em/Z) sin (wt —6-+8}) — 


(Em/Z) sin (0—8,)e 7? (11a) 


in which the time ¢ is measured from the 
beginning of e;, 7) is the load current when 
t=0, and 6, is the previous angle of retard 
for operation as a rectifier. 

In the succeeding half cycles, time is 
measured from the instant of appearance 
of the sinusoidal voltage component for 
that half cycle, and 6, is the new angle of 


retard for inverter operation. If the in- 


terval between the appearances of e, and 
_ €,in Figure 10 is considered as the second 


half cycle, the current in the nth half 


cycle will be os 
( yeige (HG —a)/ot(n—2nI/7 


(Em /Z) sin (wt—0+82) +(2Em/Z) X 


sin (@—d2)e°/7 [(1—e- H/T) 


(L-€ 4/7) ]—(En/Z) sin (0-81) X 
7 [t+ (52 61)/wt(n—2)4]/7 (11b) 


S 


VOLTAGE ACROSS 
THE LOAD. 


Because the new angle of retard, 6:, pro- 
duces a negative rectifier output voltage, 
the top diagram in Figure 11 shows that 
conduction stops after several half cycles. 
(Actually, the current would become dis- 
continuous with a very small average 
value rather than stopping altogether.) 
It illustrates how a motor or clutch field 
can be completely de-energized by suffi- 
ciently retarding the firing angle. If 62 is 
less than 90 degrees, however, the load 
current, instead of. becoming zero, will 
merely drop to a new value asin Figure 12, 
and equations 11a and 11b still will apply. 

Nothing has been said about the addi- 
tional requirements for successful opera- 
tion of the rectifier circuit during inver- 
sion since that subject is beyond the intent 
of this paper. It is well covered in tech- 
nical literature and has been mentioned in 
at least one recent article in AIEE 
TRANSACTIONS.® The work in this paper 
is based on the tacit assumption that none 
of these requirements is violated. 


Rectification With a Counter 
Electromotive Force Present 


This is the original case illustrated in 
Figure 3A. The circuit in Figure 3B has 
already been analyzed; all that remains 
is a study of the circuit in Figure 3C and 
the addition of this result to equation 9. 

By inspection, the current in Figure 3C 
is 


in = (Ey/R)(1—€-/”) (12) 


The total current, 7,, is therefore 


i =t(exp) +14(sin) —12 
=(E,,/Z) sin (wt—0+6) +(2E,/Z) X 
sin (0—8)e-/7 [(1—e7 4/7) + 
(1—e€"/7)]—(E,/Z) sin (@—8) X 
e [4 (n=—1)h)/7 _ (E,/R)(1—€7 [t+ (rm a)ti1 72) 
(13) 
Figure 13 shows the component currents. 


When steady-state conditions are estab- 
lished, 


44_ss=(Em/Z) sin (wt—o+ 6) + 
(2Em/Z) sin (0—8)[e7/7 + 
(1-€4/7)]—Ey/R (14) 
and, if the load inductance approaches in- 
finity, 
y-33 = (2/mr)(Em/R) cos 5—E,/R (15) 


The arc drop of a rectifier tube may be 
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load containing a counter electromotive force 
and supplied from a controlled biphase 
rectifier 


considered as the counter electromotive 
force, Ep, if a more accurate solution is de- 
sired for the transient response in a load 
containing only resistance and inductance. 
E,can also be an actual battery, the speed 
voltage in the armature of a d-c motor, or 
the sum of the tube drop and a counter- 
voltage in the load circuit. . 

Equation 13 assumes that conduction 
begins when the first rectifier tube is fired 
after the switch in the load circuitisclosed. 
Actually, this is true only when £,,X 
siné>E,, because conduction will not begin 
unless there is a positive-anode voltage 
across the incoming tube. If #,, siné<Fp, 
as illustrated in Figure 14, a slight 
correction is necessary in equation 13 to 
recognize that the first half cycle of cur- 
rent begins when #,,, sin wt= Ep. 


Inversion With a Counter 
Electromotive Force Present 


An equivalent circuit for inversion with 
a counter electromotive force in the load 
circuit depends on the polarity of that 
counter electromotive force. Figure 1 
can be used if the counter electromotive 
force opposes the load current and the in- 
verter action occurs as the angle of retard 
is increased to lower the value of the load 
current. The rectifier output voltage then 
will appear as in Figure 2, or possibly as 
in Figure 9 if the current is to be brought 
rapidly to zero. 

From the equivalent circuit of Figure 1, 
the transient response can be determined 
immediately by adding the current rise 
caused by the counter electromotive force 


g >Em Sind 


Figure 14. Possible relations between trans- 
former voltage and counter electromotive 
force at the instant of firing a tube in a biphase 

gem rectifier 
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Figure 15 (left). Decomposition of the out- 


put voltage wave of a six-phase uncontrolled 
rectifier 


Figure 16 (right). Decomposition of the out- 


put voltage wave of a six-phase controlled 
rectifier 


to equations lla and 11b. In the first 


half cycle, 


i,=i,€ /7 —(Em/Z) sin (wt—0+6;) — 
(Em/Z) sin (@—6,)e~/7 — 


(E,/R)(1—e~”") (16a) 


In the succeeding half cycles, 
4,= [tp —(Em/Z) sin (6@—61) + 
Ep/Re7 [+ G2 81)/ot(n—2) 4/7 4 
(Em/Z) sin (wt—0+62)—E,/R+ 
(2Em/Z) sin (0—s:)e/"X 
[(a—e @— 94/7) /(1-€/7)] (16) 


Special Circuits and Abnormal 
Operation 


Although the biphase rectifier output 
voltages studied so far are typical of the 
majority of such rectifiers, their uniform 
peak values and constant firing angles 
make them all special cases. The general 
case is shown in Figure 17 and could re- 
sult from an unbalanced supply trans- 
former winding, from dissimilar tube 
characteristics, or from both simultane- 
ously as illustrated. 

Despite the differences in peak trans- 
former voltage and angle of retard, this 
output voltage can be resolved as before 
into sinusoidal components. All of these 
components, beginning with the second 
half cycle, have the same magnitude, 
Em+t+Em, although the moments of 
their entries depend on the firing angle, 
8; OF do, in the corresponding half cycle of 
the complete output voltage. Appendix 
III contains the complete analysis of this 
general biphase case. For engineering 
work, the output voltages already used, 
while admittedly special cases, give sufh- 
ciently accurate results. 

However, two special rectifier circuits 
deserve mention since transient responses 


in them can be obtained from the general > 


biphase case. If one of the thyratrons in 
Figure 1 is replaced by a phanotron, which 
has no control grid, the result is sometimes 
called ‘the ‘‘horse-and-ox’’ circuit,’ for 
reasons which become apparent on study- 
ing the output voltage in Figure 18. 
While the peak voltage is the same for 
all the half cycles, 5, definitely differs 
from $). From the voltage components 
shown, the transient response is obtained 
as before. 

The other special circuit, which has 


Figure 17. 

alized output voltage wave of a biphase 

rectifier, considering unequal anode voltages 
and firing angles 


Decomposition of the gener- 


Z=\load-circuit impedance at line fre- 
quency 
ca (R2-+w2L2)'/2 
T =time constant of load circuit, seconds 
SSIS piis 
6=load-circuit power-factor angle at line 
frequency 
=tan !wL/R 
Em=peak value of the alternating voltage 
impressed on the load circuit 
E,=counter electromotive force in the load 
circuit, volts 
E,=rectifier-tube arc drop, volts 
E,=£,+E, for rectification 
= E,—E, for inversion 
p=number of rectifier phases : 
t;=nominal conduction time per phase 
(for continuous conduction), seconds 
=21/wp 
a@=nominal conduction angle per phase 
(for continuous conduction), radians 


been termed the ‘‘free-wheeling”’ circuit, 
can be made by removing one half of the 
transformer winding in Figure 1 and re- 
placing the corresponding thyratron by a 
phanotron. Its output voltage is given in 
Figure 19. # 

In addition to these variations of the — 
biphase rectifier, certain abnormalities 
can occur also in polyphase circuits. For 
instance, if one anode in a six-phase recti- 
fier supplying an exciter field were to be- 
come inoperative, it would be practical as 
well as desirable to know if the field cur- 
rent would remain continuous. This accompanied by an identifying sub- 
could be accomplished readily by de- script but used without one in equation 
composing the output voltage of Figure 20 4 
and determining whether the current re- E=peak value of the general sinusoidal 
sponse during the interval of missing voltage in equations 3 and 4 
anode voltage is theoretically negative at t=time, seconds 
any point. If it is, conduction will be 
discontinuous, for a reverse current can- 
not pass through a rectifier. UY 
Conducts 


When the counter electromotive force 
aids instead of opposes the flow of load 
current, it supplies energy to the circuit 
and continuous inversion is possible. If 
the transient is produced by retarding the 

: . firing angle in a circuit which is already 
4 operating as an inverter, the current re- 
| sponse can be obtained directly from 
equations 16a and 6b by changing the sign 
of E, wherever it appears. Then Ey» be- 
~ comes (E,—E,) instead of (E,+£,), since 
arc drop always opposes load current. 
However, when the transient is caused — 
by closing the main switch in the load 
circuit, the complete solution can be 
' found from equations 13, 14, and 15, by 
reversing the sign of E, and using Ey»= 
E,—£:. aes 


=w0h = 2a yh p 
B=firing angle for uncontrolled recti- 
fication with continuous conduction, 
radians : 
= (1—a)/2=4(p—2)/2p 
d5=angle by which firing is retarded be- 
yond £, radians 
+ =angle, in a p-phase rectifier, by which 
the firing of the first anode is retarded 
beyond 6 due to closing of the switch 
to the load, radians 
e=general symbol for an applied voltage 
which is a function of time, usually 


, 
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Polyphase Rectifier Circuits 


To illustrate the generality of the 
method, Figures 15 and 16 show how the 
components of the voltage output of a six- 
phase rectifier are obtained. The tran- 

5 sient current for controlled or uncontrolled — 
operation can be determined as the sum 
of the responses to these voltage: com-_- 


—s 4 ‘i ¢ e 
Appendix I. Nomenclatur Hee : 
Figure 18. Output-voltage wave of a biphase 
rectifier employing one thyratron and one 
phanotron (“‘horse-and-ox"" circuit) 


- R=resistance of load circuit, ohms 
L=inductance of load circuit, henrys 
; UP sw =line frequency, radians per second 
Et te eE, = . ' 
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Conducts Conducts 
Figure 19. Ovutput-voltage wave of a bi- 
phase rectifier employing one thyratron and 
one phanotron with the phanotron’s trans- 
former winding short-circuited or removed 


(‘‘free-wheeling” circuit) 


ee ius ei Mt oay ae 


Figure 20. Output voltage of a controlled 
six-phase rectifier with one rectifying element 
inoperative 


Appendix Il. The p-Phase 
Rectifier 


Figure 21 shows the rectifier output volt- 
age of a p-phase rectifier. The immediate 
problem is to find the voltage that can be 
added to sin wt to obtain sin (wt—a). 


En sin wt +f(t) =E sin (wt — a) 
f(t) =—2Em sin (a/2) cos [wt—(a/2)] (17) 


Thus 2Em sin (a/2) is the peak value of the 
successive component voltages. These com- 


ponents can be summarized as follows, let- 


ting £=0 at the beginning of the mth com- 
ponent: 


€n =2Em sin (a/2) sin (wt+6) 
én-1=2Em sin (@/2) sin (wt+6+a) 
€n-2=2Em sin (a/2) sin (wt+6+2a) 


De es anes A etal Be aiaie (18) 
€2=2E » sin(a/2) sinfwt-+5+(n—2)a] 
é:=Em sin [wt +6+(n—1)a+6] 
Equation 18 holds for 0<wt<a. The 
corresponding current responses are 
tn =2(Em/Z) sin(a/2) sin(wt—@+6) + 
2(Em/Z) sin (c/2) sin (@—8)e7'/7 
tn—1=2(Em/Z) sin (a/2) sin (wt—O-+ 
6+a)+2(Em/Z) sin (a/2) X 
sin (9—8)e~ (+4)/7 
- in—2g=2(Em/Z) sin(a/2)X 
sin (wt—0+6+2a)+2(Em/Z) X 
sin (a/2) sin (@—6)e7 “79/7 } (19) 
© ig =2(Em/Z) sin (a/2) sin [wt-—9-+5+ 
(n—2) a]+2(E,/Z) sin (a/2) X 
sin (9— 8) t+("—2)4)]/7 
4 =(Em/Z) sin [wt-0-+5 
ae +(n—-1)a+8)+(En/Z) 
sin (0—B—8—y)e [+ (m—Ya—¥/e]/7 
The total current response is 
et tiot.. bin tin atin: 
= (En/Z) sin (wt—0-+3+8)+ ° 
— 2(Em/Z) sin (a/2) X 
Pan (@— de YT (1 —e- @—Yh/T) 7 (20) 


(1—€~4/") J 4 (En /Z) X 


‘ ie sin (0—B—5— ye + —D4—y/a]/T 


Figure 21. Output | 
voltage of the gen- 
eral p-phase rectifier 


for OStSh. 
In steady state, equation 


4,=(Em/Z) sin (wt—0+6+ 8) +2(Em/Z) X 
sin (a/2) sin (9—8)[e~'/7/(1—€74/7)] (21) 


20 becomes 


If a counter electromotive force, Ep, is 
present, the steady-state solution is 


i,=(Em/Z) siv, (wt—0+6+ 8) —Ey/R+ 
2(Em/Z) sin (a/2) sin (@—5) X 


[e/7/(1—e"4/")] (22) 


Appendix Ill. The General 
Biphase Rectifier 


The voltage components shown in Figure 
17 may be summarized in two ways. If n 
is odd, 


€n= (Em +Em:) sin (wt-+-61) 
€n—1 = (Em +Eme) sin (wt+61+7) 
€n—2= (Em +Em) sin (wt +6,+27) 


See ek Yer Yeeeah TC Jee Se CO) ko eae a Yet a Naa 


€3=(Em+Em,) sin [wt+61+(n—3)7r] 
€2=(Emt+Em,) sin [wt+6+(n—2)7] 
@:=Em sin [wt +6:+(1—1)r] 
for O0<wt< (r+ 52—6}). 

If mis even, 


én =(Em+t+Em:) sin (wi+62) 
€n—1 = (Emi t+Em) sin (wt+62+7) 
€n—2 = (Emi t+Em,) sin (wt+62+27) 


© a © 6 wie eo whe « efee © @ 0 0 e 00,4 0% 6 pe © sees 


€3 = (Em +Em) sin [wt+62+(n—3)7] 
€2= (Em +Em2) sin [wt+62+(n—2)7] 
=E», sin [wt-+6e+(n—1)r] 


for 0<wt< (a+ 6; — be). 


Finding the current responses is compli- 
cated somewhat by the difference between 
6, and 69. If ~ is odd, the current compo- 
nents are 


tn=[(Em+Em:)/Z] sin (wt—0+61) + 
[(Em:+Em)/Z] sin (0-61) eve 


tn—1=[(EmtEm)/Z] sin (wt—-0+ 
51 +7) +[(Em +Ems)/Z) x 
sin (0 —s)e> [t+t1+ (61 — 52) /w) /7 


tae =; [ (Em +m) /Z] x: 
sin (wt—0 +5,-+7) +[(Em+ 
Ems)/Z | sin (0 — dy) e424) / 
is=[(Emi+Ema)/Z] sin [ot—0-+61-+ 
(n—3)r]+[(Em+Em:)/Z1X 
sin (0—8))e + @—aa)/7 
is =[(Em+Em,)/Z} sin [wt—0-+ 


i +(n—2)r]+ [ (Em +Em)/Z] xX 
sin (9 — 82) €~ [t+ (m—2) + (61 82/0] /7 


i, =(Em/Z) sin [wt—0-+8,4+ 


(n— 1)x] +(Em/Z) x: 
sin (0—8,)e (+(e /7 


(24a) 


for pres (a+ 52— 61). 
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If m is even, the current components are 


in =((Em+Em2)/Z] sin (wt—0+62) + 
[(Em:+Em:)/Z] sin (0—6:)e~4/7 
In = nal [(Em +E m2) /Z1X 
sin (wt —0-+6.+7) +[ (Em +Em)/Z)X 
sin (0—8)) e7 [tht (62 —61)/@)/T 
ino = [(Em+Em)/Z] sin (wt—-0+ 
53-27) +[(Em+Em)/Z)X 
sin (9 — 8) €~ (424)/7 
in=((Em+Emn)/Z sin [wt—0+- 
52+ (n—3)ar]+[ (Em +Em2)/Z1X 
sin (0— 63) e—[4+-(n—3) t+ (62—61)/w]/T 
to = [(Em,+Em)/Z] sin [wt -—0+62+ 
(n—2)r]+[(Emt+Em)/Z)X 
sin (9—6)¢e~U+(e—2)4)/7 
41=(Em/Z) sin [wt—@+62-+ 


(n—1)7)+(Emi/Z) X 
sin (9 —6,)e- [t+(n —1) t14+-(82 —81)/w] /T 


(24b) 


for 0<wt< (r+ 61 sae 52) 5 
The sum of the responses, when » is odd, 
is 
44=(Em,/Z) sin (wt—0+6)) + 
[(Emi+ Ems) /Z] sin (0-61) ena x 
[(1—e 44/7) /(1 —e-*/7)] — (Emns/Z) X 
sin (0—8,)e- 4 @— DAV? +f (Em + 
Ems) /Z \[sin (0 — 82) €~ [+61 —82)/e]/7]9¢° 
[=e 94/7) (1 —e=4/7)] (25a) 


for OS wtS (r+ 6.—5)). 
When 7 is even, the total current is 


4,=(Em,/Z) sin (wt—6@+ 82) + 
[ (Em +Em,)/Z]e-/7 |X 
SC rat ah een Ya Cet en 
[sin (0 * 82) + ¢e—(2—8)/#T sin (@—8,) ]— 
(Ems/Z) sin (9 —8;) €l+(™—1)4+(62—81)/0)/T 
(25b) 


for OS wtS (r+6,—&). 
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A Comparison of the Amplitude- 


Modulation, Frequency-Modulation, 
and Single-Side-Band Systems for 


Power-Line Carrier Transmission 


R. C. CHEEK 


ASSOCIATE AIEE 


ANY utility engineers interested in 

increasing the applications of power- 
line carrier on their systems are con- 
fronted today with the difficult problem 
of finding space for additional channels in 
an already crowded carrier spectrum. 
This is a problem, not only for large 
utilities which have extensive carrier sys- 
tems of their own, but also for smaller 
companies interconnected into large 
groups in which the total number of car- 
rier installations is large. 

Other problems that arise in some 
power-line carrier applications are the 
high attenuation of some long-haul com- 
munication and telemetering circuits, 
particularly those which include several 
by-pass points, and the high interference 
and noise levels that exist on some lines. 

In general, increasing the power of 
ordinary amplitude-modulation equip- 
ment does not provide a satisfactory solu- 
tion to these problems. This fact has led 
to a consideration of the possibilities in 
the power-line carrier field of two systems 
of transmission fundamentally different 
from the amplitude-modulation system, 
namely, the frequency-modulation sys- 
tem and the single-side-band system. 

The ability of a frequency-modulation 
power-line carrier system to provide 
gains in signal-to-noise ratio over the 
amplitude-modulation system with cer- 
tain types of noise has been reported in a 
previous paper.1. The channel width 
which must be provided for a frequency- 
modulation system in order to obtain 
appreciable gains in this respect was not 
clearly brought out, however. It is the 
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purpose of the present paper to consider 
more fully this limitation of the frequency- 
modulation system for power-line carrier 
work, and to furnish a comparison of 
the amplitude-modulation, frequency- 
modulation, and single-side-band systems 
on the basis of their channel-width re- 
quirements, their ability to work through 
attenuation, and their susceptibility to 


100% 100% 
50%| 50% 
Lower UPPER 
SIDE SIDE 
BAND BAND 
! 
Fe Fe-o Fe Feea 
| 
R 
n LSB) 
= 
A 1.3.8.6 | sopu.S.6. ,\use ¢ ¢ 
$.8, ASL SB. 
< ¢ ia aus 
é 
¥ US.Bi~ 
P UC) 
(a) (b) 


Figure 1. Amplitude-modulation system 


(a). Unmodulated conditions, in spectrum, 
wave, and vector representation 
(b). Complete modulation 


interference and noise. Since the ampli- 
tude-modulation system is used in this 
paper as a basis of comparison for the 
other two systems, it will be considered 
first. 


Width of Channel Required by the 
Amplitude-Modulation System 


Conditions are shown in Figure la for 
the amplitude-modulation system when 
no modulation is present, that is, when 
there is no speech or telemetering impulse 
on the channel. The only component in 


the frequency spectrum is the carrier, a 


constant-amplitude single-frequency sine 


~ wave, which is shown in vector form as a 
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single vector of constant length. This 
vector is assumed to be rotating counter- 
clockwise at carrier frequency. Its 
length can be taken as unity or 100 per 
cent, 

Conditions for 100-per-cent amplitude 
modulation of the carrier wave by a 
sinusoidal audio tone are shown for com- 
parison in Figure lb. In addition to the 
carrier-frequency wave of 100-per-cent 
amplitude, two additional high-frequency 
waves are introduced into the frequency 
spectrum, one of a frequency equal to 
carrier frequency plus modulating fre- 
quency, and one of frequency equal to 
carrier frequency minus modulating fre- 
quency. The amplitude (voltage) of each 
of these additional components, which are 
called the side-band components, is 50 
per cent of the carrier amplitude. The 
power in each side-band component there- 
fore is 25 per cent of the carrier power. 
This gives a total average power during 
complete modulation of 1.5 times the un- 
modulated carrier power. This power is 
the average of the variations in total 
transmitted power as the carrier and side- 
band components combine to give a wave 
whose power varies between the limits of 
zero and four times the unmodulated car- 
rier power during an audio cycle. 

A vector representation is given in 
Figure 1b of the way in which the side- 
band components combine with each 
other and with the carrier component to 
produce a resultant whose amplitude 
varies between zero and twice carrier am- 
plitude and whose frequency is always 
carrier frequency. The vector diagrams 
are drawn for successive intervals of time 
during an audio cycle. The vectors rep- 
resenting the upper and lower side-band 
components revolve about the carrier 
vector in opposite directions at audio fre- 
quency, because their frequencies are 
carrier frequency plus audio frequency 
and carrier frequency minus audio fre- 
quency, respectively. The two side-band 
vectors are always of just the proper phase 
to produce a resultant which directly aids 
or opposes the carrier vector. 

In the foregoing discussion, modulation 
by a single audio frequency was assumed. 
This produced one pair of side-band com- 
ponents. If more than one audio fre- 


‘quency were present, a pair of side-band 


components for each, of frequency equal 
to carrier plus audio frequency and carrier 
minus audio frequency, would be pro- 
duced. In sucha case the sum of the am- 
plitudes of the upper side-band com- — 
ponents would equal 50 per cent of the 
carrier amplitude, and the sum of the 
lower side-band components would equal 
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Figure 2. Amplitude and phase modulation 
of a carrier by an interfering wave 


50 per cent of the carrier amplitude for 
complete modulation. 

In the amplitude-modulation system 
the carrier and all side-band components 
are transmitted, and an amplitude- 
modulation receiver must accept a fre- 
quency band sufficiently wide to accom- 
modate the lowest and highest side-band 
components produced. The channel 
width required is therefore twice the fre- 
quency of the highest audio frequency to 
be transmitted. In power-line carrier 
work this normally means a band of six 
kilocycles to accomodate speech fre- 
quencies and audio tones as high as three 
kilocycles, 


Effects of Interference and Noise on 
an Amplitude-Modulated Signal 


®* In the amplitude-modulation system, 
the receiver responds only to changes in 
the amplitude of the carrier; changes in 
the phase or slight changes in the fre- 
quency of the carrier produce no audible 
output from the receiver. Interference 
with an amplitude-modulated signal 
occurs when an undesired wave is passed 
by the tuned circuits of the receiver 
(which must accept all frequencies in a 
six-kilocycle band in the system under 
discussion) and adds to the carrier wave 
in much the same manner as the desired 
side-band components add to it, produc- 
ing variations in its amplitude. If the 
undesired signal is another carrier wave, 
the familiar beat-note type of interfer- 
ence is the result. The frequency of the 
audio output of the receiver for this type 
of interference is the difference between 
the frequencies of the carrier and the in- 
terfering wave. The amplitude of the 
audio output is the same for all interfer- 
ing waves of equal amplitude applied to 
the detector, whether their frequency is 
close to that of the desired carrier or close 
to the edge of the band accepted by the 
receiver. 

Vector diagrams showing the effect of 
interference on an amplitude-modulated 
carrier are given in Figure 2, in which the 
amplitude of the interfering wave is as- 
sumed to be ten per cent of the amplitude 
of the desired carrier. Assuming that no 
side-band components are present, that 
is, that the carrier is not intentionally 
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being modulated, the carrier vector is 
again a vector of constant length, rotat- 
ing at carrier frequency. The vector rep- 
resenting the interfering wave adds to the 
carrier vector and revolves about it at a 
frequency equal to the difference in 
frequency between the two. The re- 
sultant vector varies in amplitude and 
phase at this difference frequency. The 
amplitude variations are equivalent to 
ten-per-cent modulation of the carrier 
amplitude, and the receiver detects them 
as such. 

The foregoing discussion was based on 
interference from a single-frequency wave, 
Random noise consists of a large number 
of such waves of all frequencies, distrib- 
uted throughout the band accepted by 
the receiver. The effective noise voltage 
output of the receiver is the effective value 
of the noise produced by all the random 
noise components accepted by the re- 
ceiver. Assuming that noise components 
of all frequencies are present, and that 
they have equal amplitudes, the rms 
noise output of an amplitude-modulation 
receiver is 


max cee 
[Bay Wi k*d(Fy,—F) =kV 2Ffmex(1) 


Smax 


where & represents the amplitude of the 
noise produced by each individual noise 
component, fmax is the highest audio fre- 
quency to be transmitted by the system, 
that is, the cutoff point of the receiver 
pass band above and below carrier fre- 
quency, and F, and F, are the fre- 
quencies of the noise and carrier com- 
ponents, respectively. 


Width of Channel Required by the 
Frequency-Modulation System 


In the frequency-modulation system? 
a carrier signal, identical in every respect 
to the amplitude-modulated carrier, is 
transmitted during periods when modula- 
tion is absent. These conditions are 
shown in Figure 3a. The only quantity 
transmitted is a constant-amplitude 
single-frequency sine wave, represented 
by a single vector of constant length. 

When modulation is present the condi- 
tions shown in Figure 3b are obtained in a 
particular frequency-modulation system. 
The transmitted wave has the same am- 
plitude as the original carrier, but its fre- 
quency varies above and below the origi- 
nal carrier frequency. This variation in 
frequency takes place at a rate cortre- 
sponding to the audio frequency being 
transmitted. It is caused by the presence 
of side-band components, as in the am- 
plitude-modulation system. However, 
several important differences exist. In- 
stead of a single pair of side-band com- 
ponents for a single modulating frequency, 
as in amplitude-modulation, an infinite 
number of side-band pairs is produced in 
frequency modulation. These side-band 
pairs are spaced in the spectrum above 
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and below carrier frequency at multiples 
of the audio frequency. The first side- 
band pair occurs at carrier plus audio 
frequency and carrier minus audio fre- 
quency, as in amplitude modulation. The 
second pair occurs at carrier plus and 
minus twice audio frequency, the third at 
carrier plus and minus three times audio 
frequency, and so on. Although there 
are an infinite number of side-band pairs 
in a frequency-modulated signal, the am- 
plitude of each pair is generally different, 
and at a certain distance in each direction 
from carrier frequency the amplitudes of 
higher- and lower-frequency side-band 
components become negligible. 

Another important difference between 
frequency modulation and amplitude 
modulation is that in frequency modula- 
tion the’ amplitude of the carrier-fre- 
quency component is always reduced dur- 
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{o) (b) 
Figure 3. Frequency-modulation system 


(a). Unmodulated conditions, in spectrum, 
wave, and vector representation 
(b). Modulation with unity deviation ratio 


ing modulation, and the vector represent- 
ing it changes in length accordingly. 
However, the resultant obtained by add- 
ing the new carrier vector and the side- 
band vectors is always in true frequency 
modulation a vector of length equal to 
the original length of the vector represent- 
ing the carrier. The intelligence is trans- 
mitted, not by a change in the amplitude 
of the resultant vector, but by a con- 
tinuous oscillation in its phase position. 
This oscillation in the phase position of 
the resultant vector introduces a modula- 
tion of the frequency, because during the 
process of a change in phase a change 
takes place in the speed of rotation of the 
vector, which of course means a change in 
frequency. The frequency deviation from 
normal at any instant is proportional to 
the rate at which the phase of the result- 
ant vector is changing at that instant. 
The ratio of the maximum resultant 
frequency deviation to the highest audio 
frequency to be transmitted in a fre- 
quency-modulation system is called the 
deviation ratio. The conditions shown | 
in Figure 3b are those obtained with a. 


_ maximum carrier-frequency deviation of 
_ three kilocycles above and below normal 


with a modulating frequency of three kilo- 
cycles. If three kilocycles is the highest 
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audio frequency to be transmitted in this 
system, as is assumed to be the case in all 
systems considered in this discussion, the 
deviation ratio of the system is unity. A 
system with unity deviation ratio has 
been chosen for illustration because, as 
will be shown later, it is only with a devia- 
tion ratio of at least unity that the fre- 
quency-modulation system offers appre- 
ciable gains in signal-to-noise ratio over 
amplitude modulation. 
The vector diagrams of Figure 3b 
show at successive intervals of time how 
with unity deviation ratio the resultants 
of each pair of side-band vectors add to 
the carrier vector to maintain the ampli- 
tude but to produce a change in the phase 
of the transmitted wave. The two vec- 
tors representing the first side-band pair 
revolve about the carrier vector in oppo- 
site directions at audio frequency. Their 
resultant is always of such a phase as to 
add in quadrature with the carrier vec- 
tor. The vectors representing the second 
side-band pair revolve about the resultant 
of the first side-band pair at twice the 
audio frequency, producing by them- 
selves a resultant always in phase with 
the carrier vector. The vectors of the 
third side-band pair revolve about the re- 
sultant of the second side-band pair at 
three times the audio frequency, produc- 
ing by themselves a resultant always in 
quadrature with the carrier vector. There 
are successively higher and lower side- 
band pairs, but they are small and their 
resultants are not shown. The total 
effect of all the vectors is to produce a re- 
sultant vector whose length is always 
that of the vector representing the origi- 
nal carrier, but whose phase varies in 
accordance with the transmitted audio 
frequency. This phase oscillation pro- 
duces an oscillation in the frequency of 
the transmitted wave. 
It can be seen in Figure 3b that, al- 
though the frequency swing of the result- 
ant wave is only three kilocycles above 

and below carrier frequency, the side- 

band components that must be trans- 
» mitted in order to obtain this frequency 
swing actually occupy a band width 
greater than six kilocycles. According to 
Hund,* good engineering practice requires 
that the side-band components in a band 
50 per cent greater than the maximum re- 
sultant frequency swing above and below 
normal carrier frequency be transmitted, 
that is, all side-band components in a 
band of width 1.5 X 2 AF, where AF is the 
maximum frequency deviation from nor- 
mal. Narrowing the transmitted or re- 
ceived band width to less than this figure 
will introduce excessive audio distortion 
into the channel. 

Suppose, for example, an attempt were 

made in the system under consideration 
to reduce the channel width occupied by 
the transmitted signal by transmitting 
only those side-band components in a fre- 
quency band three kilocycles above and 
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by any audio frequency from three kilo- 
cycles down to 1.5 kilocycles, the carrier 
and only a single pair of side-band com- 
ponents would be transmitted. At suc- 
cessively lower frequencies in this range, 
the amplitude of the carrier component 
becomes successively less, the amplitudes 
of the suppressed side-band components 
become greater, and the distortion of the 
apparent swing of the resultant signal in- 
creases. The distortion is greatest just 
below the point at which the second side- 
band pair comes within the transmitted 
band of frequencies, that is, at a modulat- 
ing frequency of 1.5 kilocycles. The re- 
sultant frequency swing, as it appears to 
a discriminator with center frequency 
tuned to carrier frequency, is shown in 
Figure 4 for several modulating fre- 
quencies between 1.5 and 3 kilocycles. 
The curves of Figure 4 were plotted from 
relations derived in the appendix. _ 


Effects of Interference and Noise on 
a Frequency-Modulated Signal 


The frequency swing of a frequency- 
modulated signal above and below 
normal frequency depends upon two fac- 
tors: the loudness of the modulating sig- 
nal, and the frequency swing the system 
is designed to have for a signal of that 
loudness. The frequency swing in a 
given frequency-modulation system is the 
same for any audio frequency of a given 
loudness. This means that the phase 
swing must be inversely proportional to 
the modulating frequency. If the lower 
modulating frequencies are to produce 
the same frequency change as the higher 
modulating frequencies, the resultant 
vector representing the signal must 
travel through a greater phase change 
during a low-frequency audio cycle than 
during a higher-frequency audio cycle. 
In other words, the speed of swing of the 
resultant vector is the same at a given 
point on the audio cycle, whether the 
audio frequency is high or low. The re- 
sultant vector has a longer time to change 
in phase during a low-frequency audio 
cycle; so the actual phase swing is greater 


than for a higher-frequency audio cycle. 
This fact is important to an understand- 
ing of the way in which frequency modula- 
tion can provide gains in signal-to-noise 
ratio over amplitude modulation. 

The deviation ratio in frequency 
modulation expresses in radians the maxi- 
mum phase swing when the signal is 
modulated by a wave of maximum loud- 
ness and of the highest audio frequency 
the system is intended to transmit. In 
the system under consideration, which 
has unity-deviation ratio, the phase 
swing is one radian when a three-kilocycle 
tone of maximum loudness is being trans- 
mitted. This phase swing varies in- 
versely with the audio frequency if the 
audio amplitude is kept constant and be- 
comes enormous with very low modulat- 
ing frequencies. 

Consider the effect of adding to the un- 
modulated frequency-modulation carrier 
the same interfering signal assumed in _ 
the discussion of amplitude modulation 
in Figure 2. If the interfering wave has 
ten per cent of the amplitude of the de- 
sired carrier and has a frequency three 
kilocycles away from carrier frequency, 
the vector representing it will revolve 
around the carrier vector as before, pro- 
ducing a resultant whose amplitude 
varies ten per cent above and below 
normal amplitude and whose phase os- 
cillates with a maximum swing of 5.7 de- 
grees or 0.1 radian. Amplitude limiters 
in the frequency-modulation receiver re- 
move the amplitude variations, but the 
receiver responds to the phase variations. 
The phase swing is one tenth of the swing 
produced when the system is modulated 
by a three-kilocycle tone of maximum 
loudness; therefore the interfering signal 
causes the same amount of interference 
it caused to the amplitude-modulation 
Carrier. 

If the interfering signal is removed 
only 1.5 kilocycles in frequency from the 
carrier, however, conditions are some- 
what different. Assuming again that the 
amplitude of the interfering wave is ten 
per cent of normal carrier amplitude, the 
same 0.1-radian phase oscillation occurs, 
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this time at a frequency of 1.5 kilocycles. 
This swing is only '/2 of the phase swing 
for a desired 1.5-kilocycle modulation of 
maximum loudness. The result is that, 
although the amplitude of the interfering 
wave is the same as before, the amount 
of audio output it causes is only half as 
much. As the interfering signal gets 
closer and closer in frequency to the car- 
rier, the audio output it produces be- 
comes less and less, reaching zero at car- 
rier frequency. 

It has been shown that in order to ob- 
tain reasonably distortion-free repro- 
duction of the signal, the receiver in this 
system will have to accept a band of fre- 
quencies greater than three kilocycles 
above and below carrier frequency. In- 
terfering waves in this band removed 
more than three kilocycles from the car- 
rier will cause more interference in the 
frequency-modulation receiver than they 
would cause in the corresponding ampli- 
tude-modulation receiver, even if the 
‘latter were required to accept such fre- 
quencies. Actually the radio-frequency 
circuits in an amplitude-modulation re- 
ceiver normally are designed to pass a 
band of width equal to twice the maxi- 
mum audio frequency, or six kilocycles 
in this case. The same effect could be ob- 
tained in the frequency-modulation re- 
ceiver under consideration by passing the 
required band of frequencies in the radio- 
frequency circuits but designing the audio 
circuits so that they cut off sharply at the 
‘maximum audio frequency of three kilo- 
cycles. In ultrahigh-frequency frequency- 
modulation broadcasting, where the band 
accepted by a receiver is approximately 
225 kilocycles, the same effect is obtained 
without such filters, because audio fre- 
quencies up to 15 kilocycles are trans- 
mitted. Practically the entire audible 
range is covered, and the ear inherently 
acts as a cutoff device, since it does not 
respond appreciably to interference which 
produces an audio output of frequency 
above 15 kilocycles.* 

The amount of interference produced 
by single interfering waves of a given 


amplitude in the frequency-modulation ~ 


system can be expressed as 
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in which F; — F, is the difference between 
the interfering frequency and the carrier 
frequency, and & is the interference pro- 
duced. when this difference is equal to 
AF, the maximum deviation of frequency 
of the system. The factor in equation 2 
is the same as the factor k which appears 
in equation 1 for the amplitude-modula- 
tion system, ifit isassumed that the fre- 
quency AF is in the audible range and is 
passed by the audio circuits of the re- 
ceiver. 

The effect of random noise upon a fre- 
quency-modulation signal can be found 
by integrating to determine the rms noise 
output, as before. Assuming that a band 
width of 1.5 X 24F is passed by the fre- 
quency-modulation receiver, we have 


1.54F 
: F,—F, |? 
Exms = , pee a(F. —f 
fi AF | : - 


=15kV AF (3) 


if it is assumed that AF is within the 
range of audible frequencies and that no 
low-pass filter is provided in the audio 
circuits of the receiver. If such a filter is 
provided, the maximum gain in signal-to- 
noise ratio is obtained when its cutoff 
frequency is fmax, the highest audio fre- 
quency to be handled by the system. 
The limits of integration in equation 3 in 
this case become —fmax and fmax, and we 
have 


_ BfmaxV 2fmax 
V3 AF 
Equation 4 for the frequency-modula- 
tion system is exactly equivalent to equa- 
tion 1 for the amplitude-modulation sys- 
tem, assuming that the same maximum 
audio frequency is to be transmitted by 
each, This provides a basis for directly 
comparing the performance of the two 
systems. Dividing equation 4 by equa- 
tion 1, we have 


(4) 


Ey_m__fmax_ 
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Equation 5 shows that with unity- 
deviation ratio, the frequency-modulation 
system provides a gain in rms signal-to- 
noise ratio of 4.8 decibels over amplitude 
modulation. Larger-deviation ratios pro- 


(5) 


vide larger gains, but these gains can be 
obtained only at the expense of channel 
width. Figure 5 shows, for systems in 
which the maximum audio frequency is 
three kilocycles, a curve of the decibel 
gain afforded by the frequency-modula 
tion system as the deviation ratio is in- 
creased. A curve giving the channel 
width required by the system as the de- 
viation ratio is increased is also shown for 
comparison. The latter curve is based on 
the requirement that the channel width 
be 1.5 X 2AF for reasonably distortion- 
free reproduction. 


The Single-Side-Band System 


In the amplitude-modulation system, 
the carrier-frequency component of the 
signal is unchanged during modulation, 
as shown in Figure 1. Modulation merely 
introduces additional components, which , 
act upon the carrier in such a way that 
the amplitude of the resultant signal 
varies above and below carrier ampli- 
tude. It can be seen from the vector dia- 
grams of Figure lb that it would be 
possible to communicate with one of the 
side-band components suppressed. The 
remaining component still would produce 
amplitude variations in the resultant 
signal at the modulating frequency, and 
these variations could be detected by an 
ordinary amplitude-modulation receiver. 
It is possible to go a step further and sup- 


’ press the carrier itself as well as the com- 


ponents of one of the side bands. If this 
is done in a low-power stage of an ampli- 
tude-modulation transmitter, the entire 
power capability of the transmitter can 
be used to amplify and transmit the com- 
ponents of a single side band. The car- 
rier-frequency component, upon which 
the side-band components act to produce 
amplitude variations, can be supplied by 
a small oscillator at the receiving end of 
the channel; thus, instead of using a 
comparatively large amount of power at 
the transmitting end to generate a con- 
stant-frequency constant-amplitude sine 
wave, which contains no intelligence, and 
subjecting it to all the attenuation and 
losses involved in transmitting it to the 
receiving end of the channel, it is possible 
to produce the equivalent of this wave 
with very little power at the receiving 
point. The power which ordinarily is 
used at the sending end to transmit the 
carrier component then can be used to 
transmit intelligence-bearing components 
of a single side band. In the remainder 
of this paper, the single-side-band system 
referred to is the type in which the carrier 
as well as one of the side bands is sup- 
pressed. 

The conditions for no modulation in the 
single-side-band system are shown in 
Figure 6a. The frequency spectrum con- 
tains no components of any frequency — 
under these conditions, and the constant- 
frequency constant-amplitude carrier 
common to the amplitude-modulation | 
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and frequency-modulation systems is ab- 
sent. 

When modulation is present, again 
assuming modulation by a single audio 
frequency, a single component of fre- 
quency appears in the spectrum, as shown 
in Figure 6b. This quantity is a pure sine 
wave, of constant amplitude, and of con- 
stant frequency equal to nominal carrier 
frequency plus audio frequency, assum- 
ing that the upper side-band component 
is being transmitted. Actually, either the 
upper or the lower side-band component 
could be used. No carrier-frequency 
component is transmitted under any 
conditions. 

The vector diagrams of Figure 6b rep- 
resent conditions at the receiving end of a 
single-side-band channel when modula- 
tion is present. The locally generated 
carrier wave is shown as a dotted vector, 
to which the incoming side-band vector 
is added. The frequency of the side-band 
wave differs from the locally generated 
carrier frequency; therefore the vector 
representing it revolves about the carrier 
vector. This variation takes place at 
audio frequency, and the resultant vector 
varies in amplitude at the audio fre- 
quency. The resultant wave, produced 
by adding the local carrier and the re- 
ceived side-band wave, is a wave very 
similar to that which would have been ob- 
tained had the carrier and both side-band 
components been transmitted from the 
sending end. This resultant wave can be 
applied to an ordinary amplitude-modula- 
tion detector and rectified in the usual 
manner. 

The width of the channel required by 
the single-side-band system is exactly 
half that required by the amplitude- 
modulation system. In other words, the 
space in the spectrum occupied by a 
single-side-band transmitter and the band 
of frequencies which must be accepted 
by the receiver are equal to the maximum 
audio frequency to be transmitted, or 
three kilocycles for ordinary power-line 

_cdrrier work. 


Gains in Signal-to-Noise Ratio 
With the Single-Side-Band 
System 


A enim idle band receiver must accept 
only half the band width required in 
an amplitude-modulation receiver. The 
lower limit of the integral of equation 1 is 
zero for the single-side-band system, and 
we have 


. ‘Jmax ae 
Ema ff k?d(Fn—F,) =kVfmax (6) 


_ Halving the band width therefore elimi- 
nates half of the noise power and pro- 
‘vides ati immediate gain of three decibels 
for the single-side-band system. Other 
_ gains can be realized, depending upon the 


characteristics of the transmitter used to 
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In the amplitude-modulation system 
the average power transmitted during 
complete modulation is 1.5 times the un- 
modulated carrier power. The extra 
power required during modulation can be 
supplied in several different ways. In 
one system, the output stage of the trans- 
mitter is capable of handling only the 
normal carrier power, and the additional 
50 per cent is supplied by power-type 
modulator tubes. In another system, the 
output stage of the transmitter operates 
at a relatively low efficiency during 
periods of no modulation. The modulator 
supplies no appreciable power but acts 
to change the efficiency of the transmitter 
during modulation, increasing the average 
output by 50 per cent. In both cases, 
the 1.5 times normal power during modu- 
lation is the average power transmitted 
as the instantaneous power varies be- 
tween the limits of zero and four times 
normal during the audie cycle, and an 
amplitude-modulation transmitter of the 
efficiency-modulated type must be able 
to produce this four times normal power 
at its peak efficiency, which it reaches for 
an instant during each audio cycle. 

When an amplitude-modulation trans- 
mitter of the efficiency-modulated type 
is used to amplify a single-side-band com- 
ponent, it can operate at peak efficiency 
throughout the audio cycle, because the 
signal is a constant-amplitude radio- 
frequency wave without the peaks and 
“troughs” of an amplitude-modulation 
signal. The amplitude of the single-side- 
band component transmitted therefore is 
twice the amplitude of the carrier which 
is transmitted by the same equipment in 
the amplitude-modulation system. This 
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Figure 6. Single-side-band system, in spec- 
trum, wave, and vector representation 


(a). Unmodulated conditions 

(b). Modulation producing side-band power 

of four times unmodulated carrier power in 
amplitude-modulation system 


carrier-frequency wave at the receiving 
end of the channel, produces a variation 
in the amplitude of the resultant wave 


- twice as great as the variation in the am- 


plitude of the signal transmitted by the 


~ same apparatus in amplitude modulation. 
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This is an additional gain of six decibels, 
which added to the three decibels gained 
by reducing the channel width gives a 
total gain for the single-side-band system 
of nine decibels over the amplitude- 
modulation system, with the same ap- 
paratus and the same peak transmitted 
power. In other words, the single-side- 
band system provides the equivalent of 
an amplitude-modulation system of eight 
times the carrier power and occupies only 
half the amplitude-modulation channel 
width, 

Bquations 4 and 6 provide a means of 
comparing directly the performance of 
the frequency-modulation and_ single- 
side-band systems in the presence of ran- 
dom noise. Dividing equation 4 by equa- 
tion 6 we get 


Er—mu Smax 2 

Egss AF \; 2) 
The two systems cannot be compared on 
the basis of the same required channel 
width, because at least the first pair of 
side-band components must be trans- 
mitted in the frequency-modulation sys- 
tem. Even though the peak-to-peak fre- 
quency swing 2AF of the frequency- 
modulation signal is limited to the band 
width of the single-side-band signal, the 
first pair of side-band components re- 
quired to produce the swing occur at car- 
rier frequency plus and minus audio fre- 
quency, as in the amplitude-modulation 
system. For a maximum audio frequency 
of three kilocycles, a comparison can be 
made between the single-side-band sys- 
tem with a three-kilocycle band width 
and the frequency-modulation system 
with the minimum band width of six 
kilocycles. The requirement that the 
frequency-modulation band width be at 
least 1.5 X 2 AF gives a maximum. value 
of two kilocycles for AF, for which equa- 
tion 7 shows a gain of 1.8 decibels for the 
single-side-band system, with a peak — 
power which is reached only intermit- 
tently during conversation, equal to the 
continuously transmitted power of the 
frequency-modulated signal. If ad- 
vantage is taken of the power capability 
of an efficiency-modulated amplitude- 
modulation transmitter to, amplify the 
single-side-band signal, as discussed. in the 
previous paragraph, the additional gain 
of six decibels brings the total gain to 7.8 
decibels. In all cases the frequency- 
modulated signal requires at least twice 
the band width of the Binge eide baie 
signal. 


Other Advantages of the Single- 
Side-Band System 


Reduction in channel width and gains. 
in signal-to-noise ratio in the presence of - 
random noise are by no means the only 
advantages offered by the single-side- 
band system in power-line carrier’ work. 
A severe type of interference occasionally - 
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encountered on power systems is the type 
known as corona modulation,‘ a phe- 
nomenon in which the amplitude and 
phase of an amplitude-modulated or a 
frequency-modulated carrier are modu- 
lated in a complex manner by the pres- 
ence of space charge due to corona. This 
space charge varies the effective shunt 
conductance of the line, periodically 
changing its attenuation and phase-shift 


wrso* wt=60° wt=120° 
constants. It has been found that in- 
creasing the power of the carrier fails to 
alleviate this condition, because the rela- 
tive amount of modulation apparently 
stays the same, maintaining the same 
signal-to-noise ratio. The single-side- 
band system offers an ideal solution of 
this problem, because the carrier is sup- 
plied at the receiving end of the channel 
and therefore is not subjected to this 
type of modulation. 

One of the most important features of 
the single-side-band system is that the 
absence of the carrier signal permits many 
applications that are impossible with the 
amplitude-modulation and frequency- 

_ modulation systems, in which a con- 
tinuous carrier is transmitted. Elimina- 
tion of the carrier permits a single re- 
ceiver to receive signals from several 
different transmitting points simultane- 
ously. For example, different telemeter- 
ing tones can be used to modulate single- 
side-band transmitters at each of several 
locations, all on the same nominal carrier 
frequency. These transmitters can all be 
received simultaneously on a single re- 
ceiver, because there is no beat-note inter- 
ference and elimination of weak signals 
by strong ones as is the case with the 
amplitude-modulation or frequency- 
modulation systems. 

Elimination of the carrier wave also 
permits repetition of carrier frequencies 
for separate-tone telemetering and load- 
control channels, even though these chan- 

- nels may be physically near each other on 
the power system. All that is required is 
that the strength of the desired signal be 
comparable to that of the undesired sig- 
nal at the receiving point. It is not even 
necessary that the desired signal be as 
strong as the undesired one. Separate- 
tone frequencies must be used for each 

“function, of course, but the nominal car- 
rier frequencies can be the same. 

An outstanding feature of the single- 
side-band system results from its simi- 
larity to the amplitude-modulation sys- 
tem, Basic amplitude-modulation trans- 
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mitter and receiver units, with the unit 
type of rack-and-panel construction, * can 
be designed so that they can be converted 
in the field to single-side-band operation 
by the addition of single-side-band panel 
units. This makes it possible for utilities 
which do not at present have spectrum- 
crowding or interference problems to 
install suitably designed basic amplitude- 
modulation equipment for their present 


Figure 7. Addition of carrier 

and first side-band pair in a 

frequency-modulation system 

at successive intervals during an 
audio cycle 
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purposes, with the assurance that should 
such problems arise later they can be 
coped with by conversion of the ampli- 
tude-modulation equipment to the single- 
side-band system. 


Conclusions 


It is possible with the frequency- 
modulation system to obtain large gains 
over the amplitude-modulation system 
in signal-to-noise ratio. However, these 
gains are proportional to the deviation 
ratio employed and can be obtained only 
at the expense of channel width in the 
carrier-frequency spectrum. In the pres- 
ence of random noise, a frequency- 
modulation system of unity deviation 
ratio provides a gain of 4.8 decibels in 
signal-to-noise ratio over an amplitude- 
modulation system of the same carrier 
power but requires a channel width at 
least 50 per cent greater for reasonably 
distortion-free audio reproduction. 

The single-side-band system is a more 
sound approach to the two main prob- 
lems that confront utility engineers in 
applying power-line carrier equipment. 
In this sytem gains in signal-to-noise ratio 
are obtained by using the entire trans- 
mitted power for intelligence-bearing sig- 
nals and concentrating this power in a 
narrow frequency band. With half the 
transmitted band width, the single-side- 
band system provides a gain in signal-to- 
noise ratio of nine decibels over the 
amplitude-modulation system, with a 
power equal to the peak power of the 
amplitude-modulated signal. The ab- 
sence of a continuous carrier in the single- 
side-band system makes possible the 
repetition of carrier frequencies for some 
applications and further increases the 
gains in channel space it provides. The 
similarity of the single-side-band system 
to the amplitude-modulation system 
makes it possible to convert to the single- 
side-band system present and future in- 
stallations of amplitude-modulation equip- 
ment of suitable design. 
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Appendix. Distortion of a Fre- 
quency-Modulated Signal Caused 
by Suppression of All Except the 
First Pair of Side-Band Components 


In a frequency-modulation system, the 
resultant of the first pair of side-band com- 
ponents is always in quadrature with the 
catrier component. The magnitude of this 
resultant varies at the modulating fre- 
quency between the limits of plus and minus 
twice the amplitude of the individual side- 
band components. These relations are 
shown in Figure 7 in vector form for succes- 
sive points on an audio cycle. The vector 
obtained by adding the carrier vector to the 
resultant of the side-band vectors has with 
respect to the carrier vector a phase position 
¢ which can be expressed for any instant of 
time as 


2b cos wt 
@=arc tan eee (8) 
a 


where b is the amplitude of each side-band 
component, w is 27 times the modulating 
frequency, and a is the amplitude of the 
carrier component. If the amplitude varia- 
tions of the resultant are removed by 
limiters, the discriminator of a frequency- 
modulation receiver responds only to the 
rate of change of phase of the resultant 
signal, that is, to 


dp _ —(2bw/a) sin wt 
dt 1+(4b2/a®) cos? wt 


radians per second 


(9) 


Dividing equation 9 by 27, we get the 
equivalent instantaneous frequency devia- 
tion, 
— (2bf/a) sin wt 
1+ (46?/a?) cos? wt 


F; cycles (10) 


in which f is the modulating frequency in 
cycles. The curves of Figure 4 were ob- 
tained by substituting the proper values for 
a and 6b from a table of Bessel functions, 
assuming a frequency-modulation system 
with unity deviation ratio and three kilo- 
cycles maximum audio modulating fre- 
quency. 7 
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The Amplidyne Generator Applied to 
Speed-Controlled Electric Gun 
Turrets for Aircraft 


L. A. ZAHORSKY 


ASSOCIATE AIEE 


HE PURPOSE of this paper is to ex- 

plain the action of a particular type 
of Amplidyne generator in terms of its 
relationship to the turret performance 
and to attempt to separate its character- 
istics from those of the turret. 

Development of this Amplidyne gen- 
erator and the outbreak of the war were 
concurrent, and, due to incomplete knowl- 
edge of the requirements of this type of 
generator, it was expedient to define the 
characteristics of the turret control sys- 
tem as a whole. This caused difficulties 
in applying the Amplidyne to other sys- 
tems. The characteristics of the Ampli- 
dyne can be defined independently of the 
system. Some effects of the variations 
in the Amplidyne characteristics and 
changes in circuit constants on the over- 
all performance of the turret will be 
shown. 


Function of the Turret Power Drive 


Most turrets using these Amplidynes 
are powered in both elevation and azi- 
muth, by means of two separate control 
systems each consisting of a turret mo- 
tor, an Amplidyne, and a control circuit. 

The Amplidyne is part of a motor- 
generator set driven from the electric 
system of the airplane and makes avail- 
able readily controlled power to operate 
the turret motor. By varying the ad- 


justment of certain potentiometers con- 
nected itt the control-field circuit of the 
Amplidyne, its output, and hence the 
performarice of the turret, may be con- 
trolled by the operator. 


Vand 


The control circuit is used to combine 
properly the characteristics of the Am- 
plidyne with those of the turret motor to 
produce the desired over-all performance 
of the system. 

An important characteristic of the 
power drive is that of constant speed for 
a given potentiometer setting, independ- 
ent of the gun position with respect to 
the wind. Another very important re- 
quirement of the power-drive system is 
that it be capable of driving the turret 
smoothly at very low speed. In direct 
contrast to this characteristic is the neces- 
sity for the turret power system to be 
capable of turning the turret rapidly from 
one target to another. 


Description of the Amplidyne 


The~Amplidyne under consideration 
constitutes the generator end of a two- 
bearing motor-generator set. The 27- 
volt d-c driving motor is on the same shaft 
as the Amplidyne generator and drives it 
at about 8,300 rpm. The driving motor 
is an eight-pole compound-wound motor 
with one series turn to obtain quick start- 
ing and decrease the inrush current. This 
enables the unit to start and attain 85 per 
cent of its rated no-load speed in less than 
one second. The generator is rated at 
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Figure 1. A typical 
aircraft Amplidyne 
for turret control 
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60-volts 8.8-amperes output for ten min- 
utes on and 20 minutes off. Figure 1 
shows a complete Amplidyne set; Figure 
2 is a sectionalized view showing the in- 
ternal construction. 

The generator has a two-pole stator 
with a control-field winding, F (see Figure 
3), and compensating-field winding, H, 
acting in the load axis. Two rheostats 
are shunted across the compensating field 
for adjustment. An additional control 
field, G, acting in the same axis is pro- 
vided for antihunt purposes. There is 
also a winding in the quadrature axis. 
The generator has four brushes mounted 
on an adjustable mechanism and spaced 
90 degrees apart. Two diametrically 
opposite brushes, C, are connected in 
series with the compensating winding and 
the output terminals of an AN connector 
to constitute the load axis. The other 
two brushes, D, are short-circuited to 
complete the quadrature circuit. The 
operation is, briefly, as follows. Full-field 
excitation of the order of 0.1 watt in the 
control-field winding causes a small flux 
in the load axis which generates an 
electromotive force of about ten volts 
acting in the quadrature axis. This volt- 
age then causes current to flow through 
the quadrature brushes, which in turn 
sets up a quadrature magnetic field. This 
field then causes an electromotive force of 
approximately 90 volts to be generated 
across the load brushes. As soon as a 


load current is allowed to flow, the com- 


pensating winding more than compen- 


a4 


Figure 2. Cut-away views showing the inter 


nal construction of the Amplidyne 


The upper illustration is the generator end and 
ur J 


the lower is the motor end 
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Figure 3. A typical elementary circuit dia- 
gram with fixed feedback 


A —Antihunt resistor 

B —The Amplidyne rotor 

C —Anmplidyne load brushes 

D —Anmplidyne quadrature brushes 

E —Short-circuited quadrature winding 

F —Control field 

G —Antihunt field 

H —Compensating winding 

K —Compensating adjusting rheostats 

M-—Turret-motor armature 

N—Turret-motor shunt field 

P —Vibrator inverter transformer 

R —Fixed-feedback resistors 

§ —Capacitor for antihunt 

T —Normally open contactors operated simul- 
taneously 

W—Control potentiometer 


sates for its armature-reaction effect. 
The amount of overcompensation, meas- 
ured in volts per ampere output, is read- 


. ily adjustable by means of the two rheo- 


stats, K, connected in series across the 
compensating winding, H, as shown in 
Figure 3. The curves in Figure 5 show 
the effectiveness of the rheostats. The 
difference between the two curves is the 
effect obtained by changing the compen- 
sating winding on one pole by approxi- 
mately 3.0 per cent. 


Detailed Operation of the Amplidyne 


The Amplidyne-generator control field 
is excited by means of a control potenti- 
ometer. A resistor used as a voltage 
divider, R, is connected across the Am- 
plidyne output and provides a negative 
feed-back voltage in the control-field cir- 
cuit. Figure 3 shows a typical circuit 
The amount of feedback 
is adjustable by a contactor, T as in Fig- 
ure 3, or in some cases by a potentiometer 
as in Figure 4. When a contactor is 
used, two ranges of turret operation are 
obtained, a low or normal range for 
tracking and a high-speed range for slu- 


ing. The circuit in Figure 4 gives a 
gradual transition from the low-speed 


range to the high-speed range. 
The amplification thus obtained is ex- 
tremely great for d-c generators with very 


_ low time constants, and therefore special 
_ consideration has been given to main- 
taining a stable system. The following 


three methods are used to help prevent 
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Figure 4. A typical elementary circuit dia- 
gram with variable feedback 


A —Antihunt resistor 

B —The Amplidyne rotor 

C —Amplidyne load brushes 

D —Amplidyne quadrature brushes 

E —Short-circuited quadrature winding 

F —Control field 

G —Antihunt field 

H —Compensating winding 

K —Compensation-adjusting rheostats 

M—Turret-motor armature 

N—Turret-motor shunt field 

P —Variable-feedback potentiometer 

R—Control potentiometer coupled to varia- 
ble-feedback potentiometer 

S—Antihunt capacitor 


instability in the system: First, there is a 
short-circuited quadrature winding (E in 
Figure 3) to decrease irregularities in the 
output voltage caused by commutation 
irregularities of the quadrature brushes. 
Without the short-circuited winding to 
dissipate the energy thus generated, the 
irregularities may be amplified by the 
quadrature flux and be apparent as un- 
steady output voltage. Second, there isa 
capacitor and resistor in series with an 
antihunt field intended primarily to pre- 
vent the turret motor from overshooting 
the desired speed. When the excitation 
of the Amplidyne is changed, the Ampli- 
dyne will attempt to establish very 
quickly the new output desired. Since 
it has a turret-motor load which furnishes 
a back electromotive force, the output 
current of the Amplidyne often is reversed 
completely when the control handles are 
moved so as to decrease the speed of the 
turret. The antihunt circuit admits a 
current through the antihunt windings 
in proportion to the rate of change of 
voltage across the turret-motor armature. 
Therefore, when the turret motor is 
changing speed rapidly, the antihunt 
field is furnishing the Amplidyne an 
excitation to oppose this change. Third, 
there is the feed-back voltage connected 
in series with the control potentiometers. 
The action of the voltage from this feed- 


back approaches that of a voltage regula- | 
‘tor. If the control field were connected 


completely across the Amplidyne output 
voltage, instead of just over a portion of 
the output voltage, the system would 
approach a voltage-regulator system. 
Therefore, the output voltage would be 
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VOLTS EMF PER AMPERE OUTPUT 


RESISTANCE AGROSS 
COMPENSATING WINDING 
Figure 5. Curves showing generated electro- 
motive force per ampere of load current versus 
resistance across compensating winding 


The two curves differ by three per cent of 
 compensating-winding turns 


nearly independent of the output current, 
if the control fields were connected com- 
pletely across the Amplidyne output. 
The magnitude of the effect of the feed- 
back is shown in Figure 6. Curve A is 
the characteristic obtained with no feed- 
back, whereas curve B is with 6.0 per cent 
feedback. Per cent feedback is the per 
cent of the resistance across the Ampli- 
dyne output that is in series with the 
control field. 

A rising characteristic with increase 
in load is needed to obtain constant tur- 
ret-motor speed. This is obtained by 


VOLTS OUTPUT 


AMPERES OUTPUT 


Figure 6. Wolt-ampere characteristic curve 
with and without feedback 
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Figure 7. Armature current versus turret 
position measured from forward position 


the compensating winding which, as men- 
tioned above, more than compensates for 
the armature reaction and the JR drop 
in the Amplidyne. 

Figure 7 shows an idealized curve of 
turret-motor armature current versus 
the angular position of the turret. It is 
apparent from inspection of the curve 
that it is a sine curve plus a constant. 
The constant is the turret friction meas- 
ured in armature amperes of the turret 
motor. The magnitude of the sine curve 
is the torque exerted on the gun turret 
due to the wind load. 

The typical turret motor is a separately 
excited shunt-wound machine the speed- 
torque characteristic of which is shown in 
Figure 8. Figure 9 shows the character- 
istic of speed versus input ampere to an 
enlarged scale starting at 200 rpm no 
load. For easy operation of the turret it 
is desirable that the speed regulation of 
the turret motor be less than 30 per cent 
from no load to full load for all speeds 
down to as low as 200 rpm. This demon- 
strates the need for the rising character- 
istic of the Amplidyne shown in Figure 6 
previously discussed. By combining in 
the right proportions the rising char- 
acteristic of the Amplidyne with the fall- 
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_ Figure 8. Curves of turret-motor speed versus 
output torque with constant voltages at 10-volt 
intervals from 10 to 60 volts 
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ing characteristic of the turret motor, the 
results shown in Figure 10 are obtained. 
These results are obtained in a circuit 
with a switch to change from normal 
tracking-speed range to sluing-speed op- 
eration by changing the feed-back ratio. 
Figure 11 shows the results obtained in a 
circuit using the variable feedback as 
shown in Figure 4. In the system with 
variable feedback, if the compensation 
be adjusted correctly with the controls 
set to run the motor at 600 rpm, this ad- 
justment will be incorrect when running 
the motor at 200 rpm, and the motor will 
stall before full load is reached. If ad- 
justed for flat regulation similar to Figure 
10 at 200 rpm, the compensation will be 
too great at 600 rpm and above, and the 
turret motor will speed up under load. 
This is true of a particular combination 
of circuit, turret motor, and Amplidyne. 
If a fixed resistance be added in series 
with the center tap on the feed-back 
potentiometer (P in Figure 4), very 
nearly flat compensation can be obtained 
over the entire speed range. 

The system is very critical with respect 
to resistance added in series with the 
turret-motor armature and Amplidyne. 
Figure 12 shows the result of test taken 
where per cent of regulation was plotted 
versus series resistance added in the con- 
trol circuit as R, in Figure 3 between the 
Amplidyne and the turret motor. Very 
nearly the same effect is obtained by 
changing the armature resistance of the 
turret motor. The armature resistance 
of the turret motors which have been 
used by various manufacturers of turrets 
has varied over the range from 0.29 ohm 
to 0.90 ohm. These Amplidynes were 
not successful in being adjustable over 
this wide range and still able to meet 
other performance requirements of the 
turret. This range in resistance of turret 
motors has been decreased to approxi- 
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Figure 9. A typical turret-motor-speed- 


versus-input-ampere curve at approximately 
five per cent of rated no-load speed 


Zahorsky—Amplidyne Generator 


mately 0.29 ohm to 0.60 ohm. All tests 
and users reports indicate that the Ampli- 
dynes are capable of being adjusted with 
the rheostats on.the Amplidynes over a 
range wide enough to compensate for this 
much resistance change in the turret 
motors. 

In Figure 10, it is noticed that the 
speed versus ampere input to the turret 
motor, when used in the turret control 
circuit, is not a line but a closed loop. 
The curve was taken as follows: The tur- 
ret motor was set at full-load current 
input, then this load was gradually de- 
creased to the no-load current value. 
The speed was noted, and then the load 
was increased gradually while recording 
values of speed until full load again was 
obtained. Then the load was decreased 
slowly, recording speed values until the 
no-load speed again was obtained. The 
hysteresis lag in the stator iron of the 
Amplidyne causes the two curves not to 
coincide. The drop in speed as the load 
increases is caused by the lag between 
the magnetizing effect of the load current 
in the compensating winding, and the 
flux in the iron. As the magnetizing cur- 
rent in the compensating winding be- 
comes greater, the percentage flux lag 
becomes much less, and therefore the 
curve begins to flatten out. In decreasing 
the load, the flux does not decrease imme- 
diately with the decrease in magnetizing 
current in the compensating winding, 
thus giving the rising characteristic on 
decreasing load. If a true one-half hys- 
teresis curve were taken by this method, 
ail open curve with two different speeds 
at the no-load end of the curve would 
result. Since, however, the curve was 
started at full load and carried through 
to no load, the turret motor had to return 
to the same no-load speed it started from 
the first time. Therefore the closed curve 
shown is obtained. 

This objectionable change in speed can 
be eliminated by preventing the occur- 
rence of residual voltage in the Amplidyne 
generator. A source of 60- cycle alternat- 
ing voltage connected in series with the 
control field will decrease materially this 
speed change, as is apparent in Figure 13. 
This has been accomplished in some in- 
stances by a vibrator-type inverter trans- 
former and is illustrated by P in Figure 3. 

As an interesting sideline, it is apparent 
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Figure 10. Turret-motor speed versus turrete 


motor armature current in a typical turret not 
using a vibrator inverter 


TRANSACTIONS 223. 


- trol-circuit arrangements. 


~ PER CENT REGULATION 


TURRET MOTOR SPEED-RPM 
Ns 
Oo 
(e) 


fe) 2 4 6 8 10 2 14 
TURRET MOTOR AMPERES 


Figure 11. Turret-motor speed versus turret- 
motor armature current for the circuit shown in 
Figure 4 


that tests taken with the inverter used 
with the Amplidyne can show the compen- 
sation characteristics more nearly than 
tests with the inverter left out. Some- 
of these Amplidynes have an undeserved 
reputation for being inconsistent in test. 
If the unit be warmed up thoroughly and 
the inverter used, very consistent test 
results can be obtained. Without the 
alternating current it is very difficult to 
repeat compensation readings, as is evi- 
dent ftom inspection of the characteristics 
without it. 

The curves of Figure 14 are presented 
to show the wide range of performance 
that may be obtained with different con- 
The two cir- 
cuits given in Figures 3 and 4 were used 
to obtain these curves. The solid lines are 
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- Figure 12. Speed regulation versus resistance 


added in series with the turret-motor armature 


A—15 ohms feed-back resistance 
B—75 ohms feed-back resistance 
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Figure 13. Turret-motor speed versus turret- 
motor armature current for the same turret 
circuit as in Figure 10, except that a vibrator 
inverter has been added and the Amplidyne 
compensation readjusted 


the no-load speed versus potentiometer 
position, and the dashed lines are the full- 
load speed versus potentiometer position. 
These curves illustrate that the speed 
regulation of the system is practically 
zero throughout the entire rheostat travel 
in the low-speed range and is practically 
flat up to about 40 per cent of maximum 
speed in the high-speed range. With the 
variable feedback there are two places at 
which the compensation is correct. The 
first place is at the low speed at which 
the compensation is adjusted. The sec- 
ond place is at a higher speed where the 
Amplidyne has begun to saturate. The 
overcompensating effect is decreased 
as a result of this saturation until the 
drooping characteristic of the turret 
motor equals the overcompensation of 
the Amplidyne. 

Some turret specifications require that 
the turret have a maximum speed less 
than a certain value to prevent failure of 
some mechanical part, whereas other 
turret specifications require that the 
maximum turret speed be over a certain 
value in order to meet speed require- 
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Figure 14. Turret-motor speed versus the 
control-potentiometer travel 


No-load speed 
— — —Full-load speed 
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ments. This maximum speed is reflected 
in the Amplidyne as maximum voltage 
output. The maximum output voltage 
can be adjusted by brush shift, except in 
cases where the control circuit completely 
saturates the Amplidyne. Some turrets 
are equipped with taps on the feed-back 
resistor which can be used to increase or 
decrease the maximum excitation fur- 
nished to the Amplidyne. This gives some 
adjustment of the turret speed in the sys- 
tems where control does not completely 
saturate the Amplidyne. 


Present Specifications for the 
Amplidyne 


The present specifications for Ampli- 
dynes are in terms of the performance of 
a complete turret control system. Most 
of the test limits that are used to adjust 
the Amplidyne are based on the speed of 
the turret motor at various loads and con- 
trol potentiometer settings. A particular 
set of limits follows for a 530-watt Ampli- 
dyne and 3,000-rpm motor for use in the 
circuit shown in Figure 3. 


Circuit Turret Motor Rpm 


Condition of 


Contactor, T No Load Full Load 
A esed e355: de eae 300 ..e aie 200 +20% 
Closedisacauie® orden 83400 cee een cts 3,400 +26% 
Opeii..g eee ene S00. «s/o dear 200 +20% 
Operitnness ss net LT Q00f8 sakes 1,200 20% 


To prevent instability in the system 
due to the brushes of the Amplidyne being 
shifted too far against rotation, a limit of 
six volts is imposed as the maximum re- 
sidual output voltage allowed with zero 
control-field excitation. : 

The irregularities of the Amplidyne 
voltage output at one quarter of its rated 
output voltage and with noload are limited 
to three volts. Most Amplidynes would 
meet:-a limit of one volt and in many cases 
(approximately 30 per cent of the Ampli- 
dynés manufactured) show no variation in 
output voltage at all. 


Revised Limits and Their Purpose 


There are two important reasons why 
it would be more desirable to define the 
characteristics of an Amplidyne in terms 
of itself alone instead of in terms of the 
performance of a turret system. 

The first is from the application stand- 
point. When all the engineering data are 
given in terms of operation of a certain 
type of system, the application engineers 
and the users receive the impression that 
the Amplidyne must be used in a circuit of 
only one type and has no other applica- 


tion. Also the Amplidyne has been mis- 


applied in several instances, and limits 
have been placed on the operation of a 
turret which are correlated in no way with 
the actual performance of the Amplidyne 


ELECTRICAL ENGINEERING 


; 
’ 
* 
- 
a. 
- 


May 1945, Vocume 64_ 
eh eee ; g . 


and its range of adjustment. If the char- 
acteristics of the Amplidyne be given as 
a unit, the allowable variations on these 
values listed, the application engineer can 
apply the Amplidyne to any circuit he 
wishes and know what to expect the sys- 
tem to do. 

The second is for complaint and trouble 
shooting. When a turret manufacturer 
or an ultimate user experiences some 
difficulty meeting his specifications, it is 
difficult to determine whether or not the 
Amplidyne is at fault. If the character- 
istics of the Amplidyne were defined in 
terms of the Amplidyne alone, the ma- 
chine could be set up on a test bench and 
tested. There are many possible defects 
in a turret which might affect its over-all 
characteristics and which could be at- 
tributed incorrectly to the Amplidyne, be- 
cause the performance of the Amplidyne 
alone was not known. 

Each value in a specification should 
have a definite purpose so far as the ma- 
chine being described is concerned with- 
out reference to the system operation as 
a whole. The specification should de- 
scribe how the Ampiidyne should be ad- 
justed and should limit the adjustments 
directly in terms of the Amplidyne char- 
acteristics. The following gives in brief 
form the type of specification needed to 
adjust an Amplidyne properly: 


1. No-load saturation-curve slope should 
be specified to limit the position of the 
brushes. Shifting the brushes against rota- 
tion of the Amplidyne increases the voltage 
output for a given excitation. 


2. The compensation should be adjusted 
to a curve similar to the zero feed-back 
curve of Figure 6 by adjusting the rheostats 
and the taps on the compensating winding 
to obtain zero-per-cent voltage regulation 
with a given increase in field current oppos- 
ing the output current. 


8. The residual voltage should be specified 
for those applications where a vibrator in- 
verter is not used. 


4. Commutator-film-breakdown excitation 


should be limited to minimize the dead spot 


in response to the control signal. It takes a 
finite value of excitation to break down the 
brush film on the commutator in the quad- 
rature circuit before output voltage is ob- 
tained. 


5. Maximum output voltage should be 
specified to maintain all machines alike. 


6. Maximum output watts with a given 
load resistance should be checked to be sure 


the unit will withstand the peak loads. 


Typical Specification 


The following sample .specifications 
are numbered in correspondence with the 
foregoing paragraphs. 


1: One-half voltage (80 volts) no load 


must be obtained with an excitation of 0.020 


ampere to 0.040 ampere in the control field. 


2. The voltage regulation shall be 2.0 


Nine Years’ Eenericnee With Ultrahigh- 
Speed Reclosing of High-Voltage 


Transmission Lines 
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Synopsis: Data covering nine years’ oper- 
ating experience with 91 ultrahigh-speed- 
reclosing breaker installations mainly on-a 
large interconnected and integrated high- 
voltage system are presented and analyzed: 
out of 635 cases of flashover cited, 570 re- 
closures were successful and 65 cases of re- 
closure were unsuccessful, a record of 89.8- 
per-cent successful reclosure. Double-cir- 
cuit lines show a record of unsuccessful re- 
closure double the average but 80 per cent 
of the apparently unsuccessful reclosures 
resulted in successful reclosure of one cir- 
cuit. The conclusions drawn are that ultra- 
rapid reclosure has proved itself a tool of 
major importance for use in improving high- 
voltage line reliability; that its use can, 
and should be, extended to lower-voltage 
lines, and that further improvements are in 
sight as a result of recent improvements in 
circulit-breaker opening and reclosure time. 


INCE the last publication! of operat- 

ing experience with ultrahigh-speed 
reclosing of high-voltage transmission 
lines, four more years of operating experi- 
ence have been gathered on lines of the 
American Gas and Electric Company sys- 
tems. This experience is of so much more 
extensive a nature than that available 
previously that it now makes possible not 
only more thorough checking of ideas and 
conclusions previously entertained but not 
entirely proved, but, in fact, it appears 
that sufficient data now have been made 
available to serve as a basis for definite 
and final conclusions as to a number of 
important aspects of ultrarapid reclosure 
and the benefits inherent therein. It is 
the object of this paper to present and 
analyze these data and to draw these con- 
clusions. 


Systems on Which Installed 
The principal system on which the 


equipments under discussion are installed 
is the central system of the American 


Gas and Electric Company. This is 
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shown diagrammatically in Figure 1 in its 
most up-to-date form. This integrated 
system operates in seven states and con- 
sists of 45 circuit miles of 154-kv, 2,818 
circuit miles of 132-kv, 64 circuit miles of 
110-kv, 304 circuit miles of 88-kv, and 695 
circuit miles of 66-kv high-voltage circuits. 
Most of the 132-kv circuits are of double- 
circuit steel-tower construction. It is to 
be noted that neither the 88-kv nor the 
66-kv lines are indicated in Figure 1. 
However, there are only three terminals 
installed on the 88-kv circuits and only 
six terminals on the 66-kv circuits; as 
against that there are installed 72 ter- 
minals on the 154- and 132-kv circuits. 
The load which the central system 
serves has had a maximum one-hour inte- 
grated peak of over 1,450,000 kw. As 
pointed out previously, the system is a 
predominantly steam-electric system with 
a small portion of hydroelectric generat- 
ing capacity. Extensive and important 
foreign interconnections exist on several 
portions of the system through which 
diversity and other capacity exchanges 
are carried out with adjacent systems. 
Because of the fact that practically all the 
energy served on the system travels over 
considerable transmission distance before 
reaching the load and because of sudden 
changes in power flow, it has been found 
particularly important to maintain maxi- 
mum continuity in the operation of trans- 
mission networks. Obviously this in turn 
results not only in the rendering of the ut- 
most in high continuity of service, but 
also makes possible the operation of the 
system in a most co-ordinated manner 


Paper 45-57, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
December 6, 1944; made available for printing 
December 27, 1944. 


Puitie SPoRN is vice-president and chief engineer 
and C. A. MuLLmR is protection engineer, both of 
the American Gas and Electric Service Corpora- 
tion, New York, N. Y. 
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volts rise per ampere output starting at 
4.0 volts no load. 


3. The residual voltage shall be less than 
six volts with zero field after saturation of 
the field. 


4. Increasing excitation from 0 to 0.006 
ampere shall produce a change in no-load 
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output volts from 5 to 12 volts starting ; 
from a negative residual voltage. 


5. The no-load output voltage of the unit 
with 0.250-ampere excitation shall be 85 to 
95 volts, 


6. The unit shall be capable of operating 
for five seconds with a load of 925 watts at 
15.4 amperes output. 
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and the utilization at all times of the most 
efficient combination of generating sources 
regardless of their location. 

In addition to equipments on the cen- 
tral system, four terminals have been in 
operation on 66-kv lines of the Atlantic 
City Electric Company and six terminals 
on 66-kv lines of The Scranton Electric 
Company, bringing the total of terminals 
in service of the latest date to 91. 


Operating Experience 


A summary of the total operating ex- 
perience since the first installation is given 
in Table I. Referring to that table, it will 
be seen that a total of 91 terminals involv- 
ing 43 line sections have been covered and 
that these 43 line sections cover approxi- 
mately 1,634 circuit miles of line, 1,360 
miles of which operate at 132,000 volts. 
In the period May 1936 to November 
1944, covering substantially nine lightning 
years, 635 cases of flashover resulting in 
line opening occurred. Of these, 531 
cases were single-line trouble and 104 
cases were two-line trouble. Out of the 
same number of 635 cases of flashover, 570 
reclosures were successful and 65 cases of 
reclosures were unsuccessful. This is a 
record of 10.2-per-cent unsuccessful re- 
closures. In this connection it needs to be 
pointed out that in eight of these cases a 
permanent fault existed on the line and 
that under such conditions obviously suc- 
cessful reclosure was a physical impossi- 
bility, since nothing but a permanent 
outage could clear the trouble. These 
permanent faults were caused by either 
lines being on the ground, physical dam- 
age to steel tower, failure of a lightning 
arrester, or a string of insulators pulling 
loose because of ice loading. If one 
chooses to disregard these eight cases, the 
“total unsuccessful reclosures were 57, rep- 
resenting 9.0 per cent. It is interesting 
to note that for the 104 cases of two-line 


trouble, 21 unsuccessful reclosures were _ 


experienced, giving an unsuccessful per- 
centage of 20.2 per cent for simultaneous 
trouble on two lines. The method of 
scoring employed for recording unsuccess- 
ful reclosures for two-line trouble was this: 
in cases where only one line of the two 
reclosed successfully, the operation was 
credited with one-half unsuccessful re- 
closure, and in cases where neither line re- 
closed successfully, the operation was 
credited with a full unsuccessful reclosure. 
Since in 80 per cent of the cases of re- 
closures on two-line trouble which were 
not fully successful one of the two lines 
reclosed successfully, it is evident that the 
scoring method adopted reflects, if any- 
thing, a pessimistic version of the effect 
of reclosure. From Table I it will be seen 
that number one and number two Roa- 
noke—Reusenis lines experienced 48 cases of 
two-line trouble of which 131/, were un- 
successful reclosures during the period 
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from May 1940 to November 1944, The 
unsuccessful reclosures consisted of 19 
cases where only one line of the two failed 
to reclose successfully and four cases 
where both lines failed to reclose success- 
fully. An investigation of the large per- 
centage of unsuccessful reclosures experi- 
enced on these lines for two-line trouble 
was made and it was found that appar- 
ently cascading of breaker-tripping opera- 
tions was occurring on these lines which 
resulted in unsuccessful reclosing opera- 
tion. At the Reusens end of these lines 
no source of ground current is available, 
since the transformer banks are connected 
delta on the 132,000-volt side and, further, 
the amount of phase-to-phase short-circuit 
current available from the Reusens gen- 
eration is very limited. In some cases of 
two-line trouble on these lines, both 
breakers at Roanoke station and only one 
breaker at Reusens would trip simultane- 
ously on the initial fault and the second 
breaker at Reusens would trip some eight 
cycles later after the breakers at Roanoke 
had opened; this resulted in a dead time 
of only three to four cycles on one of the 
lines thus causing a restrike on this line. 
In some cases both breakers at Roanoke 
only would open on the initial fault, the 
Reusens breakers staying in, and would 
retrip on reclosure due to the arc being 
maintained by the small amount of gen- 
erating capacity at Reusens. These opera- 
tions account for the high number of un- 
successful reclosures on these lines for 
two-line trouble and further account for 
the high percentage of unsuccessful re- 
closures on the total number of two-line 
trouble operations. The locus for solution 
of the Roanoke—Reusens line difficulties is 
obviously beyond the zone of switching 
and relaying. 

The seven unsuccessful reclosing opera- 
tions for the Saltville-North Bristol and 
North Bristol-Kingsport lines partially 
can be accounted for as a result of the 
systems having drifted so far out of syn- 
chronism at the instant of reclosure as to 
cause the breakers to retrip when low 
hydroelectric generating capacity is in 
operation at Waterville. In all seven of 
these cases all three-phase relays operated 
at both stations, indicating an apparent 
three-phase fault; this, however, appears 
most unlikely on a single-circuit line. 
The more probable reason for the three- 
phase relays operating is the interchange 
of current flow between the two systems 
at the instant of reclosure on account of 
the two systems being sufficiently out of 
synchronism. 

Perhaps the most interesting record to 
note is that of number one and number 
‘two Philo-Howard lines which experi- 
enced 27 cases of single-line faults and 
four cases of two-line trouble during the 
period from May 1940 to November 1944. 
Here, successful reclosures were obtained 
in all cases giving the two lines a perfect 


record for these four years. Before the 
installation of wltrahigh-speed-reclosing 
breakers on these lines was made, when 
two-line trouble occurred it was almost 
impossible to resynchronize the two sys- 
tems tied together by them without first 
dropping load. The installation of ultra- 
high-speed-reclosing breakers was thus a 
perfect solution to the serious difficulty 
brought about by simultaneous trouble on 


. both circuits. 


Conclusions 


The data obtained in the course of nine 
years’ experience with ultrarapid reclosure 
of high-voltage circuits and here presented 
and analyzed are complete enough to war- 
rant the following definite conclusions: 


1. On high-voltage lines, properly insu- 
lated and provided with ground-wire pro- 
tection, 90-per-cent successful reclosure has 
been and can be obtained by the use of ultra- 
rapid reclosing as now developed. 


2. While the experience obtained with 
double-circuit lines indicates a record of 
apparently unsuccessful reclosure approxi- 
mately double that. of the average, the 
significant fact is that in these cases 80 per 
cent of the apparently unsuccessful reclosure 
resulted in successful reclosure of one of the 
two circuits. 


8. Ultrarapid reclosure has proved itself a 
tool of major importance in planning and 
building any overhead high-voltage trans- 
mission system or transmission circuit. It 
is without question the most economical and 
reliable means of improving high-voltage- 


. transmission reliability. 


4. The confirmed and highly successful 
result obtained on high- and medium-high- 
voltage lines again points clearly to benefits 
obtainable from application to lower- 
voltage lines. The only barrier to the ex- 
tension of such application is economic: 
simpler and lower cost reclosing mecha- 
nisms and, if possible, relaying are needed. 


5. There is excellent reason to believe that 
single-circuit, and particularly double-cir- 
cuit, reclosure performance can be improved 
by decreasing time of fault duration and 
thus speeding up the reclosure cycle. The 
recent successful development of three- 
cycle breakers,? making possible 12-cycle 
reclosure,*»4 will open the way for explor- 
ing this. 
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A Three-Cycle 3,500-Megavolt-Ampere 
A\ir-Blast Circuit Breaker for 
138,000-Volt Service 
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Synopsis: Early investigation of the air- 
blast principle of arc interruption clearly 
indicated that this principle was based on 
sound fundamentals and that continued 
research and development would lead to an 
economical and practical design. Prelimi- 
nary studies indicated that the axial-flow 
interrupter was admirably suited to the 
high-voltage breakers with their lower 
current ratings, while the high current. of 
the low-voltage equipments could be han- 
dled best by an interrupter comprising a 
cross-blast principle. Outdoor axial-blast 
breakers having interrupting ratings as 
high as 1,500 megavolt-amperes for service 
up to 138 kv have been in service for the 
past few years. Circuit-breaker designers 
and operating engineers have expended many 
years of diligent effort in the development of 
high-voltage oil circuit breakers to their pres- 
ent high degree of dependability and per- 
formance. Although the development of 
high-voltage air-blast breakers is of much 
more recent origin, the rate of progress has 
been relatively so rapid that the air-blast 
breaker described in this paper has ex- 
hibited performance characteristics so out- 
standing as to merit careful attention. 


DISCUSSION of the early field test 
As a complete high-voltage air-blast 
circuit breaker developed in this country 
and tested in the field under actual service 
conditions was presented before the 
AIEE in January 1942.13 Two breakers 
of this design were placed in servicé at the 


Turner substation of the Appalachian: 


Electric Power Compaiy in 1942. There 
are also other installations of outdoor air- 
blast circuit breakers of similar design but 
for lower-voltage service, namely 69 and 
34.5kv. These initial installations of out- 
door air-blast circuit breakers have veri- 
: fied the sound judgment of the early con- 
clusions regarding the advantages of air- 
. blast interruption, but at the same time 
7 have revealed that considerable attention 


" must be paid to the gnechanical construc- 
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tion and electrical insulation of outdoor 
air-blast breakers. 

Operating experiences with these break- 
ers have been such as to confirm the fol- 
lowing basic desirable qualities character- 
istic of the air-blast principle: 


1. Even at comparatively low pressures, 
air has a high dielectric strength. Figure 1 
shows, graphically, the relative dielectric 
strength of air and oil for rod gaps having 
dimensions closely approximating the con- 
tact rods used on the air-blast breaker de- 
scribed herein. 


2. Air provides an excellent means for 
transmitting mechanical energy in a device 
such as a circuit breaker. When used for 
such purposes, air is the equivalent of an 
infinitely rugged insulator of high dielectric 
strength and having practically negligible 
inertia. 


3. Air-blast action, or air flow from a pres- 
sure chamber, is extremely effective in 
carrying away the products of an are and 
establishing a space of high dielectric 
strength in order to effect interruption of an 
a-c arc. 


4. The interrupting time of the air-blast 
circuit breaker is essentially independent of 
current magnitude within the range of the 
breaker rating. The constant interrupting 
time is explained by the fact that the energy 
required to interrupt the circuit is stored bal 
the form of high-pressure air in the breaker 
air receiver and the interrupting time is a 
function of the mechanical time to release 
the energy and to,move the breaker contacts 
the required distance. 


The operating experience has fully jus- 
tified the development of a new air-blast 
breaker for 138-kv service rated 3,500 
megavolt-amperes with an interrupting 
time of three cycles and a reclosing time 
of 20 cycles measured from the time of 
energizing trip on the initial short circuit 
to re-establishment of the circuit. 


General Construction of Breaker 


Each pole unit consists of the follow- 
ing essential elements with their auxilia- 
ries arranged as shown schematically in 
Figure 2: 

1. Interrupting unit. 
2, External switch blade. 


INTERRUPTING UNIT 


Early compressed-air breakers used a 
jet of air at one terminus of the arc. The 


- 
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air jet was directed around the cylindrical- 
shaped stationary contact which was 
partially enclosed in a nozzle-shaped 
hood. The air exhausted from the 
nozzle-shaped hood to the atmosphere. 
The other terminus of the arc was drawn 
along with the moving contact into an 
area which was essentially at atmospheric 
pressure. Since the moving contact was 
in such a comparatively low-pressure re- 
gion, it was natural that there should be a 
pronounced tendency toward progressive 
electrical breakdown from this point im- 
mediately after initial interruption. 

The 138-ky air-blast breakers described 
in references 1 and 3 made use of a con- 
struction which permitted the moving 
contact to remain in a region of pressure 
approximating 100 pounds. This greatly 
increased the dielectric strength of the air 
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GAP SPACING — INCHES 
Figure 1. Breakdown of 11/4-inch rod gaps 
in air at various pressures and in oil 


surrounding the moving contact and con- 
sequently increased the efficacy of the 
earlier air-blast interrupters. : 

The air-blast interrupters developed 
for the breaker described herein employ a 
design which: 


(a). Permits the moving contact to be 
drawn into the region of maximum pressure 
and thus assures surrounding air of highest 
dielectric strength to withstand potential 
gradient stresses immediately after initial 
interruption. 


(b). The air blast is directed in such a 
manner as to carry the ionized gases gener- 
ated by the arc away from each contact, thus 
further improving the ability of the contacts 
to withstand the high-potential gradient 
stresses immediately after the initial inter- 
ruption. 

(c). Provides excellent voltage distribution 
across the elements of the interrupter during 
and after interruption. 


A cross section of the entire interrupt- 
ing unit is shown in Figure 3A. The in- 
terrupter has two moving contact rods 
which complete the electrical circuit 
through the interrupter by engaging the 
stationary contact which is located at 
the center of the assembly. The contact 
rods normally are held closed under the 
action of the heavy compression springs 
shown at upper and lower ends of the as- 
sembly. The contact rods are operated , 
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by pistons which serve to open the con- 
tacts against the action of the springs 
when air is admitted to the interrupter. 
Each contact moves a distance of eight 
inches. Each of the stationary contacts is 
provided with an orifice of slightly smaller 
diameter than the contact rod tips. These 
orifices, when uncovered by the opening 
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movement of the contact rods, permit air 
in the interrupter to be exhausted to the 
__ atmosphere. 
The sequential operation of the inter- 
rupter is as follows: 


_ (a). High pressure enters the lower end of 
_, the interrupter through the air-line insula- 
tor and travels upward through the vertical 
“passages, filling both the upper and lower 
half of the interrupter. 


(6). The high-pressure air acts on the 
___ pistons to move the contacts apart uncover- 
3 ing the exhaust ports in the stationary con- 
tact plates. 


(c). As thecontacts part, an arc is momen- 

 tarily drawn between the moving contact 
rod and the stationary contact plate as 
shown in Figure 3B. 
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(d). The air flow is increased as the contacts 
leave the throats and, under the action of 
the air flow carrying the arc products toward 
a common point, the two arcs transfer from 
the stationary contacts and establish be- 
tween the two moving contacts as shown in 
Figure 3C. During the portion of the 
stroke in which the contact tips are in the 
restrictions of the throats, the contacts 
prevent the escape of the maximum amount 
of air at the maximum velocity because of 
the valve action of the contacts themselves. 
At this time there is a relative low-pressure 
low-velocity region between the movable 
and the stationary contacts. Maximum 
air flow is established when the contacts 
retract past the restriction in the throats. 


(e). Interruption is consistently accom- 
pished at the first current zero occurring 
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after the contact rods leave the restriction 
section of the throats at which time the are 
is acted upon by the full force of the air 
blast. 


The interrupting units are controlled 
by individual blast valves as shown in 
Figure 2. The valves are of simple con- 
struction utilizing pilot control on differ- 
ential pressure for operation of the main 
valve. The pilot valve is attached di- 
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rectly to the opening solenoid plunger 
thus eliminating the necessity of an 
operating linkage and consequently re- 
ducing friction to a minimum. The sole- 
noid, pilot, and main valve have a total 
operating time of slightly over one cycle. 
The contacts in the interrupter part in 
approximately one and one half cycles 
after the opening solenoid is energized. 
The contacts reach the end of the restric- 
tion in the throats in approximately 2"/, 
cycles after the opening solenoid is en- 
ergized and interruption takes place 
at the subsequent current zero. 


EXTERNAL SWITCH BLADE 


The external switch blades are provided 
for a dual purpose: 


1. To maintain the open position of the 
breaker. 

2. To establish the circuit on the closing 
operation. 


The operation of external switch blades 
is described best from the following de- 
scription of the sequential operation of the 
breaker. 


OPENING OPERATION 


With the breaker in the closed position 
and with normal air pressure in the air 
receiver, the trip circuit is set up. The 
three solenoid coils of the blast-control 
valves are energized in series initiating 
the operation of the interrupter units, 
previously described. 

The operation of the external switch 
blades is interlocked pneumatically to 
prevent motion of the disconnect unless 
all three blast valves have operated. The 
external switch-blade opening valve is 
pneumatically operated by the interlock 
and when opened admits air to the open- 
ing cylinder. The opening piston drives 
three racks which engage spur gears at- 
tached to the lower end of the rotating in- 
sulators, which drive the external switch 
blade through a beveled-gear arrangement 
mounted at the hub of the disconnect. 
When: the external switch blades have 


opened sufficiently to prevent flashover 


due to system voltage, the trip circuit is 
de-energized, allowing the imterrupter 
contacts to return to their normally 
closed position. The typical operation 
curve, Figure 4A, shows the opening of 
the interrupter head and the subsequent 
opening of the external switches after the 
power circuit has been interrupted. 


CLOSING OPERATION 


During a normal closing operation 
only the external switch blades are oper- 
ated. The closing valve coil is energized 
which opens the valve thus charging the 
closing cylinder which drives the racks 
and gears in the direction to rotate the 
operating porcelain to close the switch 
blades. The closing time of the breaker 
is approximately 20 cycles. The design 
of the external stationary contacts and 
the switch-contact shoe is such that 
burning of the current-carrying parts is 
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almost eliminated and the contact parts 
will be in a serviceable condition after 
closing repeatedly 25,000 amperes, the 
momentary rating of the breaker. 


RECLOSING OPERATION 


The high-speed reclosing operation is 
performed by the interrupting heads 
alone. The blast valves are opened as 
in a normal trip operation and are im- 
mediately closed to allow the interrupter 
head contacts to reclose and re-estab- 
lish the power circuit. During the first 
operation of a reclosing duty cycle, the 
external switch blades are blocked to 
prevent motion and the trip circuit is de- 
energized by means of the pneumatic re- 
closing relay. The reclosing relay is 
essentially a pneumatically operated 
auxiliary switch, the contacts of which 
control the sequential operation of the re- 
closing cycle. The reclosing relay is 
operated by the pressure from the down- 
stream side of the blast valve. By 
de-energizing the trip circuit at approxi- 
mately the same time as the interrupter 
contacts reach their full stroke, the inter- 
rupter heads will close to a position 
where full-line voltage will strike over and 
re-energize the power circuit through the 
breaker in approximately 14 cycles. If 
the fault persists and the trip circuit is 
again energized, the breaker will go 
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through a normal opening operation. 
Figure 4B shows a typical no-load re- 
closing operation with the second trip 
being energized at approximately 14 
cycles. 


Laboratory-Test Results 


The results of laboratory and field tests 
on earlier air-blast breakers)? formed a 
basis for establishing the laboratory- 
test procedures employed during the de- 
velopment testing of the new breaker. 
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Figure 4. Time-travel curve 
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Figure 5 shows the results of one of the 
final series of laboratory interrupting 
tests made prior to shipment of the 
breaker. It will be noted that the breaker 
operated with remarkable consistency 
between the limits of 2.25 to 2.95 cycles 
corresponding to the first current zero oc- 
curring after the contacts leave the con- 
stricted section of the throats. This char- 
acteristic is one of the primary advan- 
tages of interruption by means of an inde- 
The tests at 
higher currents were made at reduced 
voltages. However, it will be noted that 
the performance of this breaker, in com- 
mon with other low-are-voltage interrupt- 
ers, was essentially independent of we ap- 
plied test voltage. 
The laboratory reclosing tests indi- 
cated that the breaker was fully capable 
of meeting the unusually high-speed re- 
closing duty for which it was designed. 
The breaker operated to interrupt ,all 
faults within its rating and re-establish 
the circuit within approximately 14 
cycles. ; 
Laboratory tests were made with ca- 
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pacitors simulating line-charging switch- 
ing. These tests were made over a wide 
range of values extending up to an eqttiva- 
lent of 25,500 kva, or approximately 200 
miles of 138-kv line. These tests indi- 
cated that the breaker evidenced no tend- 
ency toward restriking except at very low 
contact separation while the contacts 
were in the restricted section of the 
throat. These restrikes occurred at com- 
paratively low voltages since the di- 
electric strength of the gap between the 
contacts was low. The restrikes had the 
effect of discharging the capacitors 
rather than building up in the manner 
which has been observed on restrikes 
occurring when opposite polarity exists 
across the restriking contacts.’ Figure 6 
shows the effect of restrikes which occur 
under the conditions outlined. 

Where final interruptions did not occur 
until the contacts reached the end of the 
restricted section of the throat. thus 
leaving a comparatively high charge on 
the capacitors, the tests indicated that 
the breaker withstood the high voltages 
incident to the next system voltage re- 
versal because the high dielectric strength 


Figure 9. Interrupting perform- 
ance of breaker, showing compo- 
sition of laboratory and field tests 
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ratory tests made just prior to shipment of 
the breaker. Confirmation of laboratory- 
test procedures by actual field tests is indis- 
pensable to circuit-breaker designers who 
are called upon to meet the demands for 
high-voltage breakers of higher interrupting 
ratings. 


2. The precision with which the breaker 
performed during the entire series of open, 
closing, and reclosing 138-kv three-phase 
faults of 260 to 3,500 megavolt-amperes 
confirms the desirable operating character- 
istics which have been ascribed to breakers 
employing an independent source of power 
for arc interruption. This characteristic 
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Figure 8. Interrupting perform- 
ance of breaker during field tests 
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of the interrupter had been established by 
this point in the stroke. These results 
are shown in Figure 7. 


Field-Test Results 


The performance of the breaker during 
full-scale field tests made at the Philo 
station of the Ohio Power Company is 
covered by another paper.*® 


Conclusions 


1. The field-test results again confirmed 
the testing-laboratory procedures. Figure 
9 shows a comparison of the breaker inter- 
rupting performance on full-scale field tests 
with results obtained on one series of labo- 
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of the breaker is shown in Figure 8 on which 
has been plotted the fault-clearing time for 
each one of the field tests made on this 
breaker. The graph shows the fault dura- 
tion and megavolt-amperes (on three-phase 
basis) for each pole unit. 


3. The reclosing performance under full- 
power test conditions suggests that de- 
ionization time of line-insulator flashovers 
soon may represent the sole limitation to the 
speed with which high-voltage circuits may 
be reclosed.45 The three-cyclé operating 
time of breakers such as this will probably 
require that we recast our previous concepts 
on minimum time for deionization. 


4. The over-all performance of the breaker 
has been most gratifying. However, it 
would be irrational to infer that the de- 
velopmental task on high-voltage air-blast 
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breakers is completed. Although there are 
ample data and operating experience on 
compressed-air systems as used for the 
performance of purely mechanical opera- 
tions, use of these data in many cases has 
been found pernicious where problems of 
insulation and are interruption were en- 
countered. More operating experience with 
high-voltage outdoor air-blast breakers is 
needed. From the practical viewpoint, 
more economical solutions to problems of 
providing adequate current transformers 
and air-supply systems must be found. 
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400-Cycle Inverters for Military Aircraft 
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Synopsis: Certain equipment on modern 
military aircraft requires a-c power with a 
high standard of quality. Good wave shape, 
very small voltage variations, fairly close 
frequency range, freedom from radio-noise 
interference, and reliability over a wide 
range of operating conditions are required of 
the power supply. A review of the authors’ 
experiences in design and development of 
such power supplies is offered with some sug- 
gestions for future explorations. 


ITH THE ADVENT of World War 

II, demands for automatic controls, 
radio, and other types of intricate equip- 
ment for military aircraft increased 
rapidly. In general, this type of equip- 
ment requires an a-c power supply having 
extreme freedom from wave distortion, 
modulation, and transient disturbances. 
Nearly all such devices require very close 
control of voltage, and many require con- 
trol. of frequency to variations of plus or 
minus five per cent. The main electric 
system of the airplane consists of 28-volt 
engine-driven d-c generators and storage 
In the parlance of the service 
laboratories, an inverter is a device for 
converting d-c power to a-c power and 
that definition will be used throughout 
this paper. The purpose of this paper is 
to point out some of the problems in the 
design of suitable inverters for such exact- 
ing service. Such a discussion would not 
be complete without a look at the future 
with some suggestions for improvement 
by careful co-ordination between design- 
ers of airplanes, auxiliary equipment, and 
auxiliary power supplies. 


Standardization of Frequency and 
Number of Phases 


Even after the beginning of hostilities 
there were conflicting schools of thought 
regarding the proper frequency and the 


most desirable number of phases to obtain . 


the lowest weight of the over-all system. 
Designers of radio and similar equipment 
proposed an 800-cycle single- -phase source 
as the power supply which would enable 
them to design the lightest equipment. 
They maintained that, although a three- 
phase design would result in a lighter in- 
verter, loads could not be divided to main- 
tain the necessary balance between phases. 
Another group pointed out that increasing 
fate eg ee eek 


; Paper 45-82, recommended by the AIEE committee 


on air trdnsportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript - pabimitred 
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January 2, 1945. 
tional-horsepower motor engineering division Au Se. 


L.L. RAY 


ASSOCIATE AIEE 


power requirements on larger airplanes 
indicated an early trend to alternating 
current as the main power supply with the 
load predominantly motors. Ifa two-pole 
motor is assumed to be the lightest design, 
this would result in motor speeds far 
above existing practicallimits. Naturally, 
this group desired three-phase supply be- 
cause of the resulting savings in weight of 
both motors and generators. Pressure for 
standardization and its obvious advan- 
tages finally forced agreement to 400-cycle 
three-phase supply for large systems. 
However, the problems of balanced load- 
ing under all conditions of component- 
load operation presented such an obstacle 
to the three-phase system that single 
phase was soon adopted for most inverters. 


Types of Inverters 


There are many devices to obtain alter- 
nating current from a d-c source. Among 
these devices are mechanical vibrators, 
electronic inverters, dynamotors, motor 
alternators, and various special combina- 
tions and variations of these types.! 

The vibrator inverter relies on me- 
chanical interruption of the direct current 
at the desired frequency. Although these 
devices have given excellent performance 
on many applications at 60 cycles, higher 
frequencies are limited because of me- 
chanical difficulties. Such devices have 
found wide use in aircraft? for small power 
ratings and frequencies below 200 cycles 
(see Figure 1). 

The electronic inverter always has been 
difficult to apply where the transformation 
must be effected from a low-voltage high- 
current source. This is because tube size 
is largely a function of current and be- 
cause efficiency decreases with operating 
voltage as a result of the relatively con- 
stant internal voltage drop of the tube. 
The electronic inverter is inherently un- 
stable and usually requires elaborate con- 
trol to maintain stability. All these fac- 
tors have precluded its use on aircraft. 

The dynamotor inverter may be de- 
scribed as a d-c motor with taps, or an 
additional rotor winding, connected to 
slip rings. A-c power may be drawn from 
the slip rings. In other words, input and 
output windings have a common magnetic 
circuit like a transformer, and voltage out- 
put is proportional to voltage input as in 


the transformer. Control of the field cur- | 


rent will change the frequency but will 
have little effect on the voltage. Since the 
direct-voltage supply is subject to con- 


siderable variation, the output voltage 
Cc. P. Haves and L. L. Ray are ores in ne frac- 


also varies over too wide a range for many 


applications. This limitation, in addition | 
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to the adverse effect of low-power-factor 
loads on commutation, has prevented very 
extensive use of the dynamotor inverter 
on recent military aircraft. 

The motor alternator, as its name im- 
plies, consists of a d-c driving motor and 
an alternator which supplies the a-c 
power output. It is inherently heavier 
than the dynamotor, but its operating 
characteristics are much more adaptable 
to the requirements of aircraft inverters. 
The separate magnetic circuits provide 
the maximum isolation of the output from 
disturbances on the d-c supply system. 
Independent control of frequency and 
voltage is easily obtained. Considerable 
investigation at the outset of development 
work on aircraft inverters has resulted in 
the conclusion that the lightest type of 
alternator is the salient-pole alternator 
with excitation supplied from the d-c line. 
Various types of inductor generators and 
permanent-magnet generators have been 
investigated; but, for equal output, heat- 
ing, power factor, and inherent stability, 
the salient-pole machine has proved to be 
lighter. 


Power Packages 


Early inverters were furnished with 
separate voltage regulators, filters, and 
starting systems. Demands from the 
armed services led to incorporation of 
more and more of these devices into the 
same structure. The advantages of sim- 
plicity of design, ease of installation, ease 
of servicing, and better co-ordination of 
the various elements were obviously de- 
sirable. Later designs have followed this 
pattern and have proved very satisfac- 
tory. One of the more recent examples of 
this design philosophy is described in de- 
tail. 


Frequency Control 


Frequency control of vibrator and elec- 
tronic inverters is not within the scope of 
this paper. Frequency control of dyna- 
motors and motor alternators is much the 
same, since both involve the variation of — 


Figure 1. Vibrator-type inverter 
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Figure 2. Elementary circuit of centrifugal 
contact-speed regulator 


A—Motor armature 
C—Capacitor 
F—Motor field 
R—Regulator resistor 
S—Regulator contacts 


the field current to maintain the necessary 
rotational speed. Of the several methods 
of frequency control available, none is free 
from objectionable features. All methods 
depend on control of the current in one or 
more field windings of the motor or dyna- 
motor. For success, each method depends 
on a motor design which is co-ordinated 
very carefully with the requirements and 
with the limitations of the control to be 
used. 

One simple light control consists of 
centrifugally operated contacts in parallel 
with a fixed resistor. This resistor is 
placed in series with the motor field (see 
Figure 2). In the simplest form, this con- 
tact remains open until regulating speed 
is reached, being held open by the leaf 
spring to which the movable contact is 
When the control speed is 
_ reached, centrifugal force on the contact 
- becomes greater than the spring force, and 

the contacts close. This allows more field 
current to flow, reducing the motor speed. 


, As soon as the speed falls to a value such 


that the spring force again exceeds the 
centrifugal force, the contacts open again, 
reducing the field current and increasing 
the speed. In most cases, speed can be 


maintained within plus or minus two per 


cent by this means. However, there is 
some deterioration of commutation, and 
some troubles have been experienced with 
the contacts. A small capacitor usually is 
required across the contacts to assist in 
breaking the field current. The wide tem- 
perature, voltage, and load variations en- 
countered in such applications require a 
large difference between the minimum 
field current and the maximum field cur- 
rent. Therefore, the resistor, R, must be 
a large percentage of the total field-circuit 
resistance. Operation of the contacts, in 
effect, shifts the motor back and forth be- 
tween widely divergent speed-torque 
curves. The resultant armature current 


pulsations cause variation in the d-c ter- 
minal voltage. This voltage variation is 
reflected into the alternator excitation, 
producing an objectionable modulation of 
the a-c output voltage. 


Modulation as 


Figure 4. Elementary voltage-regulator circuit 


A—Allternator output winding 
C—Voltage-regulator actuating coil 
F—Alternator field winding 
R,—Calibrating resistor 
R,—Field-control resistor 
S—Rectifier 


low as one half of one per cent has caused 
trouble on some apparatus. 

Another basic type of frequency control 
makes use of a resonant circuit which is 
supplied from the inverter output. Varia- 
tion in frequency causes a large change in 
voltage across one of the elements. This 
change in voltage may be used directly to 


Figure 3 (left). Early 
type of tapped-resis- 
tor voltage regulator 
Figure 5 (right). Ex- 
perimental electronic 
voltage regulator 
(American Time’ 
Products, Inc.) com- 
pared with a carbon- 
pile voltage regula- 

tor (Leland Electric 
- Company) and _ its 

rectifier 
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vary a control field of the motor, or it may 
be amplified by one of several means. 
Without amplification, the elements of the 
resonant circuit may be quite large and 
heavy. If amplification be used, either 
electronic or some other means, the reso- 
nant circuit can be small, but the am- 
plifier adds weight. Some work has been 
done using the resonant circuit with elec- 
tronic amplification. Amplification also 
has been accomplished very successfully 
using a standard aircraft carbon-pile volt- 
age regulator. All of these methods, 
though giving continuous smooth control, 
are heavy. In addition, if electronic am- 
plifiers be used, high-voltage fine-wire 
field windings are required, which intro- 
duce additional hazards to reliability. 

Another method, which appears to have 
good possibilities, is the carbon-pile-type 
speed regulator, which is operated cen- 
trifugally. Speed variations are translated 
into force by a centrifugal mechanism. 
The force controls resistance of the carbon 
pile, which in turn controls the motor 
field current. However, no great amount 
of operating experience has yet been ob- 
tained. It is feared that this device prob- 
ably will be subject to the same troubles 
as the carbon-pile voltage regulator, 
which will be discussed later. 


Voltage Control 


Early types of d-c regulators for aircraft 
first were used to control inverter output 
by rectifying the a-c output and feeding 
this direct current into the actuating coil 
of the regulator. —Temperature compensa- 
tion of the circuits was not difficult, but 
these early regulators consisted of tapped 
resistors, which were successively short- 
circuited, tap by tap, to control the alter- 
nator field current. Severe modulation 
difficulties were experienced due to hunt- 
ing between the nearest taps above and 
below the voltage actually required to 
satisfy the actuating coil of the regulator. 
The device, including the necessary recti- 
fier and temperature compensation, re- 
quired shock mounting and was consid- 
ered to be bulky and heavy. A picture of 
the regulator element is shown in Figure 3. 

The carbon-pile voltage regulator has 
been adopted widely in this country (see 
Figure 5). It has been adapted to control 
of inverters, in the same way as the 
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tapped-resistor type just described (see 
Figure 4). It has the advantage of con- 
tinuity of control but requires a high de- 
gree of skill to adjust in the field. It is 
also somewhat unstable, which has caused 
considerable trouble due to modulation of 
the output voltage. The good perform- 
ance of the carbon pile disks under short- 
time loading conditions provides a temp- 
tation to give them a higher service rat- 
ing than practical, especially in view of 
the insistent demand for reduced weight. 
However, the minute arcing which occurs 
when the pressure is reduced on the disk 
to secure maximum resistance, causes 
pitting and cumulative burning, so that 
the device is soon inoperative if it is over- 
loaded. Only experience can tell what the 
proper limit of rating these carbon-pile 
regulators should be. The aforemen- 
tioned delicate adjustment which must be 
repeated after the simplest of servicing 
operations is a considerable hazard to re- 
liable operation. 

Some work has been done with elec- 
tronic control devices (Figure 5), where a 
bridge circuit compares output voltage 
with a standard-voltage tube. Output of 
the bridge circuit is amplified by elec- 
tronic tubes and fed into a control field of 
the alternator. Here again, high voltages 
and fine-wire windings are objectionable 
from the standpoint of reliability, as com- 
pared with other types of control. So far, 
devices of this type are both heavy and 
bulky, compared to the carbon-pile type. 

Present requirements of certain in- 
verter loads are too severe to be satisfied 
with any existing regulators. Consider- 
able experience in this field indicates that 
either regulators must be improved or the 
load device must be made less sensitive to 
modulation and voltage variation. 


Radio-Noise Requirements 


Most equipment is quieted by suitable 
filters installed on the airplane at the point 
of manufacture. Since inverters are, fre- 
quently installed after manufacture and 
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Figure 7. Wiring diagram of inverter 


delivery of the airplane to the armed serv- 
ices, they usually are required to meet 
radio-noise limits. This means that radio- 
noise filters are built in as part of the ma- 
chine. Most specifications require stand- 
ard limits of noise over a standard fre- 
quency band, but requirements appear to 
be increasing in severity at this writing. 


Brush Life 


Early d-c motors and inverters for air- 
craft encountered considerable difficulty 
because of the extremely short life of the 
brushes when operating at high altitudes. 
The reasons for the condition were several. 
Brushes used on early machines were those 
selected by designers based on their ex- 
perience with ground-level performance. 
At the same timé, in their desire to meet 
pressing demands by the armed services 


Figure 6. Power- 

package _inverter— 

1.5 kva, 360/500 
cycle 
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for lighter equipment, compromises oc- 
casionally were made with designs which 
were later proved inadvisable. Finally, 
the effects of commutation on brushes and 
commutators at high altitudes where ex- 
tremely small quantities of moisture are 
present had not been investigated. This 
last factor, the most important, required 
time to prove and longer to overcome. 
Rapid strides were made to develop 
brushes suitable for high-altitude opera- 
tion, once equipment was available for 
high-altitude testing.*# Radical improve-_ 
ments also have been made in brush cool- — 
ing, as will be described later. 


Cooling 


Lightweight high-speed devices for air- 
craft must dissipate most of their heat by 
forced convection, because natural con- , 
vection and radiation cannot dissipate 
successfully the losses generated in such 
machines. When altitudes representing 
one quarter of an atmosphere (approxi- _ 
mately 40,000 feet) are encountered, the 
volume flow of cooling air remains con- 
stant, but its weight flow drops to one 
This 
means that the ventilating air is much less 
effective under these conditions. This ef- 
fect is compensated for, to some degree, 
by the lower temperatures at such alti- 
tudes. Smithsonian tables® indicate an 
average temperature of —55 degrees centi- 
grade at 40,000 feet. However, inverters 
and similar equipment usually are in- 
stalled in the main fuselage, and flight 
tests indicate that the unheated cabin tem- — 
perature is normally 25 to 35 degrees centi- 
grade warmer than outside air. The de- 
signer’s problem would be greatly simpli-' 
fied, if more data on operating conditions 
were known. However, from the data 
indicated, it readily may be seen that the 
worst condition for cooling is that of 


TRANSACTIONS 235 : . 


Figure 8. Comparison of 400-cycle three- 
phase drive (right) and 28-volt d-c drive (left) 
for inverters of identical output rating 


maximum altitude with highest expected 
machine ambient temperature. Early 
machines were designed for temperature 
corresponding to Smithsonian values, 
which meant that performance suffered 
when higher ambient temperatures were 
encountered. Newer designs have taken 
into account these higher ambient tem- 
peratures at high altitudes. 

Later machines have been designed to 
obtain better cooling of the brushes and, 
at the same time, maintain adequate cool- 
ing of the windings. 


Maintenance 


Because of misconceptions of expected 
service procedures and requirements, 
many early designs did not give sufficient 
emphasis to ease of servicing the equip- 
ment. This shortcoming, combined with 
the short brush life mentioned, resulted in 
vigorous complaints by service personnel. 
Later designs have been improved vastly 
in this regard, particularly with respect to 
brush inspection and replacement. 


Typical Inverter 


A recent design which has been used 
widely in Army aircraft is shown in Figure 
6. An interesting feature of this inverter 
is that all structural parts, with a few 
exceptions, are of steel. This feature was 
dictated by the extreme shortage of alu- 
minum and magnesium at the time of its 
development. By careful design, an over- 
all weight penalty of only five per cent was 
involved. | 

The right-hand side of the machine, as 
viewed in Figure 6, is the drive motor. 
Brushes may be removed for inspection 
' without the use of any tools and can be 
replaced with new brushes by a few turns 
of one screw on each stud. The remov- 
able brush caps are part of a carefully de- 
signed cooling system for the brushes. 
The fan expels air from the machine, 
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drawing fresh cool air through the alter- 
nator and motor, and a parallel path 
allows air to flow in through the brush 
caps. A restriction of flow occurs along 
the brush, creating a high velocity of air 
to cool the brush and to impinge on the 
commutator surface for further cooling 
benefits. This system has greatly in- 
creased brush life without resorting to re- 
duced current density in the brushes. 
This factor, coupled with improved brush 
materials and improved commutation, re- 
sulted in high-altitude brush life which 
was startling compared to previous ex- 
perience. The brush life of this machine 
far exceeded any obtained previously. 
Recent improvements on drive motors for 
other types of equipment, where duty is 
not so severe and where the same basic 
type of brush rigging and cooling is used, 
indicate an expected high-altitude brush 
life equal to or better than that expected 
at normal altitude. 

The left-hand side of the machine con- 
sists of the alternator. The wave shape is 
extremely good, having a harmonic con- 
tent below four per cent. It consists of a 
six-pole salient-pole rotor excited through 
slip rings from the d-c supply. The 400- 
cycle output is generated in the stator 
windings. : 

The control box is mounted on top with 
heavy stud terminals for the d-c input. 
A standard aircraft connector provides 
easily removable connections for output, 
remote vernier voltage setting, remote 
push-button starting, and one or two cir- 
cuits not directly related to this discus- 
sion. 

If viewed from left to right, the control 
box includes voltage regulator elements, 
radio-noise filter, contactors, and inter- 
lock relay for motor starting. All ele- 
ments of the control are mounted for ease 
in servicing and replacement in the event 
of combat damage. A diagram of the cir- 
cuit is shown in Figure 7. Provision is 
made for temperature compensation of 
the motor field circuit to minimize fre- 
quency variation. No other frequency 
control is provided. The voltage-regula- 
tor network is also temperature compen- 
sated. Tests indicate a change in regu- 


Hayes, Ray—400-Cycle Inverters | 


f 


lated voltage of less than one volt over a 
range of —40 degrees centigrade to +65 
degrees centigrade. 

This machine, though made obsolete by 
more recent armed service specifications 
requiring closer frequency limits, still 
represents many desirable features for this 
type of equipment. With the addition of 
frequency control with a suitable driving 
motor, it would conform closely to pres- 
ent-day’ specifications for future applica- 
tions. ¢ 

It represents a partial retreat from the 
extreme ‘“‘bone cutting” weight reduction 
of earlier designs. It has operated con- 
tinuously at altitudes above 35,000 feet at 
ambient temperatures of +15 degrees 
centigrade for long periods of time. With 
increasing experience regarding types of 
installation, it is believed that the margin 


‘of safety in this machine, though much 


greater than foregoing designs, is none too 
great. Since these inverters usually are 
installed after all other equipment, com- 
promises made with ventilation upon im- 
stallation are frequently startling. 

For future applications on aircraft with 
a-c power supplies, it may still be neces- 
sary to isolate certain fussy loads from the 
mainsystem. Figure 8 shows an interest- 
ing comparison between two machines de- 
signed to identical specifications, except 
that the drive motor for the machine on 
the right is designed to operate on a 400- 
cycle, three-phase supply while the ma- 
chine on the left is identical to that in 
Figure 6, for d-c supply. The simplifica- 
tion of control and weight. reduction are 
quite obvious. 


Recommendations 


In view of the considerable weight re- 
quired for control, it appears reasonable 
to suggest a review of present specification 
limits with the following points in mind. 

Inherent speed regulation without the 
use of speed-control devices appears to be 
limited to about plus or minus ten per 
cent. Current developments in perma- 
nent-magnet excitation indicate a possi- 
bility of five-to-seven-per-cent voltage 
regulation for a given frequency and volt- 
age proportional to frequency for any 
fixed load impedance. If the load devices 
could be designed for such a spread in 
frequency and voltage with less increase in 
weight than that saved in the control, 
over-all weight would be reduced. More 
important, much of the complexity of the 
inverter would be eliminated, resulting in 
less field servicing, greater dependability, 


_ and longer life. 


In general, new electronic devices have _ 
been very demanding in regard to quality 
of the power supply. Usually, later de- 
signs can tolerate more variation, and this 
trend should be encouraged, if it result in 
lower over-all weight, greater simplicity 
of the system, or both. 

If this approach does not yield satis- 
factory results, radical improvement in 
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N DEVELOPMENT work leading to 

new and improved designs of equip- 
ment involving are interruption the suc- 
cess of the work is to a large extent in- 
fluenced by the quality of the instruments 
used for measurement. The arc-inter- 
ruption problem is one that has been in 
existence since the first electric installa- 
tion. Nevertheless, progress continually 
is being made in developing smaller and 
more efficient devices for stopping the flow 
of electric current. One of the most prom- 
ising ways of furthering this progress lies 
in the development of new methods of 
measurement. 


Scope of This Paper 


This paper describes a laboratory elec- 
tronic instrument which was developed 
for the purpose of measuring in milli- 
seconds the time during which arcing 
exists when an electric circuit is opened. 
The need for such an instrument and the 
type of investigation for which it is best 
suited also are discussed. Examples are 
presented to illustrate the usefulness of 
the instrumént for timing both a-c and 
d-c arcs. 

The interruption devices referred to in 


CONTACTS OF 
TEST DEVICE 


Circuit-connection elementary 
diagram for a three-phase arc-interruption 
test, showing connections for magnetic-oscillo- 
graph elements to record current and voltage 
traces for each phase 


Figure 1. 


M—Locked-rotor motor load 


this paper are those commonly found in 
industrial-control applications: contac- 
tors, relays, push buttons, and so forth. 
In some respects the problem of arc inter- 
ruption for control applications is similar 
to that found in switchgear and other re- 
lated applications. The illustrations 
given will be, for the most part, on a-c 
applications, but similar illustrations 
could be given for d-c interruption. 


Development Testing on Arc- 
Interrupting Devices 


Arcing tests on industrial-control de- 
vices can be classified as 


1. Interruption tests. 
2. Life tests on the contact tips. 


The two are somewhat interrelated. Be- 
cause it takes several months to conduct 
a single tip-life test, some means of pre- 
dicting the outcome of these tests is es- 
sential, and, in many cases, the interrup- 
tion tests serve this purpose. 
Interruption tests sometimes are made 
in order to determine whether a device 
will interrupt a particular load, but more 
often they are made to compare designs 
and to find out which is the most efficient. 
The tests consist of operating the contac- 
tor making and breaking the current of a 
prescribed load. A locked-rotor motor 
frequently is used for load, because, in 
general, it is the most severe load that the 
contactor will be required to interrupt. 
The arc-interruption transient usually 
lasts 50 milliseconds or less for a-c applica- 
tions and 100 milliseconds or less for d-c 
applications. There is little commer- 
cially available measuring equipment that 
will measure during so short an interval. 


Measuring Equipment 


The magnetic oscillograph frequently is 
used to obtain arc-interruption informa- 
tion. The circuit connections used for this 
purpose are shown in Figure 1. The cur- 
rent and voltage traces for one phase re- 


_ devices for the control of frequency and 
voltage is needed. The prime require- 
ments of such devices are light weight and 
continuity of control. In other words, 
discontinuities, such as finite resistance 
steps or vibrating contacts, should be 
avoided. 
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sulting when the contactor is closed and 
opened, are shown in Figure 2, Elements 
may also be used to record arc-energy 
traces, or the energy may be calculated 
for each interruption from the voltage and 
current traces. The information obtained 
from an oscillogram, then, is the arc time 
in milliseconds, the wave-shape of the arc 
voltage and current, and the arc energy. 

It is not feasible to take oscillograms of 
all operations, because an interruption 
test may consist of several hundred opera- 
tions. Even if the records were taken and 
developed, the time required to trans- 
scribe the information from them would be 
prohibitive. Therefore, it is necessary to 
base conclusions on a few oscillograms and 
hope that the information obtained is 
representative. Furthermore, since the 
oscillograph element and its external re- 
sistor, R,, must be placed in parallel with 
the arcing tips, the quantities to be meas- 
ured are affected by the measuring equip- 
ment. Figure 3 shows the effect of this 
arc-shunt resistance on the average arc 
time. The oscillograph circuit resistance 
shunting the are usually ranges between 
5,000 and 15,000 ohms for 550-volt inter- 
ruption. The average arc time is 70 to 90 
per cent shorter when the oscillograph is 
connected, the data recorded on oscillo- 
grams being optimistic. It would be im- 
practical to use a more sensitive oscillo- 
graph element because of its limitations of 
frequency response. 

Information on arcing can be obtained 
by means of high-speed moving pictures. 
In some cases the information obtained is 
excellent, but in analyzing the results ob- 
tained the modifications that were neces- 
sary so that the arc could be photographed 
should be kept in mind. A fact not well 
known about this technique is that, if an 
auxiliary light source is used, the amount 
of light required for the high-speed pic- 
tures may obscure the arc on low-current 
interruptions for several milliseconds both 
at the beginning and at the end of the 
arcing period. The expense and time re- 
quired to obtain data are additional limi- 
tations of this method. 

An instrument has been developed to 
measure the arcing time for d-c interrup- 
tions as well as the time of bounce of con- 
tacts when closing.! With this instru- 
ment the contacts under observation can 
be tested only on direct current. Con- 
cerning a-c interruption, the paper de- 
scribing the instrument states that, be- 
cause of the additional variables involved, 
readings of arc time will vary widely. 
The article continues ‘‘If the test is made 
with direct current, the latter can be ad- 
justed to any value, thus simulating any 
desired ‘instantaneous’ value of alternat- 
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Figure 2. Oscillograph traces of voltage and 
current transients produced during a single- 
phase arc interruption 


The E, signal is the voltage signal from across 

the contacts of the interrupting device while 

the E; signal is proportional to the interrupted 
current 


ing current.’”’ Actually, a-c interrupters 
are seldom tested on direct current, since 
the interruption phenomena involved are 
quite different. The fact that arcing time 
varies over a wide range emphasizes the 
need for some means of easily obtaining a 
large number of readings to insure proper 
analysis. 


The Electronic Arc Timer 


A laboratory electronic instrument for 
measuring the length of time that an arc 
persists when an electric circuit is opened 
has been developed. The instrument re- 
quires two input signals, one obtained 
from the arc voltage, and the second from 
the circuit current. Typical arce-voltage 
and circuit-current signals are shown on 
Figure 2. Timing is initiated when the 
voltage signal appears, and it-is stopped 
when the current goes to zero. During 


-. the interim, a capacitor is charged linearly 


with time, and the voltage on the capaci- 
tor is inversely proportional to the arc 
time. The instrument consists of a regu- 
lated power supply, a timing circuit, a 
voltage-signal circuit, and a current-signal 
circuit. These circuits are shown on 
Figures 4, 5, 6, and 7 which are drawn 
so that the position of a line on a diagram 
is indicative of the potential of the element 
represented. Point 5 is at the lowest po- 
tential and is drawn at the lowest position 
on the circuit diagram, whereas point 1 is 
at the highest potential and is drawn at 
the top of the circuit diagram. This 


method of drawing the diagrams should ° 


_ be kept in mind for the following explana- 
tion of the operation of the instrument. 
_ The power supply and timing circuit 


_ are shown in Figure 4. The power supply 


_ is of the conventional type used to provide 
constant direct voltages independent of 


_a-c line voltage fluctuations. The timing 


circuit consists of capacitor 3C charged by 
a constant current through pentode 9VT. 
The charging current is controlled by the 
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variable cathode resistor 5VAR. The 
maximum time interval measured can be 
varied either by changing the size of the 
capacitor 3C, or by changing the charging 
current. The voltage across the timing 
capacitor 3C controls the grid of a cathode- 
follower circuit in which a d-c voltmeter is 
used as the cathode resistor. The voltage 
across the voltmeter is therefore inversely 
proportional to the voltage on the capaci- 
tor. This unique method of measuring 
the voltage across the capacitor reduces 
the leakage current to a minimum. The 
timing circuit is turned on and off by 
means of the bias voltage that is placed on 
the screen-grid of the pentode at point 7. 
The following is an explanation of how the 
are voltage and circuit current are used to 
start and stop the timing circuit. 

The voltage-signal circuit that starts 
the timing circuit is shown in Figure 5. 
E, and C are connected across the tips of 
the device on which the arc time is to be 
measured. When the tips of the test de- 
vice are closed, current is flowing through 
the tips, but the voltage across them is 
practically zero. With zero voltage be- 
tween EH, and C, point 16 (plate of 17VT) 
is adjusted by means of the potentiometer 
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Figure 3. Average arc time versus arc-shunt 
resistance for arc interruption by a commercially 
available size-2 contactor 


100 readings of arc time taken for each point. 


One third of readings taken on each, phase 
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Figure 4. Power supply and timing circuit 
for arc-interval timer 


3VAR to the level of point 2 in potential. 
As soon as the contacts part and arcing 
begins, a voltage appears between E, and 
C. E, may be either positive or negative 
with respect to C. The change in poten- 
tial between point 10 and point 4 is pro- 
portional to the change between E, and C. 
Point 10 controls the potential of point 16, 
which controls the current through the 
peaking transformer V. If E, becomes 
more than five-volts positive with respect 
to C, point 16 drops close to point 18 in 
potential. When £, becomes more than 
five-volts negative with respect to C, 
point 16 becomes close to point 1 in po- 
tential. In either case, the neon tube 2Ne 
becomes conducting causing a surge of 
current through transformer V. The sig- 
nal from the secondary winding of trans- 
former V is rectified and controls the grid 
of thyratron 11VT. Normally, the grid 
of 11VT is biased to a negative potential 
(point 9) somewhere between point 4 and 
point 5. The rectified signal from trans- 
former V fires 11VT and causes the po- 
tential of point 8 to increase from point 4 
close to point 18. Since negligible current 
passes through resistor 7R, point 7 is 
maintained at the same potential as point 
8. Therefore, if a positive or negative 
voltage signal of five volts or more is 
placed between E, and C, the pentode 
(9VT) in the timing circuit is made con- 
ducting. 

The current-signal circuit that stops 
the timing circuit is shown in Figure 6. 
The input signal, proportional to current, 
is placed between EZ; and C. With zero 
signal input, 1VAR and 2VAR are ad- 
justed so that 13VT and 14VT are not 
conducting, but, if either point 14 or 
point 15 increases in potential, 13VT or 
14VT will start conducting. With the 
contacts of the test device closed, E; is 
fluctuating with respect to point C. When — 
E; is five volts or more positive with re- 
spect to C, point 12 is close to point 18 in 
potential, and point 13 is close to point 1. 
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in potential. When F; is negative with 
respect to point C, the reverse is true. 
Therefore, when the current signal is oscil- 
lating, points 12, 13, 14, and 15 also are os- 
cillating. Thyratrons 13VT and 14VT 
are alternately conducting. When either 
tube is conducting, point 11 is close to 


Figure 5. Voltage 
interval timer 


ignal circuit for arc- 


This circuit starts the timing circuit when a 
voltage is placed between E, and C 


point i8 in potential. During the interim 
in which neither tube is conducting, point 
11is held down in potential by means of the 
capacitor 4C. When the current signal 
between #; and C goes to zero and re- 
mains zero for a short time, point 11 will 
increase in potential enough to cause neon 
tube 1Ne to become conducting which re- 
sults in a surge of current through trans- 
former J. The resulting signal from the 
secondary winding of transformer J is 
rectified by 10VT and controls the grid of 
thyratron 12V7T. Normally, the grid of 
\2VT is biased negatively. The rectified 
signal from transformer J fires 12VT and 
thereby removes the positive bias on the 
grid of pentode 9VT and prevents it ‘from 
conducting. 

The complete circuit for the timer is 
shown in Figure 7. ,, C, and £; are 
connected to the test contactor as shown 
on Figure 8. The current signal can be ob- 
tained from a small amount of series re- 
sistance or from current transformers, 
With Figure 7 as reference, the operation 
of the circuit can be summarized as fol- 
lows. When a voltage signal appears be- 
tween E, and C, thyratron 11VT is made 
to conduct. This increases the potential 
of point 7 and starts the timing circuit. 
When the signal between £; and C goes 
to zero and remains zero for a short inter- 
val, 12VT is made conducting. This re- 
moves the positive voltage from point 7 
and stops the timing circuit. The meth- 
ods of resetting the timer and means of 
calibrating are given in the following para- 
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Reset 


Before each reading the timer must be 
reset while the contacts of the test device 
are closed and current is flowing. The re- 
set consists of removing the plate voltage 
from the thyratrons and discharging the 
timing capacitor. A small relay is used 
for this purpose. Reset may be accom- 
plished by hand, by means of an external 
reset, or automatically. When hand reset 
is used, the procedure is as follows: 


1. Close the contacts of the device being 
tested. 


2. Close and open the contacts of the reset 
relay. 


3. Open the contacts of the test device. 


4. Read the output voltmeter. 


In many cases this process is too slow, and 
it is not desirable to have current flowing 
into the load for the length of time re- 
In this case an 


quired for hand reset. 


Figure 6. Current-signal circuit for arc-interval 
timer 
This circuit stops the timing circuit when the 
voltage between EF; and C, proportional to 
current, goes to zero 


Figure 7. Complete circuit diagram for arc- 
interval timer 
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external relay can be used to reset the in- 
strument. This relay should have two 
sets of contacts, one of which closes before 
the second. When this relay is energized, 
the first contacts to close energize the test 
contactor and the second reset the timer. 
When the relay is de-energized, the reset 
relay is de-energized before the coil of the 
contactor. This method insures the 
proper sequencing of events and permits 
having the test contactor closed for only a 
few cycles. The third method of reset re- 


. quires no external relay. The timer is 


normally held in reset. When the current 
signal appears, the timer is dropped out of 
reset, and it is again reset after a definite 
time delay. The time delay can be ad- 
justed to allow for the operation of the 
test contactor and for reading the output 
voltmeter, 


Calibration 


The arc timer can be calibrated by 
several methods. Two voltage signals are 
required for calibration; one to start and 
the second to stop the timing. If the time 
interval between the voltage signals can 
be controlled accurately, a calibration 
curve of time interval between these two 
voltage signals versus voltage to which the 
timing capacitor is charged can be ob- 
tained. The voltage signals can be ob- 
tained from an electronic circuit or from 
motor-driven commutators. In the first 
case the time can be varied by changing 
the frequency standard, whereas in the 
second case, the speed of the motor con- 
trols the time interval. Calibration also 
can be accomplished by taking an oscillo- 
graphic record of an actual arc interrup- 
tion. Here the timer-output-voltage 
trace can be put on the same film with the 
arc voltage and circuit current. From 
such a record the slope of the timer output © 
voltage in volts per millisecond can be ob- 
tained. The time delay caused by the _ 
capacitor 4C can be measured. By check- 
ing a few points in this manner, a complete 
calibration curve can be obtained. Al- 
though the timer possibly could be made 
into a precision instrument, for arc-inter- 
ruption work this is not necessary. For 


239 © 


TRANSACTIONS 


Figure 8. Elementary 
diagram showing how 
Cc input signals for the 

arc-interval timer actu- 
Ei ally are obtained 


M—tLocked-rotor motor load 


this application, one is interested pri- 
marily in comparative results. For this 
reason, an accuracy of plus or minus one 
millisecond has been considered satisfac- 
tory. 


Advantages of the Timer 


There are a number of characteristics 
of the timer that. make it well suited for 
arc-interruption work. It reads directly 
and thereby eliminates expensive and 
time-consuming photographic processes. 
Only a few minutes are required to set up 
the instrument for a test, and no readjust- 
ments are required when the voltage or 
current to be interrupted is changed, pro- 
viding the input signals are greater than 
the minimum five volts. Readings of arc 
time can be obtained very rapidly, and it 
requires only a few minutes to complete a 
test of 100 interruptions with the arc time 
recorded for each operation. Because its 
input impedance is several megohms, the 
timer does not alter the interruption tran- 
sient. The instrument can be used to 
time either a-c or d-c interruptions, a 
feature that distinguishes it from any 
other device so far reported. 

The usefulness of the timer is not 
limited to the measurement of arc time. 
It can be used to measure the interval be- 
tween two voltage signals; either signal 
can be above five volts and suddenly go to 
zero or be zero and jump to five volts or 
mote. In this manner the timer has been 
used to measure the opening and closing 
travel time of contactors, the sequencing 
of devices, and for many similar applica- 
tions. It is especially useful in the range 
from several milliseconds to 200 milli- 
seconds. 


Timing D-C Arcs 


The arc-interval timer has been used to 
advantage for the investigation of d-c are- 
interruption phenomena.?, When a num- 
ber of interruptions of the same d-c load 
are repeated the range of arc-time read- 
ings usually is not large. For this reason 
10 or 20 readings of arc time at each load 
insure good distribution curves. 

A series blowout-type contactor often is 
used to handle d-c power loads. In these 
contactors the arc is transferred from the 
tips to arcing horns soon after the tips 
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part. Figure 9 shows a curve of average 
arc time versus current for interruption by 
this type of contactor. The long are time 
in the low-current region and the practi- 
cally constant time for loads above 100 
amperes are characteristic of d-c blowout 
contactors. It should be noticed in Figure 
9 that the series blowout field of the usual 
number of turns is not effective for low 
currents. For this reason low-current re- 
lays and interlocks for control circuits 
usually do not have a series blowout coil, 


- but rely upon gap or a permanent-magnet 


field to stretch the arc until the current 
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AVERAGE ARC TIME — MILLISECONDS 


0 100 200 300 400 500 


CURRENT —AMPERES 
Figure 9. Average arc time versus current for 


arc interruption by a blowout-type commer- . 


cially available d-c contactor 


Load: inductive, 250 volts 
30 readings of arc time taken at each point 


ceases. For these devices curves of aver- 
age arc time versus current can be used to 
find the effect upon interruption of chang- 
ing gap, permanent-magnet blowout field, 
speed of opening, and so forth. 


Timing A-C Arcs 


The range of arce-time readings for a-c 
interruption is much greater than for d-c 
interruption. The principal reason for the 
difference is that alternating current goes 
to zero two times each cycle. Interrup- 
tion occurs at or near the normal current 
zero. The arc time therefore depends 
upon 


1. The time between the parting of the 
tips and the following current zero. 


2. Which current zero after the parting of 
the tips completes the interruption. 


Because of the large range of readings and 
because data on arc time must be taken 
from each of three phases, it is often neces- 
sary to take as many as 100 readings at 
each load. 

It is difficult to generalize concerning 
a-c interruptors, for they are quite differ- 
ent in design and principle of operation. 
The average arc time is about four milli- 
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seconds for loads on which interruption al- 
ways occurs at the first current zero after 
the parting of the tips, providing the tips 
part at random.’ For larger loads the 
shape of the arc-time-versus-current curve 
depends primarily upon 


1. The design of the interrupting device. 
2. The applied voltage. 
3. The type of load. 


Failure of the device will occur at some 
load, and the failure can be predicted by 
means of the arc-time curves. These 
curves also provide an excellent means of 
comparing the operation of several con- 
tactors and of evaluating changes in the 
design of a single contactor. 

Data can be obtained by use of the in- 
strument described that cannot be ob- 
tained by other means.? The results 
shown on Figure 3 are a good example of 
this type of information. It is well known 
that the oscillograph-circuit resistance 
shunting the arc has some influence upon 
arcing. Specific information about the 
magnitude of the change caused by the 
parallel resistance and how large the re- 
sistance can be without influencing inter- 
ruption has been lacking. The informa- 
tion.in Figure 3 was obtained in a few 
hours. 


Conclusion 


There has been a definite need for 
measuring instruments that can supply 
information concerning the transient pro- 
duced by circuit interruption. An instru- 
ment is described that is especially suited 
for the measurement of the length of time 
that an arc-transient exists. The new in- 
strument has been a valuable aid in con- 
ducting both a-c and d-c arc-interruption 
studies. The instrument has been in use 
for approximately a year, during which 
time over a quarter of a million readings of 
arc time have been taken. Data are be- 
ing accumulated on the performance of 
interrupting devices, the relative severity 
of loads, the correlation of single-phase 
and three-phase interruption tests, and on 
many other aspects of the interruption 
problem. This kind of information is of 
great value to designers of arc-interrupt- 
ing devices. 
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The Combination of Supervisory Control 
With Other Functions on Power- 


Line Carrier Channels 
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HE PRACTICE of using a single 

power-line carrier channel to perform 
several different functions is becoming in- 
creasingly common. This practice is en- 
couraged by the savings in equipment and 
in carrier-channel space that can be ef- 
fected when a single carrier transmitter 
and receiver are used jointly by some 
combination of relaying, telemetering, 
communication, load control, and super- 
visory-control equipment. The recent 
introduction of a wide line of individual 
rack-mounted carrier components! makes 
it possible to select exactly the apparatus 
necessary for the combination of functions 
to be performed and further encourages 
the use of a single carrier assembly for 
several co-ordinated functions. 

Certain combinations of functions on 
carrier channels have been described in 
previous papers.!:? These papers gener- 
ally have described functions on point-to- 
point channels and have considered 
mainly such functions as relaying, com- 
munication, and telemetering, mentioning 
supervisory control only briefly. As a re- 
sult, methods of combining carrier com- 
munication and relaying are relatively 
wellknown. The channel requirements of 
telemetering and load control are com- 
paratively simple, and the combination of 
these functions with others offers no es- 
pecially difficult problems. However, the 
channel requirements of supervisory-con- 
trol systems, particularly those of the 
multistation type, are relatively more 
strict than those for most functions. The 
application of such systems in combina- 
tion with other carrier functions requires 
an understanding cf these requirements if 
correct and dependable operation is to be 
secured. These requirements have not 
been previously described in detail. 

It is the purpose of this paper to point 
out what conditions must be satisfied for 
proper operation of a standard super- 
visory-control system; to tell why some 
combinations of carrier supervisory con- 
trol with other functions, which on the 
surface appear workable, may be subject 
I ay at id sere | Dyicag Sana are 2 I ae 
Paper 45-77, recommended by the AIEE com- 
mittees on automatic stations and power transmis- 
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to undesirable limitations; and to de- 
scribe methods of co-ordinating certain 
acceptable combinations so that reliable 
operation of the supervisory-control sys- 
tem is assured. 


Principles of Operation of 
Supervisory Control 


Supervisory control is a system of con- 
trolling and supervising from a central 
point the operation of equipment at one 
or more remote locations. Control and 
supervision of a number of separate pieces 
of equipment are accomplished with rela- 
tively few conductors or channels. In the 
Visicode supervisory-control system, 
which is the system considered in all 
further discussion in this paper, only a 
single pair of wires or a single carrier 
channel is required. 

In the Visicode supervisory-control sys- 
tem, supervision and control of a large 
number of individual pieces of equipment 
are obtained by selective relay systems, 
which automatically generate and receive 
impulses in coded groups to perform the 
functions of selecting the apparatus to be 
controlled, performing the desired opera- 
tion, and indicating that an operation has 
taken place. The latter function is per- 


formed whether the operation is initiated 
through the supervisory system or not. 

In this system, a group of units to be 
controlled is assigned a group number. 
Individual units within the group are as- 
These numbers 


signed point numbers. 


Figure 1. Funda- 
mental supervisory- 
control impulsing cir- 
cuits for carrier oper- 
ation 
A (above). External 
stepping 
B (right). Internal 
stepping — 
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represent the number of impulses in the 
two series of impulses which must be sent 
from the dispatching point to select the 
group and point desired. Selection is ac- 
complished by a system somewhat similar 
to an all-relay automatic-telephone sys- 
tem, with the following two main excep- 
tions: 


1. The operator does not operate a tele- 
phone dial to select the remote unit he de- 
sires to control. Each remote unit has its 
corresponding selection button on the opera- 
tor’s control board, and the operator merely 
depresses the proper button momentarily. 
The proper group and point selection im- 
pulses are sent automatically. 


2. After each set of impulses is sent, the re- 
ceiving equipment at the remote location 
must send back the same number of im- 
pulses before operation can proceed. This 
provides a positive check at each step of 
the sequence of operation. 


For a complete control operation, the 
operator presses a point-selection button. 
The dispatching equipment automatically 
sends a series of impulses corresponding 
to the desired group number. The super- 
visory equipment at the remote station 
sends back a series of impulses called the 
group check code, indicating that correct 
group selection has been made. Recep- 
tion of the group check code at the con- 
trolling point causes the point selection 
code to besent. This code also is repeated 
by the receiving equipment, and the re- 
ception of this point check code at the 
controlling point lights an indicating lamp 
to signify that the desired unit has been 
selected and that the remote supervisory 
equipment is ready to perform a control- 
ling function on that unit. The operator 
then turns a two-position twist key to the 
desired operation, for example, to “trip” 
if a circuit breaker is being controlled. 
This lights a ‘“‘disagreement” lamp, in- 
dicating that the condition of the con- 
trolled equipment does not correspond to 
that indicated by the position of the twist 
key. The operator then presses momen- 
tarily another button, which causes his 
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Figure 2. Block diagram showing essential 

components for combination of point-to-point 

two-frequency duplex carrier communication 
with single-station supervisory control 


supervisory equipment to send a third 
series of impulses. These impulses, when 
received at the remote station, cause the 
supervisory equipment to close the neces- 
sary circuits to perform the desired opera- 
tion. Operation of the controlled equip- 
ment in the desired manner then causes 
the remote supervisory apparatus to send 
back the “‘supervision”’ code. Reception 
of this code at the controlling point 
changes the indication of the red and 
green position-indicating lamps and ex- 
tinguishes the disagreement lamp. The 
supervisory equipment at the controlling 
point then automatically sends a long im- 
pulse which resets the entire supervisory 


system to normal. 


Operation of the supervisory system to 
indicate an automatic operation of con- 
trolled equipment at a remote point is 
somewhat similar, except that group- and 
point-selection codes automatically are 
initiated from the remote point and 
checked back from the dispatching point. 
Reception of the supervision code at the 
dispatching point, after group and point 
selection have been made and checked, 
rings an alarm bell, lights an alarm lamp, 
changes the indication of the position- 
indicating lamps, and lights a disagree- 
ment lamp to indicate that the position of 
the remote unit differs from that indicated 
by the twist key. The dispatching equip- 
ment then sends a long resetting impulse, 
as before. ; 

It is not possible to show here all the 
details of the supervisory system. How- 
ever, the fundamental impulsing circuits 
for carrier operation are given in Figure 1 


to show how impulses are generated. Im-. 


pulsing through the carrier set is shown in 
Figure 1A. When the push button is 


pressed momentarily, relay 6 closes and 


seals itself in, closing the circuit to time- 
delay relay 5 through the back contact of 
the receiver relay RR. Relay 5 closes, 
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starting the carrier transmitter. Recep- 
tion of the transmitter by the local re- 
ceiver causes relay RR to operate, opening 
the circuit to relay 5. After a slight time 
delay, relay 5 releases. This cycle of 
operation constitutes one impulse. Im- 
pulsing continues automatically until 
proper number of impulses for the desired 
group are sent, whereupon counting re- 
lays open the circuit to relay 6 through 
contacts not shown. This stops impulsing 
and prepares the equipment for reception 
of the check-back code. This type of im- 
pulsing is called external stepping. 

It is possible in some cases to operate 
the receiver relay directly from the carrier 
power source by placing an additional 
contact of relay 5, in series with a suitable 
dropping resistor, across the plate circuit 
of the receiver detector. Impulsing then 
can take place, even though the trans- 
mitted signal is not received locally. This 
is called internal stepping. 


Channel Requirements of 


Supervisory-Control Systems 


The rate of impulsing of the supervisory 
equipment is from 9 to 14 impulses per 
second, comparable to the speed of impul- 
sing of a telephone dial. Thisrate of im- 
pulsing is considerably higher than the 
highest rate of any standard impulse tele- 
metering system. The fastest such sys- 
tem in use at the present time has a maxi- 
mum impulse rate of approximately 3.5 
persecond. In animpulse-rate telemeter- 
ing system, it is necessary only that the 
channel preserve the rate of impulsing. 
The relative duration of the ‘‘on’” and 
“off”’ periods is not important. 

In the supervisory-control system. the 
duration of the ‘‘on’” period is approxi- 
mately twice that of the ‘‘off” period. 
This relation must be preserved in order to 
allow proper sequential relay operations, 
some of which occur during the ‘‘on”’ 
period and some of which occur during the 
“off”’ period of the impulse cycle. 

The high impulsing speed of the super- 
visory system and the requirement that 
the relative duration of the ‘‘on’ and 
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“off” periods be preserved make it unde- 
sirable to use more than one relaying 
point to retransmit mechanically super- 
visory impulses received from a distant 
point. 

When the supervisory system operates 
on an audio-frequency tone channel modu. 
lating a carrier transmitter, the tone fre- 
quency and the speed of operation of the 
tone receiver must be such that the super- 
visory impulses can be handled without 
appreciable distortion of the “on’’ and 
“off” periods. In the line of tone equip- 
ment described in reference 1, a number 
of tones suitable for supervisory operation 
are available. This makes it possible to 
combine supervisory control with tele- 
phone communication, with suitable filters 
to prevent interference between the two 
functions. The filters are inserted into the 
speech circuits and eliminate the super- 
visory tone frequency from the speech 
frequencies transmitted. 

There are two types of Visicode super- 
visory control, one in which all the equip- 
ment to be controlled is located at a single 
point, and one in which the equipment is 
in several groups at different locations. 
These two types are referred to as the 
single-station and multistation systems, 
respectively. 

A fundamental requirement of the 
multistation system is that a control or 
supervision function in progress between 
the dispatching office and a controlled sta- 
tion should not be interfered with by super- 
visory signals from other controlled sta- 
tions. This requirement is met by assign- 
ing different group codes to each station | 
and arranging each station so that recep- 
tion of a group code not associated with it 
locks out the supervisory equipment at 
that station. Initiation of a supervisory ~ 
function by any station is prevented be- 
fore completion of the first impulse of a 
received group-selection code, which is the 
first series of impulses transmitted for 
either a control or supervision function. 
Complete lockout is effected at the end of 
this series of impulses. After complete 
lockout, stations not involved in the func- 
tion in progress can neither send nor re- 
spond to supervisory impulses until the 
reset signal is received. Any automatic 
operations of equipment that occur while 
a supervisory function is in progress are 
reported as soon as the channel is cleared 
by the reset signal. 

There is a possibility that two or more 
controlled stations will start transmitting 
almost simultaneously to report automatic 
operations. In such a case it is necessary 
that the impulses from all such stations be 
synchronized with each other, so that the 
dispatching office and other stations will 
receive a coherent code. The actual code 
received by the dispatching office in such 
a case will be the longest code of those 
being sent, and those stations which send 
shorter codes will be locked out by the 
extra impulses. When the channel is 
cleared by the reset signal, they will again 
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start reporting by repeating their group- 
selection codes. 

These requirements can be met by using 
external stepping and arranging the sys- 
tem so that every station receives its own 
signals as well as the signals of every other 
station. In this way synchronism of im- 
pulses is assured, because the impulsing of 
any station is governed by impulses which 
may be sent simultaneously from other 
stations. 

In general, multistation supervisory 
control can be combined only with other 
noncontinuous carrierfunctions. Continu- 
ous functions, such as telemetering and 
load control, are excluded by the require- 
ment that all stations receive all signals. 
Transmission of a continuous carrier from 
any station would prevent that station 
from receiving supervisory signals in a 
single-frequency system and might pre- 
vent other stations from receiving them 
in a two- frequency system. 

When supervisory control is combined 
with communication on a multistation 
channel, the system must be arranged so 
that when one function is in progress it 
locks the other out. Communication 
must be locked out at all stations by the 
first supervisory impulse from any station. 
Lockout must continue until the super- 
visory operation is completed. Further- 
more, the supervisory system at all sta- 
tions must be locked out by communica- 
tion from the moment the carrier is placed 
on the channel for ringing until the chan- 
nel is released. 

For single-station supervisory systems 
on point-to-point carrier channels, the re- 
quirements are somewhat less strict than 
for multistation systems, and the number 
of possible combinations is greater. In- 
ternal stepping can be used in single- 
station systems, and it is necessary only 
that a signal transmitted from one station 
be received at the other station. Itis not 
essential that the transmitting station re- 
ceive its own signals. 

When supervisory control is operated 
over a carrier channel provided for its ex- 
clusive use, external impulsing with an 
unmodulated carrier signal normally is 
used. For this type of operation the 
transmitters and receivers at all locations 
operate on the same frequency, and all 
stations receive each other. Modifications 
of this arrangement must be made in some 
cases in order to combine the supervisory 
system with other functions. 


Combination of Single-Station 
Supervisory Control With Other 
Functions on Point-to-Point 
Carrier Channels 


1. Supervisory Control and Relaying. 
Carrier relaying normally i is operated on 
an unmodulated carrier, with the carrier 
transmitter and receiver at each terminal 
set at the same frequency; thus all car- 
rier signals from either station are re- 
ceived at both stations. 
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It is possible to. 


combine supervisory control with relaying 
on such a carrier channel without making 
any fundamental changes in either the 
carrier equipment or the relaying equip- 
ment. Since the channel issued for relay- 
ing only during fault conditions, it is 
normally free for use by the supervisory 
system. The relaying circuits must be 
arranged to take preference over any 
supervisory operation which may be in 
progress when a fault occurs. 

This arrangement provides a simple 
method of combining relaying and super- 
visory control. However, the two func- 
tions are not entirely independent. The 
fact that both the relaying and the super- 
visory-control systems operate on straight 
carrier means that all relaying impulses 
are received by the supervisory equip- 


‘ment. If the supervisory system is at rest 


when the relaying equipment operates, it 
will be stepped off normal, making it 
necessary for the operator to reset it 
after each relaying operation. Likewise, 
if an automatic operation is being reported 
by the supervisory system when the relay- 
ing system operates, the supervisory sig- 
nal will not be completed, and the opera- 
tor must reset the equipment before the 
automatic operation can be reported. 
Starting of the carrier transmitter at 
either station for testing also must be 
followed by resetting of the supervisory 
equipment. 

2. Supervisory Control and Communi- 
cation. Supervisory control can be 
combined with communication of either 
the single-frequency push-to-talk or the 
two-frequency duplex type. The simplest 
way to make this combination is to make 
the communication function a point on 
the supervisory system. A contact in the 
telephone hook switch takes the place of 
the point-selection key which normally 
appears on the operator’s supervisory- 
control board. Picking up of the tele- 
phone at either end sets the supervisory 
system into operation to select the corre- 
sponding telephone point at the other end 
of the channel. This rings the telephone 
bell at the other end. When the call is 
answered, circuits are set up through the 


LINE TRAP 


BREAKER 


TTI,TT2,ETC-~AUDIO TONE TRANSMITTERS 


hook switches to lock out the supervisory 
equipment until the telephones are re- 
stored. This system requires no audio- 
tone equipment but is suitable only for 
applications where telephone extensions 
are short, because of the number of sepa- 
rate circuits required in such extensions. 

Standard two-frequency duplex carrier- 
communication assemblies use hybrid 
coils to combine receiver-output and 
transmitter-input circuits so that two-wire 
telephone extensions can be used, Super- 
visory control can be combined with such 
a system in such a way that the two sys- 
tems are completely independent. This 
can be done by operating the supervisory 
system on an audio tone with tone-block-. 
ing filters to eliminate the supervisory 
tone frequency from the speech on the 
channel. A block diagram of this arrange- 
ment is shown in Figure 2. 

3. Supervisory Control and Telemeter- 
ing. The combination of supervisory 
control with continuous telemetering re- 
quires two carrier frequencies. The tele- 
metering equipment isoperated on an au- 
dio tone, modulating thecarrierfrequency, 
and at the station where the telemetering 
impulses orginate the supervisory system 
also'must operate on an audio tone. At 
the other station, the supervisory equip- 
ment can operate on unmodulated carrier. 
This arrangement permits telemetering to 
continue during a supervisory operation. 
A number of different quantities can be 
telemetered continuously by using a dif- 
ferent tone frequency for each. 

The supervisory system itself can pro- 
vide telemetering of one quantity at a 
time for short periods without the use of 
audio tones. 
ing function is made a point on the super- 
visory system and is selected by the opera- 
tor in the same way a point is selected for 
acontrol function. After the operator has 
taken the required readings, he must re- 
set the supervisory system so that auto- 
matic operations can be reported. This 


Figure 3. Combination of supervisory control 
with carrier relaying, communication, continu- 
ous telemetering, and load control — 
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In this case each telemeter- | 


system, called selective telemetering, re- 
quires no audio tones in single-station 
supervisory systems and can operate on a 
single-frequency channel. 

4. Supervisory Control and Load Con- 
trol. The system described for con- 
tinuous telemetering can be used for load 
control. The channel requirements are 
very similar, except that load control is 
necessarily a continuous function. 

5. Supervisory Control, Relaying, and 
Communication. A limited form of car- 
rier communication often is provided with 
carrier relaying equipment. Supervisory 
control best can be combined with these 
two functions by making the communica- 
tion function a point on the supervisory 
system, as has been described for the com- 
bination of supervisory control with com- 
munication only. With some relaying 
systems a two-frequency duplex arrange- 
ment can be used, although the single- 
frequency system usually is used with car- 
rier relaying. 

6. Supervisory Control, Relaying, and 
Continuous Telemetering or Load Control. 
The requirements for this combination are 
the same as those described for the com- 
bination of supervisory control with con- 
tinuous telemetering, that is, a separate 
carrier frequency must be used for trans- 
mission in each direction. This requires 
that the relaying system be capable of 
operating on such a channel. 

7. Supervisory Control, Communica- 
tion, and Continuous Telemetering or Load 
Control. Two carrier frequencies are 
- required for this combination. The tele- 
phone ringing function can be performed 
either through the supervisory system or 
by using a separate tone frequency for the 
purpose. If the supervisory system is 
used for ringing, audio-tone transmitters 
are required for the supervisory system at 
the station at which telemetering and 
load-control impulses originate but not at 


Figure 4. Multistation communication and 
supervisory control, with communication 


through a point on the supervisory-control 
system 
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the other station. Tone transmitters are 
required also for the telemetering or load- 
control function. Ifa separate audio tone 
is used for ringing, the supervisory system 
requires a separate tone transmitter and 
receiver at each station, regardless of the 
requirements imposed by the transmission 
of continuous telemetering and load- 
control impulses. In all cases, high-pass 
filters must be used to elifninate from the 
channel those voice frequencies which 
would interfere with the proper operation 
of the functions which use audio tones. 

8. Supervisory Control, Relaying, Com- 
munication, and Continuous Telemetering 
or Load Control. The requirements for 
this combination are the same as those 
described for combination 7, with the 
additional requirement that the relaying 
system be capable of operating on a two- 
frequency channel. The relaying system, 
of course, must be arranged so that it can 
take control of the carrier from all other 
functions when a fault occurs. 

This combination includes all the func- 
tions that have been considered. The 
block diagram of Figure 3 shows all the 
important components required to per- 
form these functions with a single carrier 
transmitter and receiver at each terminal. 


Combination of Multistation 
Supervisory Control With Other 
Functions 


It has been pointed out that it is not 
possible to have continuous telemetering 
or load control in combination with multi- 
station supervisory control on a single 
carrier channel. Certain considerations 
also make it inadvisable to consider the 
combination of multistation supervisory 
control with relaying on consecutive 
relaying channels. A separate carrier 
channel is required for each line section 
for carrier relaying, in order to prevent the 
possibility of false blocking of relaying 
signals. This means that any combina- 
tion of supervisory control with relaying, 
in which the supervisory system extends 
beyond the line section protected by the: 
relaying channel, requires the use of 
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electronic or mechanical repeaters. The 
complexity of any such repeaters that 
would meet the requirements outlined 
for multistation supervisory contro] makes 
it preferable to use an entirely separate 
carrier channel for the supervisory-control 
system. It would be possible, however, 
to use a single set of coupling equipment 
for both the relaying and supervisory 
transmitters and receivers at each sta- 
tion. 

1.  Single-Frequency Communication 
Through a Point of the Supervisory System. 
Push-to-talk communication between the 
controlling or dispatching office and any 
controlled station on the supervisory 
system can be obtained by using a point 
on the supervisory system to provide se- 
lective ringing to each controlled station, 
and from controlled stations to the dis 
patching office. Since the supervisory- 
control system is intended only for selec- 
tive functions between the dispatching 
office and controlled stations, and not 
between controlled stations, this system 
is limited to communication between the 
dispatching office and controlled stations 
only. Controlled stations cannot com- 
municate with each other. This is no 
disadvantage, because the controlled 
stations of a supervisory system normally 
are unattended, and there would be no 
necessity for establishing communica- 
tion other than that provided between 
the dispatching office and a controlled 
station. 

In this system, the use of the super- 
visory equipment to perform the com- 
munication functions assures that the 
supervisory equipment is locked out at 
all stations until the conversation is com- 
pleted. 

The main components of this system 
are shown in the block diagram of Figure 
4. A tone transmitter is used at the dis- 
patching, office for transmitting the reset 
signal. The usual method of resetting 
the supervisory system is the transmis- 
sion of a long carrier impulse. This 
method cannot be used im a multistation 
system with communication because the 
placing of carrier in the channel for com- 
munication would be recognized by the 
supervisory equipment at all stations as a 
resetting impulse. The use of a tone to 
modulate the carrier for resetting pro- 
vides a means of discrimination between 
a reset signal and carrier placed on the 
channel for communication. The tone- 
blocking filters are used to eliminate the 
resetting tone frequency from the speech 
before it is placed on the channel. 

To call any one of the remote stations 
from the dispatching office, the operator 
picks up the telephone handset and oper- 
ates the telephone selection key for the 
station to be called. The supervisory 
system transmits the group-selection 
code, which is returned by the remote 
station. The point-selection code is then 
transmitted from the dispatching office. 
Reception of this code at the called sta- 
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tion rings the bell at that station. The 
point check code is not returned from the 
called station until the handset at that 
location is picked up. Reception of the 
point check code at the dispatching office 
indicates that the call is completed and 
establishes the push-to-talk communica- 
tion circuits. 

When the telephones are restored at 
the conclusion of the conversation, the 
resetting tone automatically is trans- 
mitted to reset the entire system to nor- 
mal. Any automatic operations that 
have taken place at any point on the 
system during conversation then will be 
reported. 

Communication is established in a simi- 
lar manner from controlled stations. 
These stations communicate only with 
the dispatching office, and individual se- 
lection keys for calling are unnecessary. 
The telephone hook switch can be used to 
initiate operation of the supervisory 
system to call the dispatching office. Re- 
ception of the group- and point-selection 
codes at the dispatching office rings the 
telephone bell. When the operator picks 
up his handset, the point check code is 
transmitted, establishing the push-to-talk 
circuits at both stations. Resetting at the 
end of conversation is accomplished as 
before. 

It is possible to obtain selective tele- 
metering with this system without addi- 
tional carrier equipment. The telemeter- 
ing impulses are transmitted by unmodu- 
lated carrier, and resetting is accom- 
plished by a modulated carrier impulse as 
before. 

2. Two-Frequency Duplex Communica- 
tion Through a Point of the Supervisory 
System. A two-frequency duplex form 
of communication can be obtained with a 
system very similar to that described 
under item 1. The equipment required is 
the same as that shown in Figure4. The 
limitations given with regard to com- 
munication among controlled stations 
apply also to this system. In this case, 
the dispatching-office transmitter oper- 
ates on a frequency F;, which is received 
at all controlled stations. Internal step- 
ping is used at the dispatching office. 
All controlled stations transmit on a 
second frequency F, which is received 
at the dispatching office. The requir- 
ment that all stations receive all signals 
is met by allowing the receiver at the dis- 


patching office to key the dispatching- . 


office transmitter; thus a signal sent from 
any controlled station is received at all 
stations, and external stepping can be 
used at the controlled stations. The pro- 
cedure for establishing communication is 
the same as for the single-frequency sys- 
tem. hae & 

3. Semi-Independent Supervisory-Con- 
trol and’ Two-Frequency Duplex Communt- 
cation. | The systems described under 


- items 1 and 2 provide the combination of | 


communication and supervisory control 


with a minimum of equipment. . These 
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Figure 5.  Semi-independent multistation 
supervisory-control and two-frequency duplex 
communication 


systems are subject to the limitation that 
telephone extensions must consist of a 
number of conductors and be continuous 
metallic circuits. This limits the length 
of the extensions that can be used. It is 
occasionally desirable to use long two- 
wire telephone extensions, and such ex- 
tensions may include insulating trans- 
formers which would interrupt d-c control 
paths. — 

The block diagram of Figure 5 shows 
the component parts necessary to com- 
bine supervisory control with a standard 
two-frequency duplex carrier communica- 
tion assembly to provide semi-independ- 
ent operation of the communication and 
supervisory systems. Two-wire telephone 
extensions are used. This system, like the 
others described, provides for communi- 
cation between controlled stations and 
the dispatching station only, and not for 
communication among controlled sta- 
tions. jee 

The system is arranged so that the use 
of the carrier assembly for communica- 
tion locks out the supervisory system at all 
stations, and vice versa. The supervisory 
system operates on an audio tone, which 
is received from a controlled station on 
frequency F, at the dispatching station 
and retransmitted on frequency fF to 
other stations on the system. Tone filters 
remove the supervisory-tone frequency 
from the voice frequencies transmitted. 

When carrier is placed on the channel on 
either frequency for telephone ringing and 
subsequent communication, a relay at 
each location prevents the supervisory 
equipment from starting. Lockout con- 
tinues until communication is completed, 
On the other hand, reception of the first 


supervisory impulse at all stations opens 


the telephone extension circuits to lock 
out all communication until the super- 
visory operation is completed. 
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The addition of selective telemetering 
to this system requires the use of a sepa- 
rate tone transmitter at the dispatching 
office and a separate tone receiver at each 
controlled station for resetting. 

4, Multistation Single-Frequency Com- 
munication and Supervisory Control. In 
automatic simplex carrier-communica- 
tion assemblies, the receiver is blocked 
during periods when the transmitter is in 
operation.? The fundamental require- 
ment that external stepping be used in 
multistation supervisory-control systems 
makes it necessary to provide an addi- 
tional carrier receiver at each station for 
the use of the supervisory equipment 
when this type of communication is com- 
bined with supervisory control. A tone 
transmitter and receiver are required for 
the operation of the supervisory system at 
each station in order to provide discrimi- 
nation between carrier placed on the 
channel for communication and that 
placed on the channel for supervisory 
control. The use of tone equipment re- 
quires that tone-blocking filters be used 
in all speech circuits to prevent speech 
frequencies from impulsing the super- 
visory system. 

With the equipment described, a com- 
bined system could be provided in which 
the presence of a carrier signal on the 
channel for communication purposes 
would lock out the supervisory system at 
all stations until the carrier is removed © 
after a pause in speech. The system 
would have to be arranged so that when 
the supervisory equipment begins to™ 
transmit impulses, communication is 
locked out at all stations until the super- 
visory function is completed. The latter 
requirement would make it necessary to 
provide special means to lock out com- 
munication at all stations on the com- 
munication system that are not part of 
the supervisory system. 

In general, automatic simplex com- 


munication equipment is intended for 


high-quality communication, and it is un-_ 
desirable to modify the audio channels in _ 
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such equipment by the addition of tone- 
blocking filters.- Furthermore, the 
amount of additional equipment required 
to adapt the system to combined super- 
visory control and communication in 
most cases would make it more economi- 
cal to provide a separate single-frequency 
carrier channel for the supervisory-con- 
trol system. 

Similar considerations apply to the 
combination of semi-independent single- 
frequency manual simplex communication 
with multistation supervisory control, ex- 
cept that in such communication assem- 
blies the receiver is not always disabled 
during transmission. 

In both the automatic and the manual 
simplex systems, the locking out of the 
supervisory equipment would depend 
upon the presence on the channel of a 
carrier not modulated by the supervisory 
tone. At each pause in conversation this 
carrier would be removed, unlocking the 
supervisory control until transmission is 
resumed for communication. The possi- 
bility would exist that the supervisory 
system at one station would start trans- 
mitting at the same time that another 
station places carrier on the channel during 
communication. The latter station would 
not receive the supervisory impulses 
under these circumstances and might 
prevent proper reception of the impulses 
at one or more other stations. The su- 
pervisory equipment at some stations 
would not be locked out by the first group 
code under these conditions, a funda- 
mental requirement for multistation oe 
eration. 


Consideration has been given to means 


of locking out the supervisory equipment 
at all stations continuously during an 
entire communication period, irrespective 
of the presence of carrier on the channel. 
However, the amount of equipment in- 
volved in such schemes is considerable, 
and the arrangements are complicated. 

These considerations lead to the general 
conclusion that, although multistation 
simplex communication and supervisory 
control can be combined in a single chan- 
nel, it is advisable to use separate chan- 
nels for these functions with joint use of 
coupling equipment only. 


- Conclusions 


Single-station supervisory-control sys- 
tems on point-to-point carrier channels 


‘can be combined in almost any desired 


combination with relaying, telemetering, 
load control, or communication. Inter- 
nal stepping of the supervisory system 
can be used. Two-frequency carrier 


channels are required for the combina-. 
- tion of supervisory control with continu- 


ous functions, such as telemetering or 
load control. 


In multistation supervisory control 


_ systems, all stations must receive all sig- 


_ nals, and external stepping of the super- 


visory system is required at all controlled 
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Power-Line Carrier Channels 
M._ J. BROWN 
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POWER-LINE carrier channelas the 

link between the transmitter and re- 
ceiver of a carrier system, determines, by 
its losses, the power requirements of the 
transtnitter and the sensitivity of the 
receiver. 

An understanding of the operation of 
carrier channels and an approach to the 
calculation of losses to be expected were 
set forth early in the application of carrier 
currents to power lines. However, ex- 
perience with power-line carrier installa- 


. tions has added much to our knowledge of 


actual line losses. Likewise, the methods 
used to apply carrier to the lines follow 
uniform practice, and the devices em- 
ployed are reliable in performance. The 
losses introduced by their use are well un- 
derstood. 

As the art progresses, new applications 
are made, involving factors not previously 
of importance. Practical experience 
gained in these applications supplement 


the initial caleulations, but the calcula- 


tions must come first, and both theory 
and empirical data are of importance. 

At the present time a stimulus has been 
given power-line carrier activities by the 
introduction of audio-frequency tones for 
extended use of a single-channel fre- 
quency modulation as a means of limit- 
ing effects of interference, and single-side- 
band transmission as a method of in- 
creasing the number of useful channels. 
Channels will be established on lower- 
voltage lines to an increasing extent.!:?.3 

In the interest of a better understand- 
ing of the factors which must be con- 
sidered in the extension of power-line 
carrier applications, the following dis- 
cussion of theoretical and practical ex- 
perience is offered. 


High-Frequency Transmission- 
System Losses 


The transmission lines of a power sys- 
tem become high-frequency transmission 
lines when power-line carrier is applied to 
them. Factors which are not a considera- 
tion at power frequencies become im- 


Sy 


stations. Continuous carrier functions 
cannot be combined with supervisory 
control on single-frequency carrier chan- 
nels. Certain combinations of multista- 
tion supervisory control with relaying and 
communication equipment are not prac- 
tical, for reasons that have been given. 
Methods of combining multistation super- 
visory control and certain types of com- 
munication in practical systems have been 
described. 
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portant to a degree that they must be 
taken into consideration at carrier fre- 
quencies if an entirely workable system is 
to be designed. 

Transmission losses are proportioning 
functions. That is, the received signal 
strength is only a fraction of the trans- 
mitted signal strength, and that fraction 
is numerically equal to the product of 
fractions expressing the transmission 
characteristics of the various components 
in the circuit. If the logarithm of these 
fractions, based on the ratio of power in to 
power out, is used instead of the actual 
ratio itself, these logarithms may be 
added to obtain a logarithm representing 
total loss. This is a convenience, because 
the addition of these figures is simpler 
than the multiplication of loss ratios. 
The decibel is the unit used in these cal- 
culations and is numerically expressed as 
follows: 


db=101 A 
= O$10 P, 


where 


db =decibels loss (attenuation) 
P,=power into a device 
P,=power out of a device 


If the loss encountered in each series 
device of a transmission system is ex- 
pressed in decibels, then the total loss in 
decibels is the sum of the losses in deci- 
bels. Therefore, if it is known that a 
transmitter—-receiver combination works 
successfully through an attenuation of a 
specific number of decibels, the system 
will be workable if the total losses en- 
countered are less than this value. As 
the transmitter power is increased, the 
number of decibels that it will work 
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through, with a given receiver, increases. 
Likewise, as receiver sensitivity is in- 
creased, the attenuation through which 
it will operate successfully with a given 
transmitter increases. : 

Obviously there are economical limits 
of transmitter size and limits on inter- 
ference-free receiver sensitivity. Thus 
transmitter-receiver combinations in 
practical use are not numerous. The 
lower-powered combinations are designed 
to operate through losses up to 30 decibels, 
and the more elaborate equipment is 
rated correspondingly higher. 


High-Frequency Transmission Lines 


A transmission line for high frequency 
can be considered ideally as an infinitely 
long pair of equally spaced wires of the 
same diameter throughout, supported in 
free space without inductive or capacitive 
coupling to other circuits. Lines of this 
type have been treated mathematically 
on the basis that they are composed 
(Figure 4) of an infinite number of resis- 
tors and inductors in series and having an 
infinite number of capacitors and resistors 
shunting the lines at equally spaced points 
along the lines.4 

Several important concepts are derived 
from this treatment. One is that an in- 
finitely long transmission line, because 
it cannot reflect energy back toward the 
transmitting end, displays a character- 
istic impedance that is a function of the 
resistance, inductance, leakage, and ca- 
pacitance of aunitlength. Quantitatively 
this impedance is as follows: 


R+joL 
GtjwC 
where 


R=ohms resistance per unit length 

L=henrys inductance per unit length 

G=mbhos conductance of, leakage per unit 
length 

C=farads capacity per unit length 

« =2nf where f is frequency in cycles 


‘Now if the transmission-line conductors 
are severed at a finite distance from the 
sending end, the impedance displayed by 
the remaining infinite section is still the 
characteristic impedance of the line. It 
follows then that if we terminate a finite 
length of transmission line with an im- 
pedance equal to the characteristic im- 


" pedance of the line, then no reflections 


will be received at the sending end, since 
this was the case when the finite section 


was terminated with the infinite line. ” 


This is another important concept em- 
ployed in power-line carrier systems. The 
impedance of the receiving system must 
be equal to the characteristic impedance 
of the line if the sending end is to be free 
of received reflections. — 

It is an interesting commentary at this 
point to note that the transmitter internal 


Py tee ~ 


impedance, as viewed from the line 
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Figure 1 (left). Terminal equipment for two single-line-to-ground power-line carrier channels 
on a 69-kyv line 


Figure 3 (right). 


A single-phase suspension-mounting by-pass unit for bridging an auto- 


transformer in a line 


through the transmitter output trans- 
former is also related, in best practice, to 
the characteristic impedance of the line 
although for a different reason. The 
transmitter operates most efficiently from 
the standpoint of high carrier output and 
low harmonic output when its internal 


impedance and its load impedance are 


properly proportioned. A ratio of load 
impedance to tube impedance of 2 to 1 


Ne 


t Aylin, wa 


was shown by Hanna, Sutherland, and 
Upp, as being most efficient for triodes, 
whereas Pidgeon shows that ratios of 
1 to 3 to 1 to 10 are common practice for 
pentodes.*:® 

Since the R and G terms in the formulas 
for characteristic impedance are negligible 
in open-construction power lines, because 
the resistance and leakage are low com- 
pared to the reactance components, the 


Figure 2. Terminal equipment on a 154-kv line 


The two outer phases are used for communication operating line to. line, and the inner 


phase is part of a line-to-ground relaying channel = 
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formula for characteristic 


simplified into 


impedance 


bo 


is D 
LZo= \-27 logio va 


where D is the distance between con- 
ductors, and d is the diameter of the con- 
ductor.” 

Ordinary high-voltage transmission 
lines display characteristic impedances of 
800 to 850 ohms for line-to-line channels 
and about 500 ohms for line-to-ground 
channels. Power cable will display an 
impedance in the order of 25 ohms. Even 
lower impedances are encountered in some 
special carrier installations, such as train 
communication, where track to ground 
leakage is high, and impedances in the 
order of 3.5 to 7 ohms are experienced.*® 

It long has been standard practice to 
isolate spur lines by series line traps to 
prevent attenuation due to reflections re- 
ceived from the end of the spur line. 

Therefore, an attempt is made to 
terminate each carrier channel in the 
characteristic impedance of the line, and 
on spur lines where it is not possible to do 
so the line is isolated. 

While this may appear to be an ideal 
treatment, it is approached in practice on 
telaying channels which extend from only 
one end of a transmission-line section to 
another. Channels used for communica- 
tion, telemetering, and supervisory con- 
trol, however, may be carried through a 
considerable network and have many 
terminals. Such systems often cannot be 
made free of reflections, but all frequen- 
cies of transmission are not affected alike, 


and a selection can be made of a fre- 


queney least affected by reflection losses. 
System switching operations which alter 
the carrier channels also must be con- 

' sidered in the study of system arrange- 
ment when the optimum frequency is 
‘being selected. Further, undesired paths 
through parallel lines and into spur lines 
should be eliminated by putting line 
traps in series with such lines. 


The Attenuation of Carrier 
‘Frequencies in Transmission 
. Lines 


A further study of the infinite trans- 
mission line reveals that carrier current 
which is applied at the transmitting end 
of the line changes in both phase and 
magnitude as it progresses along the line. 

The change in magnitude is expressed: 
I. 2=T, 16 7X 


| where J, is the sending-end current, I, is 
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L Figure 4. 


The 

oP lag equivalent dia- 

5 gram of the in- 
INFINITY” finite line 


the current at a point X distance in miles 
from the sending end, and a is the attenu- 
ation constant. 

The phase position is shifted backwards 
as the distance from the sending end in- 
creases. The position is given by the 
equation: 


Ig= (es 


where 8 is the wave-length constant. It 
is the number of radians per mile which 
the current vector is shifted backwards. 
These may be combined to give the com- 
plete expression: 


To =I,¢ X(2+98) See. 


and, since the characteristic impedance is 
a pure resistance, the voltages may be 
expressed as 


E» = Eye ¥(e+98) = Byers 


where F; is the sending-end voltage, E» is 
the voltage at a point X miles from the 
sending end, and P is the propagation 
constant which is equal to (a+ 8). 
Figure 5 is a graphical representation of 
conditions along a transmission line carry- 
ing a high-frequency current. 

Of particular interest in estimating the 
expected losses due to line attenuation is 
the attenuation constant, a. Its more 
complete form is simplified for the trans- 
mission-line case when leakage is con- 
sidered negligible compared to resistance 
and both leakage and resistance are con- 
sidered negligible compared to reactance. 
It then becomes: 


R R \ G 

PAM We 
The resistance R is the resistance of the 
transmission-line conductor at carrier 
frequencies. Its determination is difficult 
because of many factors which must be 
considered in skin-effect calculations. 
The case of solid and tubular conductors 
has been well studied, and reliable for- 


Figure 5. Diagram show- 
ing the phase and mag- 
nitude of potential at various 

points along a line © O 
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mulas have been developed for determining 
radio-frequency resistance.? B. R. Teare 
and Josephine R. Webb have shown that 
copper-clad steel conductors have a re- 


sistance substantially equal to the tubular 


copper portion alone for frequencies up to 
160 kilocycles.!° | However, stranded 
transmission-line conductors introduce 
many factors, such as number and size 
of strands, that all have an effect on high- 
frequency resistance. Unfortunately, the 
solid conductors about which the skin- 
effect literature has been most concerned 
is the exception rather than the rule in 
transmission-line construction, and thus 
the formulas offered do not apply in many 
cases. Experience with concentric 
stranded cable has shown that new cable 
with bright conductors shows a definitely 
lower high-frequency resistance than 
that with weathered conductors. It has 
been suggested that in the first case the 
current travels from conductor to con- 
ductor in a direction parallel to the axis 
of the conductor and in the latter case 
must spiral around the axis of the cable, 
following the convolutions of the outer 
conductors, since corrosion prevents pas- 
sage from one conductor to another. 
Literature dealing with power-line car- 
rier attenuation has repeatedly indicated 
that attenuation experienced on lines has 
been in excess of the calculated attenua- 
tion. Boddie and Curtis stated that 
measurements on a number of lines in- 
dicated that the actual line resistance was 
about 250 per cent of the calculated value. 
Their calculations assumed that stranded 
conductors were equivalent to solid con- 
ductors of the same copper cross section. 


Likewise, Laughlin, Pakala, and Reagan . 


reported losses on the Boulder Dam lines 
of five times calculated losses.1! The 
latter reference used the formula for 
tubular conductors in determining the 
high-frequency resistance of the line con- 
ductors. Actually the Boulder Dam con- 
ductors are tube§ made of flat interlock- 
ing segments spiraled along the axis of 
the conductor. Some variation from the 
tubular-conductor formula results should 
be expected in this case; however, it 
seems doubtful that the entire discrep- 
ancy between calculated loss and actual 
loss was due to an error in the determina- 
tion of conductor resistance. The au- 


thors point to the possibility of losses in 
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other phase conductors and the ground 
circuits being responsible. 

While an exact evaluation of attenua- 
tion by calculation has not proved to be 
entirely successful, empirical data have 
been accumulated that allow the engineer 
to estimate the attenuation to be ex- 
pected on ordinary lines. One simple 
formula that can be applied with reason- 
able accuracy for attenuation of power- 
line carrier in the 50- to 150-kilocycle 
range on lines of 34.5 kv and above is as 
follows: 


db per mile =%[0.01+ (ke X 10-3) ] 


where ke is the frequency in kilocycles 
and k is a multiplying factor of 1.6 for 
line-to-ground coupling and 1.3 for line- 
to-line coupling. This expression will pre- 
dict higher losses than will be encountered 
in most instances and thus afford a factor 
of safety in its use. Rives offers curves 
for attenuation in the range from 30 to 
200 kilocycles.1? 

Although it was pointed out that the 
best practice dictates terminating a line 
in its characteristic impedance to prevent 
reflections, the complex nature of the re- 
ceiver circuit impedances makes it diffi- 
cult to be assured that a line is so termi- 
nated. Consequently, attenuation curves 
run on actual installations will not show a 
smooth variation in attenuation with 
frequency. 


Coupling Losses 


The carrier energy in flowing from the 
transmitter terminals to the power line 
encounters losses in the coaxial cable, 
coupling capacitor, and line-tuning units, 
and upon arrival on the line is offered a 
shunt path through the line trap to a 
return circuit of widely varying char- 
acteristics. It is, therefore, of interest to 
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_ Figure 6. Impedance at resonance for typical 


single-frequency line traps 


-Double-frequency tuning reducés the peak 


impedance’ about 50 per cent. Values taken 

from this curve are used directly with either 

the single- -or double-frequency impedance 

curves of Figure 7. Type P-400 is 400- 

ampere size, and type P-800 is 800-ampere 
size 


determine losses in the cotpling eqtip- 
ment, since these losses at both the trans- 
mitting and receiving end must be added 
to the line losses. 

The line-tuning unit and coupling 
capacitor are adjusted on installation to 
be resonant with each other at the oper- 
ating frequency. Therefore, the losses in 
the line-tuning unit are related to the ca- 
pacitance value of the coupling capacitor, 
because this value determines how much 
inductance is required. If constant Q 
for the line-tuning unit is assumed, the 
coil losses are proportional to its in- 
ductance. In the range from 15 to 345 
ky, the capacitive reactance of standard 
coupling capacitors varies from 320 to 
4,250 ohms at 50 kilocycles, and corre- 
spondingly less at the higher frequencies. 
Table I shows the approximate total re- 
sistive component of standard-size cou- 
pling capacitors and their resonating in- 
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Figure 7. Resonance curves for typical line 
traps 
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ductances. The values of capacitor power 
factor and coil Q generally will differ in 
actual practice for a specific application 
from those used in the table. Therefore, 
the table should be used only for esti- 
mating purposes’ 

The losses’of the coil and capacitor add 
in this circuit to give a resistive com- 
ponent of about six per cent of the capaci- 
tive reactance; consequently, the equiva- 
lent series resistance for these two devices 
is between 20 ohms at 50 kilocycles for a 
15-kv capacitor and 320 ohms at 50 kilo- 
cycles for a 345-kv capacitor. 

Obviously, the losses will be negligible 
if the ratio of this resistive component to 
the characteristic impedance of the line is 
small, as it is in most cases. If the ratio 
does not exceed 1 to 5, the loss will be one 


_ decibel or less. However, coupling into a 


cable which has a low characteristic im- 
pedance, through a high-voltage capaci- 
tor, will introduce losses that must be 
taken into account. 

For example, in the case of a 69-kv 
coupling capacitor operating through a 
line tuner into a cable of 25 ohms char- 


acteristic impedance, the resistive com- 
ponent of the coupling capacitor and 
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Table |. Approximate Equivalent Resistance 
of Resonated Coupling-Capacitor Circuits 


Line Couplers or By-Pass Equipment 
Capacitor Power Factor=4 Per Cent 


wl. 
Coil Q=—= 
Ol R 50 


R=X (Power Factor+1/Q) 


———— 


Approximate 

Equivalent 

System Coupling- Resistance 

Voltage, Capacitor Reactance R, Ohms at 

Ky Value, uf at 50 Kc 50 Kc 

Pore Se OP OW: rere siabene 320)..4. shee 20 
28 eters O's O07 5 oerctate ss AZO irsferecanterte 25 
347550. 0005" Sea 640.. 38 
460 eo OS004- or Sak $0037. elie cee 48 
69) oe 0 0027.52 5-0 TSUGOS. chauseytepecy 70 
92 i. Os O02 Mor aee a: TGOOM TN as.c ee 96 
LES» .4,140' OOLST 55 vex FSO widened 104 
1380 ens 0 O01S ieee Ol i aes eke etn 139 
161... 000125 SES OO 5, clcicie eT arrt 153 
LOGE oe 0000942 nee S5390).o ota 203 
230 oes 8.10)..000942) ene 5 SOO cao arene 203 
PLS Celie, elo AOA OOO 5 as. 4 250), champeta: (ese 255 
OA De OO 00Gmmar ee pel) Use mere ae 320 


tuner will be 70 ohms, and the losses will 
be six decibels. 


By-Pass Equipment 


A by-pass unit is simply one or more 
coupling capacitors with their associated 
line-tuning units. 

If an autotransformer in a line must be 
by-passed, only one capacitor and line- 
tuning unit are required; however, if a 
breaker is to be by-passed, a coupling 
capacitor and line-tuning unit on each 
side of the breaker are required with 
drain coils to ground at the interconnec- 
tion between the line-tuning units. The 
drain coil avoids power-frequency charg- 
ing current being put on a de-energized 
line. 

The losses will be the same as for an 
equivalent number of coupling capacitors 
and line-tuning units, and like coupling 
capacitors will be of added importance on 
lines of low characteristic impedance. 


Coaxial Transmission Lines 


Coaxial cable is used in many installa- 
tions as the means of carrying transmitter — 
power through the switchyard to the line- 
tuning equipment and coupling capacitor. 
Likewise, it serves as a channel for the 
received signal coming into the receiver 
and as an interconnection between units 
of a by-pass arrangement. 

Such runs occasionally are in excess of 
1,000 feet but usually only a fraction of 
this. The cable losses increase with fre- 
quency. At 150 kilocycles the loss is 0.5 
decibel per 1,000 feet iff the type of cable 
in ordinary use. 

The transformer equipment that is 
supplied by the manufacturers of power- 
line carrier equipment for matching into. 
these cables is highly efficient and fully« 
adjustable, so that the input to the cable 


TRANSACTIONS 249 


$753 


E 


500-OHM CHARACTERISTIC IMPEDANC 
LINE TRAP~«4 COUPLING CAPACITOR 


TRANSMITTER OR RECEIVER) —> 
LINE-TO-GROUND CHANNEL WW 


SHUNT PATH THROUGH 
GROUNDED LINE TRAP 


DECIBELS LOSS 
w 


Po 800aT 50 KC BEBO 


— A000 -_ ee 


94 96 98 100 «= 102—é—‘«~C04H~Stsé«*086 
PER CENT OF RESONANT FREQUENCY 
Figure 8. Losses in 400-ampere (type-P- 
400) and 800-ampere (type-P-800: single- 
frequency line traps when a line-to-ground 
carrier channel of 500 ohms characteristic 
impedance is short-circuited through line trap 


and output from it can be matched prop- 
erly to the cable characteristic imped- 
ance, and no loss is encountered from mis- 
match conditions. 


Power-Line Carrier-Line Traps 


The attenuation due to line traps varies 
with the type of trap, the method of tun- 
_ing (single or double frequency), the rela- 
tion between the frequency being trans- 
mitted and the resonant frequency of the 
trap, and the conditions of the line be- 
yond the trap. 

The high-frequency current, after leav- 
ing the transmitter and the line-tuning 
unit, passes through the coupling ca- 
pacitor to the transmission line as shown in 
Figure 8. The current is divided into 
two parts, one part continuing down the 
line toward the distant terminal and the 
other part passing through the line trap. 
In Figure 8 it is assumed that the line be- 
yond the trap has zero impedance. Ac- 
tually, the line beyond the trap can be 
any impedance from zero to nearly in- 
finity and can be either resistive, capaci- 
tively reactive, or inductively reactive. 
The total reactance of the shunt path is 
the vector sum of the line-trap impedance 

- and return-path impedance. 

The line trap being a parallel resonant 
circuit displays an impedance which is a 
complex quantity whose components vary 
with frequency. The peak impedance at 
resonance increases with frequency as 
shown in Figure 6. On either side of 
resonance the impedance drops off as 
shown in Figure 7. The phase angle of 
the impedance also is shown on Figure 7. 
The impedance of the trap is inductively 
reactive below reSonance and capacitively 

reactive above. 

Consequently the sum of the line-trap 
impedance and the return-path imped- 
ance conceivably can be any combination 

~of reactance and resistance within the 
limits of these two elements. It can be 
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conceived that the reactive component of 
the line trap can resonate with an equal 
reactive component of opposite sign dis- 
played by the return circuit, thereby 
cancelling out the reactive components 
and leaving only the resistive compo- 
nents. If the line showed low resistance, 
this condition would produce a shunt 
path of low impedance with high attenua- 
tion. While theoretically possible, it is 
unlikely that this condition will be ex- 
perienced in practice. However, the 
condition where the return path is of zero 
impedance can be approached and for 
practical purposes may be considered as 
the extreme condition. 

The attenuation of the carrier signal 
by the shunt path through the line trap 
is shown in Figures 8 and 9. It will be 
seen that, as the carrier frequency de- 
parts from the resonant frequency of the 
trap, it suffers more attenuation. Like- 
wise, the double-frequency line traps do 
not offer so much impedance as the single- 
frequency traps, and therefore the attenu- 
ation is higher. The 400-ampere traps 
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Figure 9. Losses in 400-ampere (type- 

PDF-400) and 800-ampere (type PDF-800) 

double-frequency line traps when a line-to- 

ground carrier channel! of 500 ohms charac- 

teristic impedance is short-circuited through 
line trap 


because of their higher impedance show 


less attenuation than the 800-ampere, 


traps. 

These curves are based on the assump- 
tion that the transmitter is a constant- 
current generator, operating into a load 
impedance consisting of the line trap in 
parallel with the 500-ohm characteristic 
impedance of the line. The power into 
the 500-ohm branch decreases as the im- 
pedance of the line trap decreases. The 
constant-current characteristic is ap- 
proached closely by a transmitter whose 
internal impedance is high compared to 
the load impedance, as is the case with 
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transmitters having pentodes in the out- 
put stage. 

Examination of the circuit of Figure & 
will show that, if a receiver is considered 
instead of a transmitter, the results will 
be the same, and the curves are valid for 
the receiving end as well as the trans 
mitting end. In this case, the line is the 
current source, and the receiver can be 
assumed to be a 500-ohm load paralleled 
by the line trap. 

It should be noted that these curves are 
not for normal operating conditions but 
for a condition which for practical pur- 
poses may be considered as producing the — 
most attenuation. This condition is of 
importance in carrier relaying, because 
the channel over which a blocking signa! 
must be transmitted is paralleled by a 
path through the line trap and an ex- 
ternal fault. 


Conclusions 


1. Although the phenomena of high-fre- 
quency transmission are understood, there 
is still a lack of quantitative information on 
the high-frequency resistance of transmis- 
sion-line conductors and ground paths and 
the losses in the impedance introduced into 
a channel by coupling with other phase con- 
ductors. Power-line carrier-channel losses 
therefore are more reliably computed from 
formulas and curves based on empirical 
data, than from the basic formulas. 


2. Coupling capacitors, line-tuning units, 
and by-pass units normally are of such high 
efficiency in their operation that their losses 
may be neglected or appraised at some 
nominal low value in the order of one or two: 
decibels. However, in special cases such as 
the operation into lines or cables of low 
characteristic impedance, consideration of 
losses in the coupling capacitor, line-tuning 
units, and by-pass units is required. 


8. Line traps ordinarily function with very 
little loss, but if the channel is short-cir- — 
cuited-beyond the line trap, the attenuation 
becomes appreciable and of increasing mag- 
nitude as the frequency departs from reso- 
nance. The attenuation for side bands 
therefore is greater than for the carrier fre- 
quency. The calculation of losses through 
a line trap at a line terminal or spur line 


- should be based on the condition that the 


channel is short-circuited beyond the trap. 
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Effect of Altitude on Temperature Rise 


of Aircraft Transformers 


V. M. MONTSINGER 


FELLOW AIEE 


TE: PURPOSE of this paper is to pre- 
sent a method of calculating the 
effect of altitude on the temperature 
rise of various designs of aircraft trans- 
formers which are required to operate at 
extremely high altitudes. 

So far as is known the tests reported in 
Mr. Kiltie’s' paper are the first ones that 
have been made under conditions repre- 
senting such a wide range in altitude— 
up to 40,000 feet—on an actual trans- 
former. The fact that there is very close 
agreement between the calculated values 
and observed values lends confidence in 
our ability to calculate the effect of alti- 
tude on the temperature rise of other 
types of electric apparatus, provided, as 
pointed out later, that the percentages 
of the loss of heat by convection and by 
radiation at sea level are known. 

The effect of altitude on temperature 
rise of a simple piece of apparatus like a 
self-cooled transformer can vary as much 
as 2.5:1, depending on the per cent of the 
loss of heat by radiation (dependent on 
outside envelope of the cooling surface) 
and the loss by convection (dependent on 
the total developed area of cooling sur- 
faces), because only the loss by convec- 
tion is affected by altitude. It is for this 
reason that no two types of apparatus 
will be affected alike by altitude. 

The effect of altitude on transformers is 
of course least for one with a plain tank 
for which at sea level approximately 45 
per cent of the total loss is dissipated by 
convection and 55 per cent by radiation, 
and greatest where all loss of heat is by 
convection as from the inside of venti- 
lated windings of dry-type natural-draft 
transformers. 

As the aircraft transformer used for 
Mr. Kiltie’s tests had no ventilating ducts 
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in the winding and whereas most, if not 
all, of the losses were dissipated to the air 
from the outside surface, it should follow 
quite closely the behavior of a plain-tank 
surface. This is particularly true of the 
outer coil, since the temperature rises 
reported were those of the outside surface. 

Figure 1 shows temperature rise ver- 
sus loss of heat by convection and by 
radiation as calculated by equations 
shown with Figure 1. The barometric 
pressures used for p were based on equa- 
tion 11 of reference 2. 

As a basis for selecting the tested tem- 
perature rises of the coils, it is believed 
that the average of the rises obtained 
with and without the Durel mounting 
plate should be used to compare with 
the calculated rises. There is not very 
much difference—the calculated rise be- 
ing slightly higher than the tested when 
the mounting plate was used and slightly 
lower when the plate was not used. 

Table I shows a comparison of the 
tested and calculated rises for the outer 
coil. The calculated values were ob- 
tained by finding the total losses W, 
and W, from Figure 1 that correspond to 
the sea level temperature rise, and then 
finding by trial the temperature rise at 
the higher altitudes that gave the same 
total losses, the copper loss being cor- 
rected for the higher rise at the higher 
altitude. For example: for 150 degrees- 
centigrade rise at sea level, Figure 1 gives 
a total loss of W, and W,=1.91 watts 
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Surface Temperature 
Rise of Outer Coil, 

Degrees Centigrade . 
a Ratio of 


Altitude, > 
Feet Test* Calculated Copper Loss 
alee Hh Bg Ee Ee ee ae 
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per square inch, For 25,000 feet the loss 
is 1.91X1.055=2.02. A temperature rise 
of 173 degrees gives, by Figure 1, a total 
watts per square inch of 2.01. 

There is some uncertainty as to how to 
calculate the temperature rise of the inner 
coil, since the internal temperature drop 
should not be affected by air density to 
the same extent as the outside surface 
rise over air is affected. Unless low air 
pressure dffected the internal temperature 
drop, the increase in temperature rise of 
the inner coil should be approximately 
the same number of degrees as found for 
the outer coil, since most of its loss was 
probably dissipated to the air from the 
outside surface of outer coil, some from 
the edges of the inner coil, and perhaps 
some by the core. 

In Table II are the tested and calcu- 
lated temperature rises of the inner coil 
based on the assumption that its rise was 
increased by altitude the same number of 
degrees as the outer coil was increased. 

Table II indicates that the internal 


Table Il 


a a ES AD 


Temperature Rise of Inner Coil, 
Degrees Centigrade 


Sea- 
Altitude, Level Calcu- 
Feet Test* Test** lated 
Sealevel....... 196.5...:.. 196.5+ 0 =196.5 
12,000 .... ..209.5......196.5+11.5=208.0 
25,000 .......225 .196.5+23 219.5 
40,000 ... $289" Det bess 196.5+35 =231.5 | 


*Average of rises with and without Durel mounting 
plate. * 


**Calculated temperature rise of outer coil over rise 
at sea level. 
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Wc AND Wr — WATTS PER SQUARE INCH BY 
CONVECTION AND BY RADIATION RESPECTIVELY- 


8-TEMPERATURE RISE ~ DEGREES CENT'GRADE 


Figure 1. Loss by convection and by 
« radiation 


W,=1.4X 1078 X61-25p9-5 

p =relative air density to sea-level density 
W,=3.68 X10" "e(Te4 —Ti*) 

e =0.95 (emissivity factor) 

Tz =273+30+0 


T, =273+30-degrees-centigrade ambient 
temperature 
Altitude, 
feet:.Sea level. .12,000. .25,000. . 40,000 ~ 
Relative air 
-density:......1.0, .0.662. .0.425,.0.254 — 
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Rectifier Relay for Transformer Protection 


E. L. MICHELSON 


MEMBER AIEE 


HE BASIC PRINCIPLE of differen- 

tial protection of electric equip- 
ment consists of measuring the sum of the 
currents at the various terminals of the 
generator, transformer, or bus. If the 
vector sum of these currents is substan- 
tially zero, there is no fault; if the 
vector sum is not zero, a fault condition 
is indicated. 

In the case of transformer protection, 
the effect of the exciting current plays an 
important role, inasmuch as exciting 
current is equivalent to fault current 
from the standpoint of differential pro- 
tection. Under normal conditions of 
operation, when the exciting current is 
less than ten per cent of full-load current, 
the exciting current easily can be pro- 
vided for in the setting of the relay. 
However, because of the high value of 
exciting current which may flow at the 
instant a transformer is energized, un- 
necessary operations of the differential 
relay may occur when a transformer is 
being energized. 

The excessive exciting current which 
may occur at the instant of energizing a 
transformer, commonly known as the 
inrush current, is due to the combined 
effects of transformer saturation, residual 
magnetism, and the transient d-c com-* 
ponent in the current wave.! Inrush cur- 
rents are a random phenomenon and can 
vary in magnitude from practically nor- 
mal exciting current to several times full- 
load current of the transformer. In prac- 
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tice, heavy inrush currents can be ex- 
pected in a large percentage of energizing 
operations, since the conditions required 
for low inrush currents are rather limited. 
An example of a heavy inrush current is 
shown in Figure 1. In this case, the first 
peak has a value equal to approximately 
three times the full-load current of the 
transformer. 


Methods to Prevent Relay 
Operations Resulting from 
Inrush Currents 


The need to prevent operation of 
transformer differential relays due to 
inrush current has been accentuated 
greatly by the use of sensitive high-speed 
relays. With slow-speed and insensitive 
relays, the rapid decrement of the excit- 
ing current eliminates unnecessary relay 
operations. With sensitive high-speed 
relays, which trip in one to three cycles, a 


special method must be provided to pre- 


vent operations due to inrush current. 
Some of the methods which have been 
used for this purpose consist briefly of the 
following arrangements: 


1. One method makes use of the fact that 
inrush current contains a high percentage of 
harmonic currents and a large d-c compo- 
nent. The direct and harmonic currents are 


_ separated by means of filters from the funda- 


mental current and are used to restrain relay 
action. On actual faults, the harmonic cur- 
rents will be small compared to the total 
fault current and sensitive action is ob- 
tained.? 


2. In another method, voltage relays are 
used to block the tripping action of the dif- 
ferential relay, if there is no appreciable 
reduction in bus voltage at the instant of 
energizing the transformer. This blocking 
action exists only long enough to permit the 
inrush current to decline to normal value. 
If a fault exists in the transformer circuit at 
the time it is energized, the bus voltage de- 
creases and the tripping action of the differ- 
ential relay is not blocked. 


temperature drop through the insulation 
and air interstices was increased slightly 
by low air densities as would be expected. 
The important point to remember is 
that these tests gave the minimum effect 
of altitude on the temperature rise of 
air-cooled transformers, because the losses 
were dissipated from a plain surface in 
which the loss of heat by radiation (un- 
affected by altitude) in percentage of 
total loss was the maximum possible. 
Calculations indicate that, if the cop- 
per loss of this transformer had been 
dissipated entirely by convection air cur- 
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rents, the temperature rise at 40,000 feet 
probably would have been (when taking 
into account the increased copper loss 
due to temperature rise) in the order of 


350 degrees centigrade instead of 189.5. 


degrees centigrade. 
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3. Ina third method, the operating coil of 
the differential relay is desensitized for a 
short time after the transformer is energized. 
This is accomplished by partially short- 
circuiting the operating coil of the relay by 
the manual switch used for closing the trans- 
former breaker. It has been found that on 


- induction-type percentage differential re- 


lays with a minimum operating current of 
two amperes, a desensitized setting of four 
to five amperes gives satisfactory results. 


Principle of the Rectifier Relay 


This paper describes a new principle 
which has been applied for the purpose of 


eliminating incorrect relay operations 


resulting from inrush currents. The 
method used does not decrease the sensi- 
tivity of the relay at the instant the trans- 
former is energized. This principle of the 
new relay is based on the fact that the 
inrush current is a pulsating direct cur- 
rent of positive or negative polarity. 
Figure 2 shows the method used for tak- 
ing advantage of this situation. Two re- 
lays are used in series with dry-type rec- 
tifiers, so that one relay functions on posi- 
tive current and the other on negative 
current. In order to close the tripping 
circuit, both relays must be energized. 
In the case of an inrush current, only one 
relay will be energized and no tripping 
will result. In the event of a fault with 
substantially equal positive and negative 
currents, both relays will trip and the 
transformer will be cleared from the sys- 
tem. 


While the foregoing describes the prin- 
ciple of the rectifier relay from the theo- 
retical point of view, a very important 
practical situation must be taken into 
account. As shown on Figure 1, the in- 
rush current is by no means a direct cur- 
rent with respect to the secondary circuit, 
although the primary current is substan- 
tially direct. Within approximately five 
cycles after the transformer of Figure 1 
is energized, an appreciable a-c compo- 
nent of current appears in the secondary 
circuit. This alternating current is a re- 
sult of current-transformer saturation 
caused by the flow of direct current 
through the current transformer, a phe- 
nomenon which has been discussed and 
analyzed in recent AIEE papers.**4 The 
magnitude of the a-c component and the 
time required for it to appear in the cir- 
cuit will vary principally with the con- 
struction of the current transformer and 
the resistance of the secondary circuit. 


In order to prevent tripping due to the 
false a-c component, a time-delay auxil- | 
iary relay was added which functions in 
the following manner. As shown in Fig- 
ure 3, if either of the two primary relays 
trip, the auxiliary relay A is energized. 
After 1.5 cycles, the relay trips, contact A 
is closed, and a resistor R is connected 
across the current circuit of the primary 
relays. The effect of this resistor is to 
desensitize the primary relays, thus re- 


ELECTRICAL ENGINEERING 


. og eh 
A . ry 


Figure 1. Typical example of transformer in- 

rush current. First peak of lower wave is 

approximately three times full load current of 
transformer 


quiring a heavier current to trip. When 
the inrush current subsides to a value be- 
low the tripping value for the primary re- 
lay, the auxiliary relay drops out and the 
sensitive setting is re-established. In an 
application discussed later, it was found 
that a sensitive setting of 2.5 amperes and 
a desensitized setting of 5.0 amperes gave 
satisfactory operation. 

If a fault occurs with a symmetrical 
current wave, the two primary relays will 
trip in approximately one cycle and the 
auxiliary relay plays no part in the opera- 
tion. If a fault occurs with a displaced 
current wave, the action will depend upon 
the degree of asymmetry, the magnitude 
of the fault current, and the d-c decre- 
ment. In many cases, the fault current 
will be sufficiently high and the d-c decre- 
ment sufficiently fast so that the speed of 
tripping will not be affected by the de- 
sensitizing action. For faults with dis- 
placed waves of low magnitude and a 
relatively slow decrement of the d-c com- 
- ponent, the desensitizer will take effect 
and a fault current higher than the de- 
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Figure 3. Connection diagram showing use of 
time-delay relay for desensitizing primary relay 
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Figure 4. Connections of completed relay 


sensitized setting will be required for 
tripping. For the applications being con- 
sidered, this latter condition did not ap- 
pear to be very important, since even the 
desensitized setting of the relay was lower 
than the setting of comparable relays. 

One limitation arises in regard to the 
dropout value for the primary relays. 
It is necessary for the dropout current 
with the desensitized setting to be lower 
than the pickup value with the sensitive 
setting. If this condition is not obtained, 
it is possible for the breaker to be tripped 
at the instant when the primary relay 
drops out and sensitizes the relay. In the 
application described later, the pickup for 
the sensitive condition was 2.5 amperes 
and the dropout for the desensitized con- 
dition 2.3 amperes. 


Application of Rectifier Relay 


A number of laboratory tests were 
made with the relay described above with 
satisfactory results. Figure 4 shows the 
connections for the completed relay. This 
diagram shows three resistors; KR, is the 
shunting resistor of the foregoing dis- 
cussion, while R. and R; are connected 
across the coils of the primary relays. 


These latter resistors are used to set the 
primary relays and to obtain smoother - 


‘operation of the primary relays on the 
half-wave current. Telephone-type re- 
lays with copper slugs were used which 
further improved their operation on 
half-wave current. Selenium-rectifier ele- 
ments were used, four stacks being con- 
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nected in series to provide for the maxi- 
mum reverse voltage which could be ob- 
tained. Figure 5 shows the completed re- 
lay. Figure 6 is an oscillogram for a sym- 
metrical fault condition and shows the re- 
lay contacts of both primary relays clos- 
ing within 1.14 cycles after the circuit was 
energized. Figure 7 is an oscillogram for a 
condition of inrush current, and shows the 
contacts of one relay,closing, but no ac- 
tion on the second relay. 

This relay scheme was put in service for 
the differential protection of a transformer 
which had been giving considerable 
trouble due to unnecessary operations of 
the differential relay on inrush currents. 
The setting used was 2.5 amperes for the 
primary relays with the desensitizer in- 
creasing the setting to 5.0 amperes. This 
relay has been giving satisfactory service 
and has eliminated unnecessary tripping 
due to inrush current and at the same 
time has provided a more sensitive setting 
for actual fault conditions. 

It appears that the new relay described 
in this paper could be used advanta- 
geously in any application where satura- 
tion of current transformers may cause 
false tripping, such as bus differential and 
residual overcurrent relaying. Figure 8 
shows a typical example of the effect of 
current-transformer saturation on fe- 
sidualrelays. In this case, a residual relay 
was used on the 12-kv leads to a delta- 


Figure 5. Completed relay 
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Figure 6. Operation of rectifier relay for symmetrical fault condition 
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Figure 8. Oscillogram showing direct current 

through residual relay, with displaced fault 

current flowing in current transformers on A and 
C phases 


connected transformer. When a phase- 
‘to-ground fault was placed on the high- 
voltage star-connected winding, a heavy 
displaced current appeared in two of the 
phase leads on the 12-kv side of the trans- 
former. Unequal saturation of the two 
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current transformers caused by the d-c 
component resulted.in a considerable d-c 
residual current, as shown in the bottom 
trace of Figure 8. The rectifier relay 
would permit the use of an instantaneous 
sensitive setting without danger of trip- 
ping falsely forusesexemplified by Figures. 


Conclusion 


This paper describes a new relay for 
transformer protection and other appli- 
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Figure 7. Operation of rectifier relay for inrush current 


cations, which will not operate on the 
pulsating direct current that appears to 
be caused by transformer inrush currents 
and other causes. This action is obtained 
by using two primary relays, one operat- 
ing only on positive currents and the other 
only on negative currents. Under fault 
conditions, both relays operate and the 
faulted unit is tripped. If the current 
flows only in one direction, only one pri- 
mary relay will operate and no tripping 
results. 
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Voltage and Current Relations for 
Controlled Rectification With Inductive 
and Generative Loads 


K. P. PUCHLOWSKI 


ASSOCIATE AIEE 


LECTRONIC RECTIFIERS with 

controlled point of ignition are now 
used widely in various industrial-control 
and power-conversion systems. Al- 
though the principle of operation of thy- 
ratron and ignitron rectifiers is generally 
known, the analytical methods for calcu- 
lation of d-c output voltages of rectifiers 
have been surprisingly incomplete. For 
example, the calculation of a d-c output 
voltage of a polyphase rectifier with no 
delay of the angle of ignition or with a 
slight delay only is a conventional matter, 
since the necessary formulas can be found 
in standard textbooks. When, however, 
the point of ignition of a polyphase recti- 
fier is delayed beyond a certain critical 
value, the conventional formulas for d-c 
output voltages do not apply any more. 

A problem of somewhat similar nature 
is encountered in the case of a single- 
phase half-wave rectifier where the con- 
ventional expression for the rectifier out- 


put voltage: |e Ue 2E,/3 applies to: 


rectifiers with resistive loads only and is 
not valid in the case of an inductive load. 
An attempt to calculate the average 
value of the d-c load-terminal voltage 
for a single-phase half-wave rectifier with 
an inductive load becomes a rather com- 
plicated affair. 


If in ‘addition to-a resistance. and an . 
- inductance the load circuit of a poly- 


phase rectifier with considerably delayed 
firing also includes a direct-voltage gen- 
erating element such as the electromotive 
force of a running d-c motor, the relations 
become even more involved. The signifi- 
cance of highly delayed firing of rectifiers 


“is apparent if one will consider their 


application to control and regulation of 
field currents of various rotating ma- 
chines and as a controlled voltage supply 


for armatures of d-c motors in electronic 


adjustable-speed drives. 
The problem of determining the output 


voltages of a p-phase rectifier with de- 
layed ignition can be analyzed as two. 


distinct cases with different relations in- 


Paper 45-53, recommended by the AIEE committee 
on electronics for presentation at the AIEE winter 


technical meeting, New. Vork, | N:, Y 5. January 


22-26, 1945. Manuscript gabautted November 24, 


1944; made available for printing February 29, 
1945. 


K. Pp. pucaLoweer is design engineer, industrial-— 


control engineering department, Westinghouse Elec- 
tric and icky oe ta Comper’: East apes 
= Lies oy 


May 1945, Vouume 64 


volved in each case. The first is the 
rather well-known case where the current 
flowing in the load circuit has a continu- 
ous character: that is, at no time it drops 
to zero although it may contain a more 
or less pronounced a-c component. This 
is the case usually encountered in poly- 
phase rectifiers with no delayed firing or 
when the firing is only slightly delayed. 

If the firing, however, is delayed be- 
yond a certain critical point, the current 
in any polyphase rectifier will become 
discontinuous: that is, it will consist of 
separate pulses so that within a certain 
portion of the cycle no current will flow in 
the load circuit. The conventional ex- 
pressions for rectifier direct voltages are 
not valid in this case, and very little can 
be found in technical literature about the 
proper manner of attack of such a prob- 
lem. This surprising gap undoubtedly is 
caused by the apparent complexity of re- 
lationships involved and the difficulty in 
adapting these relations to practical prob- 
lems. 

This paper presents an outline of gen- 
eralized relations for average values of 
direct voltages of a p-phase rectifier for 
both cases of continuous and discontinu- 
ous conduction. The very natural ques- 
tion how to determine the critical point 
of ignition which separates the two cases 
is, of course, of particular interest, and 
this problem is given special considera- 
tion. A relatively simple method of cal- 
culation of direct voltages and currents 
described in this paper is illustrated by 
two examples. 


Case of Continuous Conduction 


The basic diagram of connections of a 
symmetrical p-phase rectifier with con- 
trolled point of ignition is shown in 
Figure 1, and the graph of the anode 
supply voltage and the d-c load voltage 
is given in Figure 2. 


For a p-phase rectifier the phase dis- 


placement of two consecutive anode 


voltage waves (Figure 2) is 


ih es u 


If the transformer leakage reactance 


- 


_ is neglected, an instantaneous commuta- 


tion will be obtained, and each rectifying 


element will conduct over the period 
Z from xz to yt Qar/ D, where xis the point 
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’ current. 


of ignition, and the average value of the 
rectifier output voltage (Figure 2) will be 


] 
Eac=75~\ as p/2E, sin xdx 
(7=) ay 


or, after the integration, 


EK; 2 
ae = cos Xf—Cos (+7) (2) 


Expression 2 is a different form of a 
well-known formula for the rectifier out- 
put voltage which can be found in text- 
books. The introduction of the angle of 


ignition x; in expression 2 seems advis- 


Ignition | 


| | 
R ‘he (+ | CONTROL 


LOAD 
Figure 1. | Power circuit of a controlled poly- 
phase rectifier shown for the case p=3 


able from the point of view of unification 
of different formulas for rectifier output 
voltages. 

If the are drop of the rectifier E, is 
taken into account, the rectifier output 
voltage will become 


pEs 2 

Eac= TEs [cos 2,c0s («+75)] —E, . 
; (3) 

or 

E 2 2 
Eac= as E xy—Cos («,+7*) —ao a 
(3A) 
where 
Ban 28; 


Equation 3 also represents the direct 
voltage at the load terminals of the rec- 
tifier E,,’. This is true also in the case 


where the load circuit contains an elec- - 


tromotive force opposing the flow of 
This apparently self-evident 
fact is mentioned here because, as it will 
be seen later, it does not apply to all 
cases of rectification. i 
From Figure 2 it becomes apparent that 
if the arc drop is neglected the minimum 
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VOLTAGE 


Figure 2. Anode supply voltage and d-c out- 
put voltage of a polyphase rectifier (p= 3) 
with delayed ignition 


Transformer leakage reactance neglected 


theoretically possible value of the angle of 
ignition is 


1 Qa 
z¢ 


so that in general the limitation for the 
firing angle is 


1 2a 
ato) - 


Attention must be called to the fact 
that limitation 4 does not apply in the 
case of p= 1, that is, to a single-phase half- 
wave rectifier. Besides, it must be noted 
that additional limitations caused by a 
counter electromotive force in the load 
circuit may exist. These additional 
limitations are discussed in the next part 
of the paper. 

If the transformer leakage reactance 
is taken into account the extinction of arc 
in the outgoing rectifying element 
(anode) will be delayed so that a definite 
commutation period will exist during 
which the two rectifying elements: will 
conduct current simultaneously, and dur- 
ing this commutation period the load 
voltage will follow the average of the two 
anode voltages.! In this case the graph 
of the rectifier output voltage is as shown 
in Figure 3. 

The effect of transformer reactance is 
part of the voltage regulation of the rec- 
tifier transformer and lowers the volt- 
age output of the rectifier. This internal 
voltage drop of the transformer is di- 
rectly proportional to the load current 
and to the reactance of the transformer, 
and is represented by the expression :! 


if acX, Lac F 


: AEa-5 an, sin (1/P) 


where 


Iac=d-c load current 
_ X,=leakage reactance of transformer 
E,=a-c supply voltage (transformer second- 


ary) 
p=number of phases 


It is evident from expressions 3 and 5 
that:in the case of continuous conduction 
the output voltage of the rectifier, that is, 
the voltage at the load terminals does not 
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(5) 


depend upon the inductance of the load 
nor upon any counter electromotive 
force which may be part of the load cir- 
cuit (motor, battery). 


Case of Discontinuous Conduction 


If the angle of ignition is delayed be- 
yond a certain critical point the cur- 
rent in the load circuit of the rectifier will 
become discontinuous: that is, it will 
drop to zero in the outgoing rectifying 
element before the incoming rectifying 
element will start conducting, so that 
there will be a definite period during 
which no current at all will flow in the 
load circuit. 

This case has a particular significance 
wherever controlled rectifiers are used to 
supply a very wide range of load volt- 
ages such as in different control and 
regulating systems, rectifier motor drives, 
and the like. 

Figure 4 represents a positive half of 
the anode supply voltage of a rectifier 
without any reference to the number of 
phases. It can be well understood that 
since no commutation in an ordinary 
sense will exist between the rectifying 
elements it is immaterial for the analysis 
of the individual current pulse whether 
it has been produced by a one-, two-, 
three-, or a p-phase rectifier. 

Figure 4 is of particular importance 
since it illustrates a number of basic 
designations used in subsequent parts of 
this paper. All the electrical angles are 
referred to the initial 0 point as shown in 
the graph so that the equation of the 
anode supply voltage (with respect to 
zero line X) is 


e=+/2E; sin x 


where #; is the rms value of the a-c supply 
voltage and x= wt the variable time angle. 

The sum of the electromotive force (E,) 
present in the load circuit and opposing 
the flow of current (Figure 4), such as the 
electromotive force generated in the ar- 
mature of a rotating d-c motor, and of the 
constant arc drop of the rectifier E, is 
represented by Ea 


Eq=E,+£, 6) 


Obviously, the current flow in the load 
can be produced only by that portion of 
the anode supply voltage which rises 
above the constant voltage Ey so that 
in effect all the values of load current 7 
and of the voltage drop caused by this 
current must be referred to a new zero 
line X’’ shifted by Fa with respect to 
zero line X. 

The angle of ignition, that is, the point 
at which the rectifying element starts con- 
ducting, is designated by x; The angle 
of extinction of the are or the point at 


which the rectifier stops conducting is. 


designated by «xs. 

If for.the sake of simplification it is 
assumed that the minimum starting volt- 
age of the rectifier is equal to the arc drop, 


, 
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then it becomes apparent from Figure 4 
that the range of the angles of ignition is 


Hy <x < Xe (7) 
If the voltage coefficient a is intro- 
duced, 
eo Ea _E,+Eo 
ON 2, \/ 2B 


the expressions for x; and x, will be as 
follows: 


(8) 


%,=sin-! a (9) 
X2=7r—sin! a (10) 
and the range of angles of ignition will be 
(11) 
When there is no electromotive force in 
the load circuit (E,=0) - 
Eo 

=== 

° /2Es 


In this case the load voltages must be re- 
ferred to the zero line X’ (Figure 4). 

For an ideal rectifier without Bae arc 
drop, 


sin-!a<x;<mr—sin- la 


a=a'= se 
V2Es 


and if there is no electromotive force in 
the load circuit, then a=0, and the maxi- 
mum possible theoretical range of firing 
angles is 


O0<xy<r 


The analytical relationship between the 
angle of ignition x, and the angle of ex- 
tinction x; as derived by Vedder and 
Puchlowski? is 


cos @ sin (xs—6) —a+ 
_%s—2y 


[a—cos 6 sin (xr—@) Je pert 


(12) 


where @ is the impedance angle of the load 
circuit that is 


tan @=— 


R 
Jf R2+e2L? 
R=resistance of the load circuit 


L=inductance of the load circuit 
w=2nf (f=supply line frequency) 


cos 6= (14) 


Although the equation 12 cannot be 
solved explicitly for xs, the value of the 
angle of extinction can be calculated with 


. satisfactory degree of accuracy for given 


values of x;, 6, and @ in accordance with 
the relatively simple method of gradual 
approximations which will be presented 
later in this paper. 

Values of xs as a function of xy calcu- — 
lated from equation 12 are plotted in the — 
form of several families of graphs in Figure 
5. . 


All the curves of x,=f(x,) for the same _ 


value of the coefficient @ converge at a — 
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point corresponding to x,;=x;=X2, as 
can be understood easily from Figure 4. 
All these points of convergence lie, of 
course, on the straight line A-C (Figure 
5) which determines the maximum pos- 
sible value x2 of the angle of ignition x, 
for a given value of coefficient a (expres- 
sion 10). The straight line A-B deter- 
mines the minimum possible value x; 
(expression 9) of the angle of ignition x, 
for a given a. 

It may be interesting to note that for 
the border case of a purely resistive load 
L=0 (cos 6=1) the angle of extinction 
x; is solely a function of the coefficient a 


and is independent of x;: 
Xg=X2=ma—sin 1a 


(15) 


as can be understood from Figure 4 or de- 


‘rived directly from equation 12. 


For another border case of a purely in- 
ductive load R=0 (cos @=0) equation 12 


VOLTAGE 


Figure 3. Anode supply voltage and d-c out- 
put voltage of a polyphase rectifier (p =3) 
with delayed ignition 


Transformer leakage reactance considered 


cannot be used to calculate xs since, 
though it is fulfilled also in that case, it 
becomes an identity. 

For cos ¢=0 the value of x; can be ob- 


tained from the following relationships: 


For a=0 (rectifier without are drop), 


Xs=2r—Xyz (16) 
For a>0,-. 
cos Xs+0xXs=COS xytaxy - (17) 


Equation 17 can be obtained directly 


from equation 20 for the condition cos ¢= 


0, Ia-R=0. 

Relationship 16 is represented in Figure 
5 by the straight line C-D. Relationship 
17 is also plotted in Figure 5 as part of 
each family of curves for a given value of 
coefficient a. 

Figure 5 gives a clear picture of the 
maximum possible range of angles of ig- 
nition and angles of extinction for differ- 
ent coefficients a. As an example the 
maximum range of points of ignition «, 
for a=0 is represented by B-C and for a= 


0.8 by M-N. Similarly, the maximum - 


range of angles of extinction x, for a=0 
is represented by B-D and for a=0.8 by 
M-K. For a=1 the whole operating 


area of angles of ignition and extinction 
contracts into point A. 
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The average value of the rectifier out- 
put voltage Ez, can be calculated directly 
from Figure 4 by integrating the anode- 
voltage function with respect to zero 
line X’ (taking into account the arc drop 
of the rectifier) over the period of con- 
duction x,—x,; and averaging the result 
over the entire phase cycle 27/p, 


il 4) e 
Ea=3—~ (1/2 E; sinx—E, )dx 
p 


E 
Bae= “ee [00s Xy— COS Xs—Ao(xs—x,)] (18) 
Eo 19) 
a= 
: V/2E; : 


If the load circuit contains an electro- 
motive force E, opposing the direction of 
current flow (Figure 1) the average value 
of the Jg,R voltage drop in the load 
(armature-voltage drop, for instance) can 


be calculated by integrating the voltage 


function with respect to zero line X” 
(Figure 4) over the conduction period of 
the rectifier x,—x,, and averaging the re- 
sult over the phase cycle 27/p, 


1 Zs Ee 
Ta.R=>—~ (\/2 Es sin x—Eq)dx 
(=) 2 


Pp 


Es 


P 
V/ 26 


IacR= 


[cos xs—cos xs—a(xs—xy)] (20) 


where 


__Ea__Eut Es 
/2Es /2Es 


The average direct voltage at the load 
terminals then will become 


Eac’ F TacR +E, 


E 
= ae [cos x7—cos x3—a(x, —x7)]+Ey 
us 
pEs ; 
Eae’= 7 E xy—COS Xs— 
2a 


sal%s—%9) +0’ | (21) 


(22) 


When the load circuit does not con- 
tain any generative element, that is, 
E,=0, then from expression 8 @=d)= 
E,//2E;, from expression 22 a’=0 and 
expressions 20 and 21 become identical 
with the expression 18. Hence, for Ey= 
0 the average direct voltage across the 
load terminals E,’ is equal to the average 
direct-voltage drop in the load Ja,R and 
equal to the rectifier output voltage Eac 


Ead =Eac=TacR (23) 
for E,=0 


General Remarks on Voltage 
Relations 


The comparison of expression 18 for 
the rectifier output voltage in the case of 


Puchlowski—Voltage and Current Relations 


discontinuous current with expression 3A 
for the rectifier output voltage in the case 
of continuous current reveals that ex- 
pression 3A can be regarded as a particu- 
lar case of the general expression 18. 
Obviously, when the load current be- 
comes continuous the angle of extinction 
x; for a given rectifying element becomes 
equal to the commutation angle «;+27/p 
(Figure 2): 
2r 
X—=Xy+— 
ad aa 3 
By substituting expression 24 for x, 
in equation 18, equation 3A is obtained. 
Thus on the basis of previous considera- 
tions a following generalized scheme of re- 
lations can be set up: 


(24) 


1. The average value of the rectifier output 
voltage Eg, is represented by the general 
equation 18, which in the case of continuous 
current is transformed into equation 3A. 


2. The average value of the load-terminal 
voltage Eg,’ is represented by equation 18 
in the case of R, L load and discontinuous 
current, and by equation 3A both for R, 
L, and R, L, Ey loads in the case of con- 
tinuous current. 


3. The average value of load-terminal 
voltage Eg,’ is represented by equation 21 
when the current is discontinuous and the 
load contains R, L, and Ey. 


The case 3 stands out as a rather pe- 
culiar case in rectifier practice since here 
the load-terminal voltage is not equal 
to the rectifier output voltage. This 
situation normally is encountered where 
a rectifier is used to supply the voltage 
to the armature of a d-c motor, and to 
control the speed of the motor within a 
wide range by controlling the armature 
voltage. In general, the technical litera- 
ture contains very little on the analytical 
aspects of this subject,’ apparently be- 
cause until recently the rectifier-motor 
drives had been in the stage of infancy, 
and only quite recent developments 
have aroused considerable interest in 
such systems.*:>.® 

The fact that in the case of a genera- 
tive load with discontinuous current the 


eh 
oO 
ras 
pe! 
fo) 
> 


Figure 4. Anode supply voltage, load-ter- 
minal voltage, and load current referred to a 
single rectifying element 


General case of a generative load (Ey) 
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q 


_ cos @=0 continuous conduction will be - 


load-terminal voltage is not equal to the 
rectifier output voltage can be understood 
even without any reference to analytical 
relations. Figure 4 shows clearly that 
during the nonconductive period of the 
rectifier the voltage at the load terminals 
is equal to the electromotive force gen- 
erated in the load. On the other hand, 
the rectifier output voltage during the 
nonconductive period is equal to zero. 

Thus, for the discontinuous conduction 
of a rectifier with load containing a coun- 
tervoltage 


Fac’ > Eac (25) 


Critical Point of Ignition 


When the point of ignition of a rectify- 
ing element of a polyphase rectifier 
(Figure 2) is delayed beyond the firing 
point which may be called ‘“‘critical point 
of ignition,” the current in the load will 
become discontinuous; that is, each rec- 
tifying element will conduct an individual 
pulse of current, and there will be no 
commutation from one anode to the next 
anode. 

It is apparent from Figures 2 and 4 
that this critical point «,, must satisfy 
the following equation: 


2 
x= xpe-+— (26) 
p 
; 
Xpe=Xe—— (27) 


and continuous conduction will be ob- 
tained when 


. 

ice = (28) 
P 

while the condition for discontinuous 


conduction is: 


Qa 
Ras 


(29) 

The higher is the value of the imped- 
ance angle of the load, the higher are the 
values of x, (Figure 5) and x,, (equation 
27), and, consequently, the wider is the 
range of points of ignition for which 


continuous conduction is obtained (see 


condition 28). 
This does not mean, however, that for 
purely inductive load with 6=72/. and 


obtained throughout the entire range of 
possible angles of ignition: 


sin~! a<axy<mr— sin-1a 


On the contrary, there exists a maximum 
critical angle of ignition xyemax stich that 


- when the ignition of the rectifying element — 
_ is delayed beyond this point the conduc- 


tion always will be discontinuous, irre- 
spective of how high the load inductance 
may be, that is, even for cos 9=0. 


This maximum critical point of igni-— 


tion can be calculated under the assump- 
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‘Xfe max= sin! a 


Figure 5. System of 


graphs representing | 
. + + 
x,=f(x,) for differ- oe 1 
=< 
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tion of purely inductive load (cos 6=0) 
from equation 17 by substituting x, from 
expression 26 into equation 17: 


( 72) te ( 5) 
COS | Xo max > _ Q Xfemax Tt _ | ° 
p p 


= COS Xf¢ max +ax7¢ max 


Hence, 
. wa a : 
max — in * a 30 
Se OE pap) oe 
where 
fee Soe 31 
po paneer Se 


Equation 30 does not apply to p=1, 
that is to single-phase half-wave recti- 
fiers, since for these rectifiers the con- 
duction is discontinuous for any pos- 
sible firing angle. 

For an ideal rectifier (E,=0) a=0 (for 
an R, L load). Also, in many practical 
cases a is so small that it may be assumed 
equal to zero. : 

Then from expressions 30 and 31 


wT 
Xfe max = —— 


Since the range of possible firing angles 
is represented by the limitation 11 it is 
evident that when 


(32) 


the current in the load will be discontinu- 


ous even for a purely inductive load (cos = 


0) for any possible angle of ignition of the 
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ANGLE OF IGNITION. xX¢ 
DEGREES 


rectifier. From the relationship 32 one 
can calculate the critical value a, of the 
coefficient a such that when a > a, the 
current always will be discontinuous 
for any possible angle of ignition. 

From the relationships 32 and 30 the 
following equation for a, is obtained: 


sin-2 5 La — sin-! og (33) 
p sin (x/p) 
Hence. 
“dns sin (x/p) 
= ~ PM 
yen (x/p) +(cos («/P) at) 
; (34) ~ 
where » | 
p¥1 : 


Calculations of the Angle of 
Extinction—Method of Gradual — 
Approximations | Sey 


In the course of previous considera- 
tions the significance of the concept of 
the angle of extinction was fully empha- 
sized. In order that fundamental expres- 
sions 18, 20, 21, and 27 can be used di- 
rectly as practical formulas for calcula- 
tions of the load-terminal voltage and for 
determination whether discontinuous or 
continuous conduction of the rectifier is 
obtained, a relatively simple and accurate — 
method to determine x, is necessary. 

The basic equation 12 which represents 
the relationship between the angles of 
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ignition and extinction, transformer volt- 
age and circuit constants, is a theoreti- 
cally accurate analytical relationship, but 
it has the disadvantage that x, cannot 
be expressed as an explicit function of 
Xy, a, and @. 

However, the following method of grad- 
ual approximations will permit to calcu- 
late x, in a relatively simple manner with 
any required degree of accuracy. 

The family of graphs shown in Figure 
5 where x, is plotted as a function of x, 
for a set of values of a and cos 6 covering 
the entire range of 0<a<1 and 0< cos@<1 
can be used to determine directlyby in- 
terpolation the first approximation x,’ 
of the angle of extinction. 

Equation 12 can be represented as 
sin («,—6) _fs—-4y 
tan 6 


Satie lax cos 6 sin (xy—é@) Je (35) 
cos 6 


Introducing the following designations: 


A=a-— cos @ sin (xz—8) (36) 
_4(Za—Zf) 

be 180 tan @ (37) 

M= sin (x;—8) (38) 
—AB 

ee (39) 
cos 6 . 

we obtain from equation 35 

x= sina N--0 (40) 


where x, = +—sin~'a. 

On the basis of the first approximation 
x,’ obtained from Figure 5 the values M’ 
(equation 38), N’ (equation 39), and x 
(equation 40) are calculated. Then the 
second approximation of the angle of ex- 
tinction x,’’ will be obtained from one 
of the three formulas, for one of the 
four possible conditions as specified in 
Table I. 

The significance of expressions for oat 
shown in Table I can be understood if 
attention is called _to the fact that for 
M’>WN’ the actual solution x, of equation 


35 is 

ve gt 

and for M’< N’ 
Ras, 


and also that the value x,; as compared to 
that of x,’ is indicative of the necessary 


_ degree of correction. 


Very often the second approximation 


_x,/’ will represent a sufficiently accurate 
- solution of equation 12 (or 35). Usually, 


Gf the conditions are such that formula 


Pie Oe +%a)/2 (Table I) was used to . 


Then, the third approximation x,’’’ will 
be obtained from one of the three formu- 
las as shown in Table II, analogous to 
Table I. 

Obviously, this procedure can be car- 
ried on until the required degree of ac- 
curacy is obtained. In most practical 
cases, however, the second or third ap- 
proximation yields sufficiently accurate 
results. -For many estimating purposes 
even the first approximation x,’ ob- 
tained directly from Figure 5 may prove 
entirely adequate. 


Examples 


Two examples of calculations will be 
given here in order to emphasize the 
practical significance of previous con- 
siderations and illustrate the application 
of several basic formulas. 

Example 1. Calculate the direct 
voltage at the load terminals and load 
current of a single-phase half-wave 
phanotron rectifier (no grid control) for 
the following set of conditions: 

Rectifier supply volt- 

DIS Oech cebaisos ke, 218 seere E,=110 volts 
Resistance of the load.. R= 10 ohms 
Inductance of theload.. L= 52 millihenrys 
Line frequency......... f= 60 cycles per 

second 
Rectifier arc-voltage 
CLOP samt tree E,= 15 volts 


From eqtiation 13, 


_877X0.052 
= 10 


@=62°58’, cos 0=0.4545 


= 1.96 


From equation 8, 


= 0.0964 


Sate 


The angle of ignition from equation 9 


of the angle of extinction for a=0.0964, 
cos0=0.4545 and x,=5°32’ is x,’=242°. 
From equations 36, 37, 38, 39, and 40, 


— 62°58’) 
=0.4791 


A =0.0964 —0.4545 sin (5°32’ 


_ mw X (242 — 6.53) 
Bia eee rs 0179 
M’= sin (242° —62°58’) =0.0169 
_ 0.0964 —0.4791 x 0.122 
0.4545 
Xa = sin~! 0.0835 -+62°58’ =238°11’ 
M’<N’ 


= 0.0835 


SO! 


Thus, the second and sufficient approxi- 
mation (from Table I), 
awe ve! pam _2424+238°11" oe, 

2 2 
The load-terminal voltage (from equation 
21 for a’=0), 


110 
y= eee eo 5°32’— cos 240°6’ — 
240.1 5.53 
0,0564|  A220:) 2 = O52) aor vel 
180 180 


and the load current (Eq,’/=Ig-R for 
a’=0), 


1D pe SPM” 
. lac= eon rie .72 amperes 
Example 2. A three-phase —_ con- 


trolled rectifier is supplying the power 
to the armature of a one-horsepower 
230-volt four-ampere 850-rpm d-c motor. — 
Calculate the armature current, the ar- 
mature voltage, and the theoretical 
rectifier output voltage, assuming that 
the ignition of the rectifier is delayed to 
be xy=110° and that the motor is run- 
ning at the rated speed. 
The following figures are known: 


(the rectifier without delayed ignition): Transformer otra eres volts 

Zy.= sin-1 0.0964 =5°32” Armature resistance.... R= 3 ohms 
ge PS Armature inductance... L= 70 millihenrys 

From Figure 5 the first approximation Rectifier arc drop....... E,= 15 volts 


Table | 


determine x,’’, the latter may be assumed 

to bea fairly "close. approximation of’ x;. a athe er 
A wr Enea ee 

- Otherwise, it is recommended to deter- REPTILE AVE OR ot th EP FF ere eS a a : : 

mine the third approximation ~s 
using x,/’ as a basis for calculation of M’’ oe =f oe Bs Eas 
2 A : Pe Pe Xs 
(equation 38), B’’ (equation 37), N” - Mag Steg moe ipo tenet e ents : ; ee 3 


equation. er Cae Le ae 40). pe ee ee 
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eee ae a 


At rated speed the electromotive force 
of the motor, 


E,=230—4X3 =218 volts 
From equation 13, 


377 X0.07 
tan @=— 


=8.8 


6=83°32’, cos d=0.1126 


From equation 8, 


2 5 
ee ad 
4/2 X350 
From equation 19, 
15 
oO /2X350 


From Figure 5 the first approximation 
of the angle of extinction for a=0.471, 
cos 6=0.1126 and xy=110° is 


54 SS IBS= 
Thus, from equations 36, 37, 38, 39, and 
40, 
A=0.471—0.1126 sin (110° — 83°32’) 
=(0.4209 
_ a X (183-110) 
Bie MX 20.865 


M’' = sin (183° —83°32’) =0.9864 


i 0.471 —0.4209 X 0.865 
* 0.1126 


=0.95 


pS SO OS +83°32’ =191°43’ 
Since 


M'>N’, %1>%s' 


then from Table I the second approxima- 
tion 
yy _%s' Ft 183° 4+191°43" 


xs = =— 


2h 


\ The corrected values BY, View N’’, and 
, 
Xsq are 


iS ode, 


_ a X (187.35 — 110) 

Pee ie a = 0.858 

M"' = sin (187°21'—83°32') =0.9711 

tt 20-471 = 0.4209 X 0.858 
0.1126 


Xgg= sin—} 0.9775 +83°32’ =185°42’ 


=0.9775 


Here M”’ < N’’ and xy < x,’ and from 
Table II the third approximation, 


vy 1 ven / ° / 
pinta Hin _1BTPRN + 185742" sno 


The critical point of ignition (equation 
27), 


180 X2 
Ben inensar ee E 
joe ee 


=66°32’ 
Hence, itis apparent that x; > x,y, and 
a discontinuous conduction is obtained. 
To calculate the armature current one 
- must refer to formula 20 or 21. 
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From formula 20, 


TacR oe: a os 110°= cos: 186°32°— 
; / 2a 
471 a X186.53 727X110 
a 180 180 
SESS =4.72 volts 
4/20 
Hence the armature current, 
(Gi en ome 
lae=—3 =1.57 amperes 


The armature voltage (load-terminal 
voltage), 


Ege =EgtlacR =218+-4.72 = 222.72 volts 


Obviously, the value of Eg,’ could be 
calculated directly from equation 21, 
and the same result would be obtained. 

The rectifier output voltage from 
equation 18, 


50 
eee cos 110°— cos 186°32’— 
a/ 2 
186.53 110 
0.0303( mee = 144.3 volts 
180 180 


This voltage, of course, is a purely 
theoretical one and cannot be measured 
directly. Thus the relationship 25 is 
confirmed. 

If in the course of calculations the angle 
of ignition would be found smaller than 
the critical angle of ignition «,,, it would 
mean that continuous conduction is ob- 
tained, and the armature voltage, equal 
to the rectifier output voltage, would be 
calculated from equation 3 or 3A. 

Usually, the conditions for continuous 
or discontinuous current 28 and 29 can be 
checked by using the first approximation 
of the angle of extinction taken directly 
from graphs in Figure 5. 


Conclusions 


The generalization of expressions for 
the rectifier output voltage and load- 
terminal voltage to cover all cases of 
controlled rectification for both continu- 
ous and discontinuous conduction and for 
any number of phases seems to be of par- 
ticular significance. Clear distinction 
between the concepts of the rectifier 
output voltage and the load-terminal 
voltage is necessary, particularly in the 
case of discontinuous conduction with a 
generative load. The determination of 
the critical angle of ignition, separating 
the cases of continuous and discontinu- 
ous conduction, is of great importance 
when dealing with rectifiers with a wide 
range of firing. 

Circuit constants have a predominant 
effect on both load-terminal voltage and 
the output voltage of a rectifier operat- 
ing with discontinuous conduction. 

‘The method of calculation of angles of 
extinction discussed in this paper enables 
to use relatively simple formulas for 
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average values of direct voltages. As the: 
examples have shown, this method permits. 
to perform the calculations efficiently 
and without any reference to complicated 
relationships. 


List of Symbols 


A =term (equation 36) 

a=voltage coefficient (equation 8)) 

ao =voltage coefficient (equation 19)) 

a’ = voltage coefficient (equation 22): 

a,=critical value of voltage coefficientt 
(equation 34) ; 

B=term (equation 37) 

E;=1ms supply voltage (transformer second— 
ary) 

Eac=rectifier 
value) 

Ea’ =load-terminal voltage (average value) 

E,=direct voltage generated in load circuit 
(opposing electromotive force) 

E,=arc-voltage drop of rectifier 

Eq=E,+£o 

e=instantaneous value of anode supply 
voltage 

Tac=rectifier load current (average value) 

L =inductance of load circuit (in henrys) 

M=term (equation 38) 

M’, M’’, M'”’ =intermediate values of term 
M 5 

N=term (equation.39) 

N’, N’’, N’’ =intermediate values of term 
N 

p=number of phases (secondary) 

R=resistance of load circuit 

x =wt=variable time angle 

xy=angle of ignition (firing) 

x, =minimum possible angle of ignition 

x2 =maximum possible angle of ignition 

Xfe=critical angle of ignition 

Xye max =Maximum critical angle of ignition 

x; =angle of extinction 

Xs’, X5'’, Xs’/’ =first, second, third approxi- 
mations of the angle of extinction 

Xs1, X sq, Xs3 =intermediate values of the angle 
of extinction (equation 40) © 

6 =impedance angle of load circuit 

w =2zaf =angular line frequency 

w=3.1416 

€=2.7183 


output voltage (average 
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Improved Fault Protection for Rural 


Distribution Systems 


A. VAN RYAN 


ASSOCIATE AIEE 


Synopsis: The use of automatic oil circuit 
teclosers on rural distribution lines has re- 
sulted in improved continuity of service as 
well as reduced maintenance cost. How- 
ever, automatic circuit reclosers now in 
use are limited in application because of 
their inability to co-ordinate properly with 
fuses on the load side of the reclosers. An 
improved oil circuit recloser has been de- 
signed to incorporate the advantages of 
minimum time-delay opening on the first 
and second operations to clear all transient 
faults on the protected section, and greater 
time-delay opening on the third and fourth 
Operations to allow the blowing of a sec- 
tionalizing or transformer fuse to isolate a 
permanent fault without causing a lockout 
of the recloser. A description is given of 
the design, operation, and advantages of 
this recloser which permits clearing of all 
transient line faults and isolates permanent 
faults by properly co-ordinating with sec- 
tionalizing fuses. 


Improved Equipment Is Required 


URAL distribution systems with 
their long lines and small loads scat- 
tered over large areas depend, for their 
economical operation, upon low cost of 
installation, minimum cost of mainte- 
nance, and maximum continuity of service. 
With the expansion of these systems 
and the consequent greater cost of service 
trips, the need has arisen for improved 
low-cost equipment which is capable of 
decreasing the number of outages thereby 
reducing the maintenance cost. + 
Experience has proved that approxi- 
mately 85 per cent of all faults occurring 
on rural systems are of a temporary na- 
ture; consequently, the desired protec- 
tive equipment not only must be able to 
clear all faults but also should be able to 
restore service completely after all tem- 
porary faults and to isolate the permanent 
faults to the smallest possible localities. 
While automatic circuit reclosers, if 
properly designed to.co-ordinate with one 
another, can be used advantageously at 
all sectionalizing points, the low revenue 
of most of the short branches usually will 


prohibit such. universal use, and it is 
therefore desirable that inexpensive fuse 


cutouts be retained on the system. 

_ The ideal combination of protective 
Fe ee 
Paper.45-54, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 22-26, 1945. Manuscript submitted Novem- 
‘per 13, 1944; made available for printing December 
127, 1944. ; 


A. VAN! vAN is chief engineer of the Kyle Corpora- 
_ tion, South Milwaukee, Wis. j 
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equipment thus will permit the use of 
simple fuse cutouts on the smaller 
branches to isolate the permanent faults 
occurring there and will make use of auto- 
matic circuit reclosers at the feeders and 
more important sectionalizing points to 
clear all temporary faults and to isolate 
permanent faults occurring between the 
recloser and the fuses. 


Figure 1. -Single-pole automatic oil circuit 
recloser 


To make this selective action possible, 
the automatic circuit recloser must be of 
an improved design and meet the follow- 
ing requirements: 

1. It must have at least a first operation 


with a time-current characteristic which is 
faster than that of the fuse or fuses which it 


protects, so that the fault will not damage - 


the fuses. 


2. It must have at least one subsequent 
operation with a time-current characteristic 
which is considerably slower than that of 
the fuses which it protects, so that the fuse 
protecting the faulted line will blow. 


3. It must, after a minimum of these two 
operations, lock out in the open position so 
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that, if a permanent fault occur on that part 
of the system protected only by a recloser, 
the recloser will isolate this fault from the 
system. 


4. It must be reliable in its operation, light 
in weight, and low in cost in order to hold 
the maintenance and installation costs to a 
minimum. 


To meet the foregoing requirements a 
new automatic oil circuit recloser has been 
developed as shown in Figure 1. 


General Construction 


This automatic circuit recloser con- 
sists of an aluminum cover and a steel 
tank, which may be grounded in a con- 
ventional manner. A steel hanger welded 
to the tank permits single-bolt pole 
mounting, and a simple bracket provides 
for crossarm mounting. Two conven- 
tional porcelain bushings are used so that 
the line terminals are the only external 
live parts. Spark gaps are mounted be- 
side each bushing so that surge voltages 
cannot damage the recloser. The oper- 
ating handle and the counter are covered 
by a hood to protect them’ from sleet. 
The position of the handle is up when the 
recloser is closed and down when the re- 
closer is open. All operations are re- 
corded on a counter, and all but the lock- 
out operations are independent of the 
operating handle, which, in a downward 
position, indicates that the recloser is 
permanently locked out. An_ oil-level 
gauge is located on the cover. 


Operational Features 


This automatic circuit recloser requires 
four consecutive operations to lock out. 
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AMPERES 
Figure 2. Clearing-time—current curves for 
ten-ampere automatic oil circuit recloser and 
melting- and clearing-time-current curves for . 

* co-ordinating fuse links - 


A—100-per-cent-rated fuse links | 
B—First and secohd operations 
C—Third and fourth operations 
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The tirst two of these have a time-current 
characteristic which is considerably faster 
than that of fuses having the same rating. 
The last two operations are time delayed 
and have a time-current characteristic 
which is approximately the same as that 
of fuses having the same rating. 

Clearing time—current curves for a ten- 
ampere automatic circuit recloser and 
melting and clearing time-current curves 


Figure 3. Sectional view of complete auto- 
matic oil circuit recloser 


1—Terminal 16—Operating 
9—Porcelain bushing mechanism 
3—Metal cover 17—Hand trip 
4—Oil gauge mechanism 
5—Toggle mechanism 18—Cover gasket 
6—Trip piston 19—Slide valve 
7—Oil level 20—Solenoid plunger 


8—Lockout spring 21—Pump piston 
9—Mounting bracket 22—Solenoid frame 


10—Ground 93—Series coil 
connector 24—Plunger extension 
41—Thermal trip 95—Coil shield 
12—Contact operat- 26—Contact - mecha- 
ing spring nism roller 
13—Steel tank 97—Stationary contact 
~14—Tank liner 28—Moving contact 


15—Operating handle 29—Contact frame 


for fuses with which the recloser will co- 
ordinate are shown in Figure 2. It can 
be seen that properly selected fuses will 
remain undamaged upon the occurrence 
of a fault and that the recloser will open 
the circuit to clear the fault. If the fault 
exist after reclosing, the recloser will open 
the circuit again in the same manner. If 
the fault exist after the second reclosure, 
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the recloser will operate after a greater 
time delay and will blow the properly se- 
lected fuse, thus isolating the fault to the 
smallest protected section. The recloser 
can operate still a fourth time to be cer- 
tain the fuse will clear, and, if the fault is 
not protected by a fuse, the recloser will 
open and lock out to clear the fault from 
the-system. 

Automatic circuit reclosers of different 
ratings will co-ordinate with one another 
as well as with fuses. 

Figure 3 shows in sectional view the 
main elements of this automatic circuit 
recloser.. Essentially, these consist of 
three assemblies, namely: the operating 
mechanism with lockout spring-and- 
toggle mechanism mounted in the cover, 


the hydraulic mechanism and the series © 


coil suspended below the cover, and the 
contact mechanism mounted below the 
series coil. 

It will be seen that the upward move- 
ment of the operating handle elongates 
the lockout spring while at the same time 
it permits the toggle mechanism to arrive 
at an over-center position thus storing 
the energy of the lockout spring for the 
lockout operation. It also will be seen 
that the downward movement of the 
operating handle trips the toggle mecha- 
nism to release the stored energy in the 
lockout spring and open the recloser until 
the operating handle is again moved up- 
ward. — 

Figure 4 is a schematic cross section of 
the hydraulic mechanism, which aids in 
explaining its operation. The hydraulic 
system serves four separate functions: 


1. It trips the recloser to the lockout posi- 
tion after the fourth operation in any group 
of successive operations. . 


2. It accounts for the time delay of inverse 
characteristic on the third and fourth suc- 
cessive operations. 


38. It introduces a reclosing delay of one 
second between operations to insure the 
complete dissipation of ionized gasses. 


4, It recycles the recloser when the fault is 
cleared or isolated. 


The hydraulic system operates as fol- 


’ lows. Upon the occurrence of an overload 


or fault, the solenoid plunger is drawn 
into the series coil. The plunger exten- 
sion acts upon the contact-mechanism 
roller and, through a set of links, extends 
the two contact operating springs. When 
the solenoid plunger arrives at its nearly 
final position, the contact-mechanism 
roller imparts a blow to the movable con- 
tacts and at the same time brings the 
hinge point of the contact operating 
springs to an over-center position so as to 
cause a rapid contact separation. Dur- 
ing this first downward movement of the 
solenoid plunger the entrapped oil es- 
capes through an escape port by lifting a 
slide valve in the hydraulic mechanism, 
as can be seen in Figure 4. Simultane- 
ously with the downward movement of 
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the solenoid plunger a pump piston is 
moved within a cylinder to force a pre- 
determined quantity of oil below a trip 
piston. 

During the second operation of the re- 
closer, the entrapped oil below the 
solenoid plunger again escapes freely 
through the escape port, while the trip 
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Figure 4. Sectional view of hydraulic 


mechanism 


piston rises to such a position as to close 
this escape opening at the finish of the 
second operation. 

With the escape port closed off during 
the third and fourth operations, the down- 
ward travel of the solenoid plunger is re- 
tarded, because the escape of entrapped 


PETEPLVETEPEPEEDE Lar beeprebrereeee 


7500 VoLTs 


{ 


BUS SURRRGSRERREC RM CPSU RE ROCCO RT EEE 


4 


920 AMP 


RF: 87% 


Figure 5. Interruption of 170 Saperes at 
7,500 volts and power factor of 83 per cent on 
five-ampere recloser ~ 


oil is possible only by leakage along the 
solenoid plunger. As the trip-out piston 
rises higher with each successive opera- 
tion of the breaker, it not only closes the 
escape port at the end of the second opera- 
tion but also continues to rise during the 
third and fourth operations, and at the — 
end of the fourth operation it contacts 
the insulated toggle link to trip the 
toggle and thus release the energy stored - 
in the lockout spring, which causes the 
recloser to open and lock out. | 
The energy stored in the contact oper- 
ating springs during the downward move- 


. ment of the plunger is not consumed en- 


tirely in separating the contacts. It also 
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acts to return the solenvid plunger to its 
uppermost position and, after doing this, 
returns the moving contact to the closed 
position with a snap action. The upward 
movement of the plunger therefore con- 
stitutes the time delay between successive 
operations. It is retarded, because the 
slide valve in the hydraulic mechanism 
closes off the escape port and only permits 
oil to enter through a small opening in its 
top. 

It will be noted from Figure 4 that the 
trip piston is provided with a valve which 
permits a slight leakage of oil so that this 
piston slowly will resettle to its original 
position. Thus, if a fault be cleared after 
any operation, the recloser automatically. 
will reset itself for a complete cycle of 
successive operations. The total time 
for this to take place after a lockout opera- 
tion has occurred is approximately one 
minute and thus approximately 15 sec- 
onds per operation. 

The oil used in the automatic circuit 
recloser is of a low viscosity which will not 
change greatly with decrease in tempera- 
ture. As the time required for the blow- 
ing of a fuse link is also dependent upon 
ambient temperatures, the retardation of 
the oil circuit recloser by lower tempera- 
tures will be minimized. While extremely 
low temperatures will have an effect upon 
the time—current curves of the automatic 
oil circuit recloser, this deficiency is well 
offset by the advantages of the hydraulic 
mechanism, in that it can take great 
shock and eliminates ratchets, gears, and 
latches which are less sturdy and depend- 
able. It constitutes a simple means to 
vary the time delay by allowing the free 
escape of oil during the first and second 
operations and by restricting the escape 
of oil during the third and fourth opera- 
tions. 

The contact mechanism is a unitary 
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Figure 6. Four interruptions of-75 amperes at 
7,500 volts and power factor of 82.5 per cent 
on ten-ampere recloser 


structure which is removed readily and 
replaced. It employs a double set of con- 
tacts to eliminate the use of braids or 
flexible leads. As previously explained, 
the opening or closing of these contacts 
can be effected only by a complete down- 
ward or upward stroke of the solenoid 
plunger, consequently, partial opening of 
the contacts, or so-called telegraphing, is 
impossible. The separating of the con- 
tacts is initiated by the final downward 
movement of the plunger, which imparts 
a blow to them in proportion to the cur- 
rent value to be interrupted, while the 
total separation of the contacts is ac- 
complished by the contact operating 
springs. After the return of the solenoid 
plunger to its uppermost position, the con- 
tacts reclose with a snap action. Con- 
tacts are made of copper tungsten which 
insures long life by its ability to withstand 
arcing. 

The recloser coils are so designed that 
minimum tripping current for any size 
recloser produces the same number of 
ampere turns and thus the same force 
upon the plunger. This permits chang- 
ing reclosers to any rating merely by 
changing coils. As will be noted in Fig- 
ure 3, replacement of coils requires no 
loosening of linkages or disturbing of the 
contact mechanism. Coils are made in 
normal ratings of 5, 10, 15, 25, and 50 
amperes for minimum trip-current values 
of 10, 20, 30, 50, and 100 amperes. The 
interrupting capacities are 150, 250, 375, 
600, and 1,200 amperes respectively. 

Time current values have been obtained 
from oscillographic records of interrup- 
tions. Figure 5 shows an oscillogram of a 
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single interruption at 7,500 volts and 170 
amperes on a five-ampere recloser at a 
power factor of 83 per cent. Figure 6 
shows an oscillogram of four operations 
with lockout on a ten-ampere recloser at 
7,500 volts with a 75-ampere fault cur- 
rent at a power factor of 82.5 per cent. 

It will be noted that a thermal trip is 
provided which will, upon excessive oil 
temperature, move’ the insulated toggle 
link and trip the toggle to release the 
stored energy of the lockout spring, thus 
causing a recloser lockout operation. 

In the design of this recloser it was 
found possible to reduce the total weight 
to approximately 65 pounds and the 
quantity of oil to approximately 21/, 
gallons, while the required internal and 
external flashover values were main- - 
tained. 


Summary 


The important improvement of this 
automatic circuit recloser is its double 
time-current characteristic. As pre- 
viously explained, this will permit the use 
of fuses on small branches of the system 
so as to keep the initial cost to a minimum. 
Upon the occurrence of a temporary 
fault this new recloser will clear the fault 
and restore service immediately after- 
wards, and upon the occurrence of a 
permanent fault will cause the fuse link 
to blow. 

If reclosers are used on feeders and 
main branches, and if fuses are used for 
all short branches, the use of this im- 
proved-type automatic circuit recloser 
will result in considerable saving in main- 
tenance cost, because it will reduce the 
number of service trips. It will reduce 
customer outages to a minimum and con- 
fine the fault to the smallest practical 
locality. 
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Study of A-C Sheath Currents and Their 
Effect on Lead-Cable-Sheath Corrosion 


C. M. SHERER 


ASSOCIATE AIEE 


Synopsis: The destruction of lead sheaths 
on underground cables by electrolysis usu- 
ally is caused by the action of direct cur- 
rents which originate from one or several 
well-defined sources. Little information is 
available concerning a-c electrolysis, and 
since the extent of its destructive action is 
less widespread than that produced by direct 
current it is considered generally to be rela- 
tively less important in the field of cable- 
sheath corrosion. This paper discusses 
two cases of electrolysis in which the lead 
sheaths on single-conductor power cables 
were corroded through, causing cable break- 
downs; and describes field observations 
and laboratory tests which show that at 
first the corrosive action was accelerated 
greatly by rectified alternating currents 
which were induced in the sheaths by the 
load current. A method of protecting the 
sheaths against such electrolytic corrosion 
also is described. 


HE GENERAL PROBLEM of lead- 
cable-sheath corrosion is a familiar 

- one to any industrial organization whose 
field of activity involves the extensive use 
of lead-covered cables. This is particu- 
larly true of communication and electric- 
power companies. One of the earlier and 
most common forms of electrolytic corro- 
sion is that caused by the accumulation 
_of stray direct currents by underground 
cables traversing areas served by transit 

- lines which are discharged back to earth 
in sections where the cables are positive 
‘with respect to ground. Destruction of 
the cable sheaths in the positive areas 
where current leaves the cable is known 
as anodic corrosion. Other factors, more 


Figure 1. Two specimens of corroded lead 
_ sheaths 
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K. J. GRANBOIS 
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recently recognized, include chemically 
developed earth potentials resulting from 
unfavorable soil conditions, ‘galvanic 
potentials produced by dissimilar metals, 
and irregularities in the lead sheath itself. 

Electrolysis caused by alternating cur- 
rent has never received widespread con- 
sideration, and the consensus of opinion 
among many authorities has been that 
it is a complicated phenomenon and is 
usually unimportant, particularly where 
sheath sectionalization, with single 
grounding point, isused. - 


Two Cable Failures 


That a-c corrosion can be of consider- 
able importance is demonstrated by the 
fact that the case histories of two insula- 
tion failures on 13-kv single-conductor 
lead-covered power cables show that the 
breakdowns were the result of corrosion 
produced by a combination of galvanic 
current and rectified alternating sheath 
currents. In both cases a one-eighth-inch 
lead sheath was corroded through, per- 
mitting water which was present in the 
cable ducts to enter and eventually cause 
insulation failure. Neighboring cables 
were badly pitted and it was necessary to 
either replace these or provide protection 
against further corrosion. 

The phenomenon of a-c corrosion was 
found by extensive field and laboratory 
tests to be attributable to a process of 
rectification in which alternating voltages 
of low value induced in the sheaths by the 
load current in the cables resulted in 
alternating currents between sheaths and 
ground; these were converted to direct 
currents which produced anodic corrosion. 
The initial failure occurred in 1937 on a 
1,750,000 circular mils paper-insulated 


- single-conductor power cable which was 


one of eight used to connect a 13,300-volt 


25-cycle single-phase 35,000-kva gener- 


ator in the main generating station at 
Safe Harbor to the 13-kv bus in adjacent 
Conestoga substation. The cables are 
connected four in multiple per phase and 
are approximately 1,600 feet long. They 
normally carry a total load of about 2,600 
amperes. Each lead sheath is sectional- 


Paper 45-61, recommended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945. Manu- 
script submitted April 6, 1944; made available for 
printing’ January 3, 1945. 


C. M. SHERER is assistant chief of tests, Pennsyl- 
vania Water and Power Company, Holtwood, Pa., 
and K. J. GRaANBOIS is test engineer, Safe Harbor 
Water Power Corporation, Safe Harbor, Pa. 
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ized at three locations; this results in 
four approximately equal lengths which 
are insulated from each other with sheath 
insulators to prevent the circulation of 
sheath currents. Individual sheath sec- 
tions are bonded at only one point to a 
nearby copper ground’ bus and sheath 
voltages are limited to 12 volts per section 
at normal-loading. The cables are in- 
stalled in eight individual fibre ducts, ina 
concrete bulkhead. Seven hundred feet 
of the cable run lie within a tunnel cut 
through a rock formation of mica schist, 
which is stratified and porous, permitting 
water to seep into the tunnel and subse- 
quently into the cable ducts. This pro- 
vides a low-resistance path to ground 
from the sheaths and facilitates the action 
of corrosion. Figure 1 shows two speci- 
mens of pitted cables. 

The second and most recent failure 
occurred in November 1943, on a single- 
conductor 13,200-volt paper-insulated 
1,500,000 circular mils cable connecting a 
33,750-kva three-phase 60-cycle outdoor 
transformer to the 13-kv bus in the Holt- 
wood plant of the Pennsylvania Water 
and Power Company. The cable is one 
of a group of six, each approximately 290 


feet long, connected two per phase. 


Each cable is installed in a separate fiber 
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Figure 2. Curve plotted from actual field 
measurements showing reversal of d-c polarity 
with increasing load current 
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Figure 3. Circuit used for tests on conpaed 
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duct laid in a concrete envelope sur- 
rounded by a solid wall of porous rock or 
earth fill. Here again seepage water 
drains into the ducts and creates a condi- 
tion of low resistance from sheath to 
ground, which, in effect, shunts the single 
metallic ground connection on the lead 
sheath at the outdoor-cable pothead and 
forms a path for corrosion currents to 
flow from the sheath to ground for the 
entire duct length. 


Field Observations 


Samples of water removed from the 
ducts at both Safe Harbor and Holtwood 
were high in alkalinity, having pH values 
from 9.5 to 11.6. Analyses showed that 
sodium carbonate, sodium bicarbonate, 
calcium carbonate, and sodium hydroxide 
were present. Insolution these chemicals 
provide an excellent electrolyte for the 
generation of galvanic currents between 
the sheaths and the nearby copper 
ground wire, and because of their low 
resistance the magnitude of both the gal- 
vanic and rectified currents was in- 
creased. A water sample from the ducts 
at Holtwood had a specific resistance of 
only 115 ohms per cubic centimeter as 
compared with 7,800 ohms for Baltimore 
city water. Resistance of individual 
cable sheaths to station ground was as 
low as 2.7 ohms with the metallic ground 
connection removed. In a dry installa- 
tion of fiber duct a resistance to ground of 
the order of megohms may be expected. 

The cables at Safe Harbor lie within 
several feet of a copper ground bus which 
runs parallel to them. embedded in the 
tunnel concrete. The water-soaked con- 
crete and fiber duct act as an electrolyte 
between the lead cables and copper 
ground wire, so that with no power flow 
through the cables a small direct potential 
_ is present; in effect lead sheath and copper 
ground constitute a galvanic cell with the 
copper ground wire as the positive elec- 
trode. That is, the copper is positive 
with respect to the sheaths at the ground- 
ing points outside thé ducts, with the 
metallic ground connection removed. 
There are no stray direct currents in the 
areas to complicate the situation, and the 
nearest street-car lines are many miles 
distant. With the cables de-energized, 
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Cables Carrying 


Cables 2,600 Amperes 
Section De-energized Total Current 
Were eh. 0.85 milliampere, .. 0.3 milliampere, 
sheath — sheath — 
Dentese as 1.1 milliamperes,.. 1.85 milliamperes, 
sheath — sheath + 
Seoeaee 0.1 milliampere, .. 0.7 milliampere, 
sheath — sheath — 
4.......2.7 milliamperes,..12.0 milliamperes, 
sheath — sheath — 


direct currents up to eight milliamperes 


“were measured flowing between one cable 


sheath and ground, with the cable anodic, 
that is, current flow was away from the 
cable into the wet concrete. This was 
galvanic current produced by the poten- 
tial difference between lead sheath and 
copper ground wire. 

Further observations showed that the 
direct currents varied in magnitude when 
varying load current flowed in the cables, 
and even in some instances reversed their 
polarity as the load current increased 
above a certain value. The measure- 
ments shown in Table I made at the nor- 
mal grounding points between sheath and 
ground bus are representative of direct 
currents in the four individual sections of 
the faulted cable, after repairs were made, 
section 4 now being new cable. 

It is seen that the load current had the 
effect of increasing the direct current in 
two cases, reducing it in one case, and 
actually reversing it in another. 

Figure 2 represents graphically a case 
at Safe Harbor in which the sheaths of 
eight cables were tied together and the 
direct current measured through the 
common wire to ground. It is seen that 
at no load the current is 7.5 milliamperes 
with the sheaths anodic, and above 1,000 
amperes total load the polarity reverses 
making the sheaths cathodic. 

In searching for a possible cause for the 
variation of the direct currents the most 
significant clue was the change in their 
magnitude with changes in load current, 
and conseqtiently with the induced alter- 
nating sheath currents. It was decided 
to investigate the possibility of these 
alternating currents being converted into 
direct current through some process of 
rectification. Accordingly, a series of 


Figure 5. Circuit used for taking oscillograms 
of rectified current 
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laboratory tests were undertaken which 
extended over a period of nearly a year, 
and it was found that alternating currents 
are rectified in lead-copper electrolytic 
cells using water from the cable ducts as 
an electrolyte, with resultant destruction 
of the lead. Such cells are believed to be 
laboratory analogies of field conditions, 


Laboratory Studies 


Laboratory experiments were con- 
ducted on lead—copper cells to observe the 
effectiveness of the counter-potential 
method for preventing sheath corrosion, 
and to study the factors which affect the 
rectification phenomenon found on the 
cables. The experiments were divided 
into two main groups: 


(a). A-c corrosion studies. 
(b). Rectification studies. 


CorROSION STUDY 


Electrolytic cells were constructed of 
glass laboratory jars 2!/, by 4 inches by 6 
inches deep, with lead and copper elec- 
trodes in an electrolyte of water from the 
cable ducts. Samples of water were used 
having pH values from 8.2 to 9.5, and 
specific resistance of 450 ohms per cubic 
centimeter. In these tests the loss of 
weight of the electrode was used as a 
measure of the degree of corrosion. Cell 
A was energized continuously at low volt- 
age with 25-cycle current only, using one- 
half ampere initially and reducing later to 
one-tenth ampere. Two other cells were 
energized with 25-cycle current,-with ten 
milliamperes direct current superim- 
posed. In one of these, cell B, the direct 
current was applied in the direction to 
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Figure 6. Rectified current versus applied 
alternating current on new and aged cells 
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C the lead was made anodic. The mag- 
nitude of alternating and direct currents 
was held at the same value on all cells. 
Porous alundum cups were placed over 
the anodes to keep the corrosion products 
near the corroding surfaces, thus simulat- 
ing conditions of the cables in the ducts. 
It was not possible to maintain the value 
of alternating current at one-half ampere 
because the porous cups became clogged 
and increased the cell resistance, therefore 
after about four months of operation the 
current was reduced to one-tenth ampere 
on all cells. The circuit used for these 
tests is shown in Figure 3. 

Results of the tests, after continuous 
operation for eight months, are summar- 
ized in Table II. 

These figures show that the combined 
rectified and galvanic currents of cell A 
caused the lead to lose approximately one 
‘fourth of its weight in eight months. 
The results on cells B and C indicate that 
the destruction of lead can be speeded up 
or practically stopped by superimposing 
direct current of the proper polarity. If 
the direct current is in the direction to 
make the lead anodic, corrosion is more 
rapid than when alternating current alone 
is applied. If the direction of the direct 
current is reversed and the lead made 
cathodic, corrosion ceases. In general, 
the tests showed that lead can be pro- 
tected against even severe corrosive 
conditions by maintaining it cathodic 
' with correctly applied direct current. 
Rectification tests indicated that about 
two per cent of the alternating current 
present at a new lead electrode is rectified, 


: Weight of Lead 


-Harbor cable 


Table W 


amount of direct current slightly above 
this must be applied. 


RECTIFICATION STUDY 


The factors which affect rectification, 
and the characteristics of the phenome- 
non, were studied on eight lead—copper 
cells using four different samples of water 
for electrolyte which were obtained from 
widely separated sections of the Safe 
ducts. Duplicate cells 
were made with each type of electrolyte. 
The cells were continuously short-cir- 
cuited except for a short period each day 
when they were energized with 25-cycle 
current for making observations of the 
rectifying action. 
shown in Figure 4 it was possible to 
measure fractions of a milliampere direct 
current in the presence of several amperes 
of alternating current. The transformer 
neutralized the alternating current in the 
measuring circuit, and the rectified cur- 
rent was measured on a microammeter 
shunted by one ohm. 

Oscillograms of the alternating and 
direct currents were obtained by means of 
the bridge circuit shown in Figure 5. 
With a desired value of alternating cur- 
rent on a cell, the bridge was balanced by 
adjusting resistance R, until the galva- 
nometer was at minimum deflection. 
The relatively high resistance of the two 
right arms of the bridge forced the rectified 
current through the oscillograph shunt Rs 


. * Acknowledgment is made to E. F. Wolfe and 


Charles Wasserman of the Consolidated Gas Elec- 
tric Light and _Power Company of Baltimore for 
this circuit. 


Weight of Copper 


in Grams in Grams . 
; Per-Cent Per-Cent 
Cell Applied Current Before After Change Before After Change 
A. .25 cycles only. .........0..20 5 ese eee VIG. Pee DOM 24 BN a AUT «nike 47.7 
B. .Alternating plus direct—lead cathodic. ..116.8..... 116.3). 0452. - 4838 20.0....—59.0 
_ C, Alternating plus direct—lead anodic.....112.8..... 52.5...—53.5.....47.7......47.8 0 
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With the circuit* 


obtained in this manner agreed with re- 
sults obtained by the use of indicating 
instruments shown in Figure 4. 

It was found that the rectifying action 


of the cells was a function of the surface 


of the lead electrode, and that rectifica- 
tion characteristics changed with the 
aging of the lead in the electrolyte, even 
to the extent of causing reversal of polar- 
ity of the rectified current. The curves 
of Figure 6 show the manner in which the 
age of the cell affected rectification for 
the eight cells used in the experiment. 
Direct current is plotted against in- 
creasing values of applied alternating 
current. The-group of curves above the 
reference abscissa were obtained when the 
cells were new, with fresh electrolyte and 
cleaned and scraped electrodes. The 
lower group of curves are representative 


of the same cells three weeks later, with - 


the cells having been short-circuited dur- 
ing the interval. All the curves show a 
small galvanic current in the absence of 
applied alternating current; under this 
condition lead is always anodic because of 
its position with respect to copper in the 
electromotive-force series of elements. 
When the cells were new, an increase in 
the amount of alternating current caused 
the lead to become increasingly anodic; 
but during the three-week period in 
which the cells were short-circuited, the 
rectifying characteristic of the lead under- 
went a change, after which the lead be- 


came increasingly cathodic with increased © 


alternating current. This change is 
demonstrated in Figure 7.. Here the 
curves show how polarity of the lead elec- 
trode changes from anodic to cathodic in 
the presence of alternating current as the 
cells age. It was found in these tests 
that the process of aging or forming of the 


lead to make it cathodic takes place more © 


rapidly, and that the rectified current is 


of greater magnitude, in short-circuited — 


cells than in cells continuously energized 
with alternating current. — Pee 
Tests made with cells using water from 


the Holtwood cable ducts confirmed the 


~ 
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earlier results at Safe Harbor that recti- 
fied currents in new cells are of the same 
polarity as the galvanic currents and add 
to the latter to make the lead increasingly 
anodic. 

A numberof experiments to determine 
the factors affecting rectification were 
carried out by varying the conditions 
under which the cells were tested. The 
conclusion was reached that rectification 
depends on the condition of the surface of 
the lead; polarity of the rectified cur- 
rent is dependent upon the pH of the 
electrolyte and the length of time the 
lead has been in the electrolyte. Newly 
cleaned and scraped electrodes placed in 
cells with fresh and with used electrolyte 
respectively indicate that age of the elec- 
trolyte. does not affect rectification. 
However, when new clean lead electrodes 


25-CYCLE VOLTAGE ON BRIDGE 


0.1 AMPERE ON CELL 


7 MILLIAMPERES D-C LEAD ANODIC 
25-CYCLE VOLTAGE ON BRIDGE ~ 


B tert MILLIAMPERE D-C LEAD CATHODIC 


Figure 9. Rectification tests on lead—copper 

cells. Oscillograms showing wave form and 

polarity of rectified current on a new and an 
aged cell 


para electrolytic cell 
pH is 8.2 


Resistance is 630 ohms per cubic centimeter 


at 25 degrees centigrade 
Cell age is 21/2 minutes 


B—Asged electrolytic cell 
pH is 8.3 © . 
Resistance is 2,200 ohms per cubic centi- 
meter at 25 degrees centigrade 
Cell age is 21/2 months 


were substituted for aged ones, polarity 
- changed from 


cathodic -to anodic. 
Changing old copper electrodes for new 
ones made no difference in rectification. 
A ten-per-cent increase in rectified current 


resulted from an increase in temperature 
from 5 degrees to 50 degrees centigrade. 


Irrespective of whether the lead elec- 


— trodes were tarnished, scraped, greased, 
oxidized, or rough surfaced, they were 


etna anodic when, ge? placed in a cell 


May 1945, Vornte 64 


with a copper electrode and always be- 
came cathodic atalatertime. Cells with 
two lead electrodes showed no rectifica- 
tion when the surfaces of the two were 
identical, but if one was new and the other 
cell-aged, as much as two per cent of the 
applied alternating current was rectified. 

Inasmuch as the rectification appar- 
ently is due to the surface condition or 
film formation and the element of time, 
it is interesting to observe this effect in 
the field. A synchronized recording was 
made at Holtwood of the load current 
and the direct current in the ground 
connection of six cable sheaths in parallel. 
In Figure 8 the direct current is seen to be 
maximum at zero load current and in 
general decreases with an increase in load. 
The load swings produce corresponding 
changes in the direct-current. However, 


a polarizing effect because of time is also 


present, particularly when the load cur- 
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12 NO.6 DRY CELLS 
IN MULTIPLE 


Figure 10. Method of applying counter 
potential for corrosion prevention 


rent suddenly is reduced to zero or when 
suddenly applied. 

As a matter of general interest, the 
wave form and polarity of the rectified 
current inthe laboratory cells is shown in 
the oscillograms of Figures 9A and 9B 
for a new cell and an aged cell. 


Correlation of Laboratory Tests and 
Field Observations 


As previously discussed, field observa- 
tions made following the cable failures 
disclosed that load current affected the 
magnitude of direct currents flowing be- 
tween sheaths and ground. On the re- 
placement cable at Safe Harbor, the 
direct current increased from 2.7 milli- 
amperes at no load to 12 milliamperes at 
full load. Because this cable was new 
the large increase of current correlates 
with the results obtained on new cells in 
the laboratory tests in which the rectified 
current was always in the same direction 


as the galvanic current, with the lead 


anodic. Referring again to Figure 2, 


the eee of the direct current with 


Sherer, les as of A-C Sheath Currents 


load current above a certain value agrees 
with the characteristics found on aged 
cells, in which polarity of the direct cur- 
rent reverses to make the lead cathodic 
for alternating currents above given 
values. Since the rectified currents on 
aged lead oppose the galvanic currents 
and are in the direction to make lead 
cathodic, it might be expected that rec- 
tification would make the sheaths self 
protecting above a critical load current, 
and this is no doubt true after the lead is 
sufficiently formed or aged. Since this 
process of forming is a function of several 
variable factors such as continuity and 
magnitude of load current, time, and 
quantity and character of water in the 
ducts, it is not possible to determine 
when the self-protecting condition will be 
attained. One method to provide defi- 
nite protection to lead cables in wet ducts 
is the application of direct current in the 
direction to maintain the sheaths always 
cathodic. 


Corrosion-Prevention Measures 
Applied to Cables 


Inasmuch as the rectified currents in 
the field were, in some cases, in the direc- 
tion to produce corrosion of the cable 
sheaths, and the galvanic currents always 
in this direction, the most obvious remedy 
was to apply a counter potential of a 
slightly higher order from an external 
source to force a flow of current in the 
opposite direction. The method adopted 
at Safe Harbor consisted of an application 
of a bank of 12 number 6 dry cells in 
multiple, connected across a resistor be- 
tween the cable sheaths and ground bus as 
shown in Figure 10. Operating rules re- 


- quire that the sheaths must have a posi- ss 


tive ground connection, and it was, there- 
fore, not permissible simply to insert the 
batteries between sheaths and ground. 
The eight cable sheaths were connected 
together, then grounded through a 4.2- 
ohm grid resistor across which the bat- 
teries were operated. The resistor per- 
forms two functions. It provides a-path 
to ground for any currents that might re- 
sult from a cable-insulation failure, and 
in addition furnishes an JR drop which 
serves as the counter potential. It was ~ 
found experimentally that a drop of one- 
half volt across the resistor made the 
sheaths cathodic to the duct and concrete 
at all points where they were accessible 
for observation. Since it was important 
that the sheaths be definitely cathodic at . 
all points the ducts were chipped open at 
several places to make certain ue condi- 
tion existed. 

Measures also were taken to Me 
drainage for the ducts at places where 
water had a tendency to accumulate, in 


- order to keep the cables as dry as possible. 


Finally, an experimental installation of 

rubber-jacketed lead cable was made in 

the area where corrosion was most severe. 
The possibility of increasing the resist- 
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ance of the cable sheaths to ground by 
flushing the ducts with clean water was 
investigated. The duct of one sheath 
section whose resistance to ground was 
1.75 ohms was flushed continuously for 
seven days with the expectation that re- 
moval of the accumulated impurities 
would result in an improvement in resist- 
ance. After flushing, compressed air was 
blown through the duct for several weeks 
to dry it out. Results were disappoint- 
ing; a slight decrease rather than an in- 
crease in resistance was effected, the final 
value being 0.9 ohm. 


The failure at Safe Harbor occurred 
after the cables had been in service less 
than three years: The protective meas- 
ures were applied immediately following 
the failure, and during the period of more 
than seven years which has elapsed since 
then no more failures have taken place. 

The breakdown at the Holtwood plant 
occurred after the cable had been in serv- 
ice 12 years, indicating a much slower 
rate of corrosion. Corrosion-prevention 
measures taken here are similar to those 
employed at Safe Harbor, except that 
copper-oxide rectifiers instead of dry cells 
are used as a source of counter potential. 


A } 
Conclusions 


From the laboratory tests and field 
observations, it is reasonable to conclude 
that the cable failures described were the 
result of rectified induced alternating 
sheath currents in combination with gal- 
vanic currents, plus possibly a small 
-amount of chemical action. The de- 
structive effects of a-c corrosion were most 
pronounced when the cables were new 
and the ducts first became wet with alka- 
line seepage water. Evidence appears to 
indicate that the destructive effects of 
rectification decrease with time and even- 
tually cease entirely as a result of a re- 
versal of polarity. 


It is important that in new installations 
of single-conductor lead cables in under- 
ground-duct systems caution be observed 
to guard against the effects of water seep- 

-age into the ducts. Galvanic currents 
may be expected to flow from the lead 


'. sheath to the usual metallic ground sys- 


tem, and when the ducts first become wet 
destructive effects also may be expected 
from the rectified induced sheath cur- 
rents. > : 


Data on laboratory cells showing how 
the rectification phenomena and corrosion 
change with respect to time cannot be 
used to predict changes in the field. 

They serve only to demonstrate the 
phenomena in a qualitative way. On 
short-circuited test cells, for instance, the 
rectified current reversed its polarity 
within several days after the cells were 
made; in contrast with this, on some of 
the cables in the field it was still in the 
' anodic direction several years after the 
cables were installed. : 
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New Solenoid Mechanism for 
Magne-Blast Breaker 


B. W. WYMAN 


ASSOCIATE AIEE 


Synopsis: The existence of relatively high 
electromagnetic forces in circuit breakers 
when subjected to fault currents of appre- 
ciable magnitude has long been recognized. 
One of the problems in the design of a cir- 
cuit-breaker operating mechanism is to pro- 
vide smooth and effective closing perform- 
ance, even though the breaker be closed 
against a short circuit and is thereby sub- 
jected to these high electromagnetic retard- 
ing forces during the final portion of the 
closing stroke. The greater the magnitude 
of the short-circuit current, the higher these 
electromagnetic retarding forces become and 
the more serious the effects of any tendency 
to “stall” or, worse, to reverse momentarily 
the closing motion of the contacts. This 
paper describes a solenoid mechanism with 
novel design features developed to operate 
a new Magne-Blast circuit breaker of high 
interrupting rating and capable of closing 
that breaker against fault currents as high 
as 80,000 amperes rms. 


Noe when.afault occurs on a 
power system, the circuit breaker or 
breakers are in the closed position and are 
tripped open upon the response of the 
protective relays. If the cause of the 
short circuit is removed before the reclos- 
ing of the breaker, the breaker closes only 
the load current of the circuit. If, how- 
ever, the cause of the short circuit is not 
removed before the reclosing of the 
breaker, the fault current is re-estab- 
lished as soon as the circuit-breaker con- 
tacts touch. This may occur frequently 
on systems which are reclosed auto- 
matically after fault operations, if the 
faults happen to be of a persistent nature. 
This re-establishment of short-circuit 


current by the touching of the circuit- 


breaker contacts sets up electromagnetic 
retarding forces, which, for the more 
simple contact arrangements, oppose the 
closing motion of the breaker. The mag- 
nitude of these opposing forces is propor- 
tional to the square of the short-circuit 
current, and in circuit breakers having 
high momentary and interrupting current 
ratings they may be very high. Any 
tendency of the circuit breaker to ‘‘stall” 
or reverse momentarily its closing motion 
at such high values of fault current easily 


Paper 45-56, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., January 
22-26,1945. Manuscript submitted November 24, 
aie made available for printing December 27, 


B. W. Wyman is in the power-circuit-breaker de- 
partment and J. H. Keacy is development engineer, 
both with General Electric Company, Philadelpha, 
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Wyman, Keagy—Solenoid M echanism 


J.H. KEAGY 


ASSOCIATE AIEE 


might result in excessive contact burning 
or other undesirable disturbances in the 
breaker during the brief interval between 
establishment of the fault current and the 
subsequent tripping operation of the 
breaker. 

The electromagnetic retarding forces 
responsible for this “stalling” action arise 
from the U-shaped loop circuit which is 
formed by the contacts and the conductor 
studs in most of the conventional contact 
arrangements. The more common of 
these conventional arrangements are 
shown in simplified form in Figure 1. As 


. the direction of current flow through the 


blade is at right angles to that of the con- 
ductor studs, it exerts an electromagnetic 
repelling force on the blades which is 
greatest at each end and decreases toward 


_ the center as shown by the small distribu- 


tion arrows. The magnitude of this re- 
tarding force for normal load currents can 
be measured in ounces, while on high 
short-circuit currents it may be measured 
in thousands of pounds. Figure 2 shows 
the calculated value of the peak retarding 
forces on the contact blades of a three- 
phase breaker having an eight-inch across- 
the-pole spacing when closing in on vari- 
ous values of fault current. The Appen- 
dix shows the basis for the calculation of 
these forces. 

If these retarding forces are not over- 
come by the instantaneous-mechanism 
output force plus the forces from kinetic 
energy stored in the moving parts, “‘stall- 
ing’ may occur. Figure 3A shows the 
contact stalling which occurs in an actual 
test breaker operated by a conventional 
solenoid mechanism when closing in 
against various values of short-circuit 
current. The stalling which occurred in 


(A) (B) (c) 


Figure 1. Contact arrangements on conven- 


tional small and intermediate ratings of circuit 


breakers 


Dashed lines show U-shaped current path that 
produces the electromagnetic forces which are 


shown by the small arrows tending to open the | 


contact blades 
A. Oil circuit breaker ] 
B. Low-voltage air circuit breaker 
C. Magne-Blast power circuit breaker 
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PEAK SHORT CIRCUIT FORCE 
THOUSANDS OF POUNDS 


20,000 60,000 100,000 
SHORT CIRCUIT CURRENT 
AMPERES 


Figure 2. Peak magnetic retarding forces 

acting to retard closing motion of three-phase 

breaker closing against various short-circuit 
currents 


these tests when closing currents of 
60,000 amperes or above resulted in con- 
tact arcing and disturbance in. the 
breaker. The duration of the stalling 
period increased with the short-circuit 
current, becoming as high as 12 cycles at 
80,000 amperes. After stalling occurs, 
the solenoid current continues to build up 
as shown in Figure 3B and, when the 
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Figure 3. The effect of short-circuit magni- 
tude upon stalling tendency during closing in 
- conventional breaker 


A. Conventional breaker closing travel 
versus time, closing against various values of 
short-circuit currents showing how stalling in- 
creases at contact making when breaker is 
closing higher short-circuit currents. After 
stalling breaker completes its closing stroke 
when solenoid builds up to a sufficiently high 
 yalue to overcome retarding forces 


B. Solenoid current buildup 
; with A 
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Figure 4. The effect of reduced control volt- 
age upon stalling tendency during closing in 
conventional breaker 


A. Conventional breaker travel-versus-time 
curves closing 50,000-ampere three-phase 
short circuit with various percentages of rated 
control voltage sustained at solenoid terminals, 
showing increased amounts of stalling which 
occurs with lower percentages of rated con- 
trol voltage 
B. Solenoid-current buildup curves for tests 
shown in A 


solenoid output force finally exceeds the 
short-circuit retarding force, the breaker 
completes its closing stroke. Any ad- 
vantageous utilization of kinetic energy 
has been lost. 

This stalling tendency for conventional 
solenoid-mechanism designs is aggravated 
greatly if we reduce the d-c control volt- 
age maintained at the solenoid terminals. 
Figure 4A shows the amount of stalling 
obtained when closing against a 50,000- 
ampere short, circuit with various per- 
centages of rated control voltage main- 
tained at the coil terminals. The pro- 
gressively lower d-c solenoid-current 
buildup rate for each of these voltages is 
shown in Figure 4B and results in 


il ~ Longer time delay before starting to 
close. 


2. Lower closing speed. 


8. Increased stalling at contact making. 


In recognition of these effects, recom- 
mended practice requires at least 90-per- 
cent rated control voltage to be main- 
tained at the coil terminals of any breaker 
that may be required to close in against 
a/‘short circuit. As further insurance 
against the effects of possible stalling, 


application recommendations for some 
_ time have required instantaneous tripping 


relays, which are operative only during 
the breaker closing operation, to be in- 
cluded as part of the essential equipment 
in all locations where the short-circuit 
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Figure 5. Variation of force at breaker con- 

tacts throughout closing stroke 


80 


REQUIRED MECHANISM OUTPUT FORCE 


O-a=initial compression in breaker opening 
springs 

a-b=the increase in force as these springs are 

compressed 
b-c=peak electromagnetic retarding forces of 
short circuit plus initial compression in arcing- 
contact springs 
c-d=increase in arcing-contact-spring pres- 
sure as these springs are compressed 

d-e=initial compression in primary-contact 
springs 

e-f=increase in primary-contact-spring pres- 

sure as these springs are compressed 


current may exceed a stipulated value. 
As these relays are operative only when 
the closing control circuit is energized, 
they do not interfere with the selective 
relays used to trip the breaker from its 
normally closed position. These relays 
limit the duration of any possible “‘stall- 
ing” to a value of the order of two to four 
cycles. However, it has been realized 
that it is highly desirable, in new designs, 
to eliminate completely stalling over the 
entire operating range of control voltage. 
Accordingly, an improved mechanism de- 
sign with greater instantaneous output 
force has been developed. 

This mechanism design, applied to a 
500,000-kva Magne-Blast breaker has ~ 
demonstrated the ability to close and 
latch that breaker, without stalling, 
against three-phase short-circuit currents 
in excess of 80,000 amperes rms, that is, 
in excess of the momentary current rating 
of the breaker. Any adverse effects of 
“stalling” such as sustained contact arc- 


_ing or other disturbances in the breaker 


thus are eliminated, and the provision of 
the instantaneous overcurrent tripping 
relays previously referred to is no longer 
required, 

~The remainder of this paper describes 


‘the development and construction of new 


solenoid mechanisms of this design, which 
employ a flux-shifting principle of opera- 
tion. 


Analysis of Problem 


‘In the development of a mechanism to 
eliminate stalling when closing against 
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TRIP 
COIL 


LATCH 


Figure 6. Toggle mechanism used to reduce 

required solenoid force at closed position on 

Magne-Blast breaker showing simplicity of 
linkage 


high short circuits, it is necessary first to 
analyze the forces involved. Figure 5 
shows how the breaker closing forces vary 
through the stroke. Curve a-b-c-d-ef 
represents the closing-force curve which 
the mechanism must supply when closing 
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CLOSING 
80,000 AMPS 


REQUIRED MECHANISM INPUT FORCE 
THOUSANDS OF POUNDS 
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(8) 
Figure 7. Mechanism input forces as modi- 
fied by toggle linkage 


A. Input force to mechanism in Figure 6 to 
equal output force required in Figure 5 at 
breaker contacts with magnetic force included 


B. Static-pull curves of conventional solenoid 


- capable of producing output forces required 


- 


in Figure 7A to close breaker at 70-per-cent 
_ rated current . 
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FORCE 


the breaker against a three-phase short 
circuit of 80,000 amperes rms. Point a 
at the open position represents the initial 
compression in the breaker opening 
springs. As the breaker is closed, these 
springs are compressed further, and the 
required closing force increases along the 
line a-b. At point b, the arcing contacts 
touch and the short-circuit current is 
established. Line b-c represents the sum 
of the peak electromagnetic retarding 
forces on the contact blades plus the imi- 
tial compression in the arcing contact 
springs. The electromagnetic forces ini- 
tially are cyclic in nature, varying in mag- 
nitude from zero to peak and back again 
to zero once per cycle. As the breaker is 
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Figure 8. Conventional solenoid-current 


buildup, dynamic output force, and stalling 
when closing 80,000-ampere short circuit 


A. D-c solenoid-current buildup versus time 
with closing operation for breaker with con- 
ventional solenoid mechanism when closing 


against 80,000-ampere three-phase short 
circuit 
B. Dynamic-solenoid-output-force buildup 


versus time associated with solenoid-current 


buildup shown in A plotted over required ~ 


static-force curve to close breaker. Shaded 
area equals excess: of solenoid output force 
which goes into accelerating breaker contacts 
C. Closing travel versus time resulting for 
breaker closing against 80,000-ampere three- 
phase short circuit showing stalling due to 
short-circuit magnetic forces at time of contact 
touching : 
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closed en in, the arcing contact springs 


_ are compressed further, so that the force 


increases along line c-d. At point d the 
primary contacts meet, and the step d-e 
is the initial compression in the primary 
contact springs. If a solenoid were con- 
nected directly to the contact-blade oper- 
ating rods, it therefore would be required 
to close the breaker against a final force 
of over 8,000 pounds. Generally to re- 
duce the size of the solenoid coil, a toggle 
mechanism is inserted between the sole- 
noid and the contact operating rods which 
reduces the force at the end of the stroke 
and increases it at the beginning. The 
simplicity of this toggle arrangement is 
shown in Figure 6. For the output force 
of this toggle to equal the required force 
shown in Figure 5, its required input force 
will be modified to that of Figure 7A. 
The static pull curves of a conventional] 
solenoid capable of ,producing sufficient 
output force to close this breaker are 
shown in Figure 7B. Although this con- 
ventional solenoid ultimately will close 
the breaker against 80,000 amperes, it 
will result in serious stalling at the time 
contacts meet as the coil current will not 
yet have built up to a high enough value 
to exceed point c and close the breaker. 
This can be seen from Figures 8A, 8B, 
and 8C. Figure 8A shows the d-c sole- 
noid-coil-current buildup versus time 
which, when eddy currents are neglected, 
follows the equation: 


Figure 8B shows the approximate cor- 
responding dynamic output force and also 
the dynamic breaker back force plotted 
against time. In ten cycles the solenoid 
current and resulting output force have 
built up high enough to exceed the initial 
compression of the springs, and the 
breaker starts to close. Continued cur- 
rent buildup results in the excess force 
shown by the shaded area which goes into 
acceleration. The movement of the arma- . 
ture begins to close the air gap in the sole- 


Figure 9. Improved flux-shifting closing 


solenoid-coil design with bottom plate on 
= plunger 


X=air gap around circumference of plunger 
Y=air gap to bottom plate which short-cir- 
cuits gap X as plunger closes - 

Z=normal air gap at top of plunger 
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aoid, which tends to increase the induct- 
ance of the coil. This increasing induct- 
ance generates a back electromotive force, 
(t(dL/dt)] which decreases the rate of 
current buildup, or even momentarily 
may cut the current down. Figure 8C 
shows the associated breaker-contact 
travel. In 15 cycles the contacts touch, 
though the solenoid output force has not 
yet built up to the required short circuit 
plus contact force, and so the breaker 
stalls until the solenoid current builds up 
: high enough to exceed these forces and 
complete the closing stroke. 
The stalling with the conventional 
- solenoid can be reduced somewhat by in- 


Figure 10. Flux paths for various positions in 
A the conventional solenoid, and B the 
double-air-gap solenoid 


in the open position, the flux path in the two 

types of solenoids is the same, but, as the 

plunger nears the closed position, more and 

more of the flux in the double-air-gap solenoid 

is shifted from the nonpulling annular gap to 

the pulling gap of the bottom plate, as shown 
in the half-closed and closed positions 
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creasing the amount of toggle which 
raises the required force at the open posi- 
tion but decreases it faster as the stroke 
progresses. This action holds the breaker 
back until the coil current has built up 
to.a higher value before it can start clos- 
ing. There is a limit, however, to this 
hold-back action, as it results in a higher 
excess force all the way through the 
stroke; and this greatly increases accelera- 
tion and speed so that abnormal dashpots 
or closing buffers may be required to ab- 
sorb the impact of closing this breaker 
against no load. Excessive closing speeds 
are to be avoided if possible to increase 
the mechanical life of the breaker. An 
extremely long maintenance-free operat- 
ing life is a prerequisite on Magne-Blast 
breakers, as many of them are used on 
highly repetitive industrial applications 
where 15,000 to 30,000 operations per 
year are not unusual. 


Improved Solenoid Design 


To avoid high closing speed and still 
close against high currents without stall- 
ing, the solenoid mechanism should pro- 
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Rear of Magne-Blast breaker with 


Figure 11. 

arc chutes removed and tension springs con- 

nected through lost-motion linkage to operat- 

ing rod shaft simulating short-circuit retarding 
forces 


vide a normal dynamic output pull in the 
early part of its stroke of about the same. 
magnitude as the conventional solenoid. 
When the contacts meet, however, the 
output force should rise rapidly without 
delay to pull the breaker contacts closed 
without waiting for the coil current to 
increase in value. The total pull from:a 
conventional solenoid plunger depends on 
the total flux across the pulling gap into 
the plunger. It is impossible to increase 


quickly the total amount of flux in the 
magnetic circuit on account of the in-_ 
ductance of its path, but it is possible to 


Figure 12. A 500,000-kva Magne-Blast cir- 


cuit breaker with lower cover removed from 


solenoid to show-flux-shifting plunger cons 
struction 2 
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Figure 13. Improved flux-shifting solenoid 
closing against 96,000-ampere three-phase 
short circuit 


A. Oscillogram showing breaker closing and 

latching on 96,000-ampere rms three-phase 

short circuit with 70-per-cent rated control 
voltage sustained at solenoid terminals 


B. Flux-shifting-solenoid closing-travel-ver- 

sus-time curve when closing and latching 

against no load and when closing and latching 

against 96,000 amperes as determined from the 
: oscillogram in A 


shift its path so that the same flux crosses 
two pulling gaps. 
Figure 9 shows a plunger solenoid de- 
sign in which the initial flux path in the 
open position is across the annular gap X 
up through the cylindrical plunger and 
through the pulling gap Z to the pole 


piece and down through the return cir- 


cuit. The plunger, however, is fitted with 
the large bottom plate B. In the early 
part of the stroke practically all the flux 
flows across gap X. As the plunger closes 
_ into the point where the breaker contacts 
touch, however, the large bottom plate 
on the plunger approaches the bottom 
of the magnetic return circuit so as to 
_form a new gap at Y, which becomes 
shorter than gap X. The major amount 
of the flux therefore will have shifted by 
this time from the nonuseful gap X to the 
additional pulling gap Y which adds its 
force to that of Z. With no increase in 
total flux, therefore, this flux-shifting de- 
sign exerts a greater pulling force at the 
end of the stroke. Figure 10B shows how 
this flux path shifts for various positions 
- during the stroke for a solenoid with the 
modified magnetic circuit as compared 
with the conventional magnetic circuit 
-in Figure 10A. 

The original development tests on this 
double air-gap type of solenoid were made 
by simulating the short-circuit forces with 

_heavy tension springs fastened through a 
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partial-stroke lost-motion connection to 
the mechanism output shaft. Figure 11 is 
the Fear view of a breaker resting on a 
framework with arc chutes removed to 
show these tension springs. A Cincinnati 
analyzer is mounted on top of the breaker 
to measure contact travel. By varying 
the tension in these springs, it is possible 
to simulate various magnitudes of shott- 
circuit currents. Dynamic flux measure- 
ments made during these tests determine 
the optimum air gap and bottom-plate 
dimensions for the solenoid magnetic cir- 
cuit. 

The conventional solenoid plunger 
construction first tested in this manner 
was shown to be capable of closing against 
a spring load equivalent to a 50,000- 
ampere three-phase short circuit with 90- 
per-cent control voltage. In contrast, 
the modified flux-shifting solenoid using 
the same coil-and-mechanism toggle con- 
struction closed successfully against a 
spring load equivalent to 95,000 amperes 
without stalling even when the control 
voltage was reduced to approximately 70 
per cent of rated voltage. This repre- 
sented an increase of over 1,800 pounds 
(peak oscillating force of 3,600 pounds) in 
plunger latching force, at the instant of 
contact touching, with no appreciable in- 
crease in breaker closing speed. 

An extended series of actual_short- 
circuit closing tests was then made to 
check the results obtained. Figure 12 
shows the Magne-Blast breaker used in 
these tests with the lower cover removed 
from the solenoid to show the flux-shift- 
ing plunger construction. These tests 
listed in Table I, included both closing— 
opening and closing-latching tests. Con- 
trol voltages were varied from minimum 
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Figure 14. Oscillogram showing breaker 
closing against 75,000 amperes tripped in- 
stantly, interrupting 540,000 kvaat 7,250 volts 


BREAKER TRAVEL 


to 100-per-cent normal and the short- 
circuit current exceeded 80,000 amperes 
rms in a number of tests. No stalling 
occurred on any tests, and there was no 
disturbance at the breaker. The positive 
no-stalling closing action reduced contact 
erosion to a negligible amount. 

Figure 13A is an oscillogram showing 
the breaker closing and-latching against 
96,000 amperes rms (peak current = 
158,000 amperes). The closing-travel- 
versus-time curve of the breaker when 
closing and latching against this current 
is shown in Figure 13B. Plotted over this 
curve is the closing curve of the breaker 
when closed against no load. The slight 
amount of divergence between these two 
curves after the contacts touch, due to the 
electromagnetic forces associated with 
96,000 amperes, can be seen at the top 
of the curves. ‘ 

Figure 14 is an oscillogram showing the 
breaker closing against a short circuit of 
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* First operation, ** Second operation. 
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Figure 15 


ih, iz, and is are the three-phase short-circuit 
currents when closing 100-per-cent inductive 
circuit 


iy”, ig2, and iz? are the squares of these currents 
which are proportional to magnetic retarding 
forces on individual switch blades 


Freiy?+io2,+i3? is the total three-phase mag- 
netic retarding force for the three phases of 
breaker 


73,000 amperes rms (120,000 amperes 
peak) followed by a tripping operation 
one cycle later. The short-circuit current 
at interruption was 47,000 amperes rms, 
which represented 570,000 kva. The total 
interrupting time of the breaker was 


three cycles from trip impulse to in-. 


terruption. 
Conclusions 


The double-air-gap flux-shifting sole- 
noid mechanism designed for operating 
the Magne-Blast breaker makes this 
breaker equally adaptable to public- 
utility and industrial applications. It 
provides a mechanism for reclosing that 
breaker against maximum fault currents 
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TIME IN CYCLES : 
Variation of the total three-phase 
magnetic retarding force (Ft) with respect to 
time | . 


: “Figure 16. 
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izzy is the single-phase fault current when 
switch is closed at zero voltage point on volt- 
age wave 
iz_2 is the square of single-phase fault current 
which is proportional to magnetic retarding 
force on blade 


with minimum control voltage main- 
tained at the coil terminals, without stall- 
ing and without damage to the contacts. 
For industrial applications it provides a 
positive mechanism of extremely simple 
design and few moving parts with an 
operating speed fitting it for highly repeti- 
tive applications such as steel-mill motor 
contro! and arc-furnace control, without 
requiring excessive adjustment or re- 
placement of parts. 


Appendix. Calculation _ of 
Electromagnetic — Forces on 
Circuit-Breaker Contacts When 


Closing Against a Short Circuit 


The transient current which flows upon 
the closing of a switch in an inductive circuit 
with a sinusoidally varying impressed volt- 
age is given by the equation: 


Em.’ 
V R?+ (wL)? 


{sin (wt-++0—}) — 

_Rt 

e “sin (0—¢)] (1) 
where 


@ =electrical angle from zero voltage to © 


making of circuit 
¢=angle of lag of current behind voltage or 


i ) 
power-factor angle | equal to tan 9 | 
If we neglect resistance in the ‘circuit, 

R=0, and ¢=90 degrees, and the equation 
becomes ; 


i [sin (wt-+@—90°)— sin (@—90°)] (2) 


Closing a three-phase switch upon a 
three-phase a-c short circuit similarly gives 
rise to three currents equal to 


iat [sin (wt-+@—90°) — sin (9@—90°)] (3) 
a. 
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4 erie 
12 = — [sin (wt+6—90°-120°) — 
ol 
sin (@Q—90°—120°)] (4) 


bos mie ; 
= — [sin (wt-+0—90°-240°) — 
oL 
sin (@—90°—240°)] (5) 


6 being measured in all cases from the in- 
stantaneous voltage zero in the first phase. 

If these switch blades bridge at right 
angles two parallel conductors as shown in 
Figure 1 of the paper, the instantaneous 
magnetic force tending to open each switch 
blade is equal to 


F=4.577K 10-8 pounds* (6) 


where 


.t=the current in that blade 
K=a constant determined by switch pro- 
portions 


jog, 3 LEME+R 
8 O.779R J44/p4 52 
S=distance between parallel conductor 
centers—inches 


R=radius of parallel conductors—inches 
1=length of parallel conductors—inches 


The total instantaneous magnetic force 
then acting upon the three switch blades is 
equal to 


F,=4.5(4;? + 72?+7;7) K 1078 pounds (7) 


When 1%, 72, and 73 are squared and added 
together, it will be found that all the terms 
involving the closing angle 6 cancel out, and 


st ee plete Lim 
etn ha as ee 


ay so 


COS wt) . (8) 


The sum of the squares of the three in- 
stantaneous currents therefore are inde- 
pendent of the closing angle 0. 

The total instantaneous magnetic retard- 
ing forces on the blades of a switch closing 
on a zero-power-factor three-phase short — 
circuit are equal to 


EnN\* 
F.=4.5 OL 8(1— cos wt)K 10 8 pounds 
@). 
(9) 
This force starts at zero and reaches a 
27 (Bn) oe i 
K 107-8 in 180 degrees and 
(wL)? ‘ 
drops to zero again in 360 degrees as shown 
in Figure 15. If the circuit contained zero 
resistance, this force would continue to 
oscillate indefinitely, as all three of the phase 
currents. each would retain its original 


amount of displacement. Because of the 
resistance in any actual circuit, however, 


crest of 


‘these currents eventually will become sym- 


metrical, after which the sum of the mag- 
netic forces has a constant value one-fourth 
its original peak magnitude as shown in 
Figure 16. 

As previously shown the total of the three 
magnetic retarding forces for a three-phase 


*This equation is based upon the switch blades be- 
ing spaced far enough apart so that each blade is 
not acted upon by the currents in the other two 
phase parallel conductors. It does not hold with 
very close phase spacings. 
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Application of Capacitors for Power- 


Factor Improvement of Induction Motors 


W. C. BLOOMQUIST 
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OWER-FACTOR improvement of in- 

duction-motor loads by means of 
shunt capacitors has been a common prac- 
tice for many years. Recently, the prac- 
tice of connecting the capacitors directly 
at the motor terminals has developed in 
order to permit switching of the capacitors 
and motor as a unit. This will not result 
in adverse motor operation if the number 
of capacitors is selected properly. There 
is very little written material regarding 
operating experience, although capacitor 
and motor manufacturers have accumu- 
lated some experience.?%4 This ex- 
perience has shown that frequently too 
large a capacitor rating was used, result- 
ing in overvoltage due to self-excitation 
when the motor starter was opened; in 
some cases the voltage rose to 200 per cent 
causing failure of motor insulation, in- 
dicating lamps, and other devices. In 
several instances, the motor coupling and 
shaft were damaged when too large a 
capacitor bank was used and the motor 
switched by a reduced-voltage autotrans- 
former-type starter. In some cases, mo- 
tors have been damaged from overload 
because allowance was not made in the 
overload setting for the reduction in line 
current due to the capacitors. In other 
cases, instruments and meters connected 
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in the current-transformer secondary cir- 
cuit have been damaged due to overvolt- 
age.® 

The purpose of this paper is to discuss 
these problems and their solution. A use- 
ful application table is included which lists 
the maximum capacitor rating for use 
with motors and the reduction in line cur- 
rent with the recommended capacitor 
rating. This latter information is useful 
for selecting the proper overload-relay 
setting. 


Overvoltage Due to Self-Excitation 


Self-excitation refers to the action of an 
induction motor operating as an induction 
generator with excitation supplied by ca- 
pacitors, such as may occur when the 
switch is opened and the running motor is 
disconnected: from the power source or 
when the motor is driven by an external 
means. . 

The mathematical theory of self-excita- 
tion is involved® and here only a simplified 
graphical solution will be given. If resist- 


ance is neglected, self-excitation will occur — 


when 


XcoSX1 
Xc=capacitive reactance 
X,=magnetizing reactance 


(A small value of X¢ corresponds to a 
large capacitor kilovolt-ampere rating.) 
For practical purposes X¢=X, when the 
capacitor kilovolt-ampere rating is equal 
to the magnetizing kilovolt-ampere of the 
motor. This is very nearly the reactive 
kilovolt-amperes or kilovars at no load. 


short circuit is independent of the closing 
angle of the circuit. For a single-phase 


fault current, however, the crest value of - 


these forces will vary 4 to 1, and their 


_ average over a cycle will vary 3 to 1 depend- 


ing upon the closing angle of the circuit. 
The highest value is obtained when a line- 
to-line fault, occurs beyond the breaker at a 
zero point on the voltage wave. In this 
case, a full-offset current wave flows 
through two poles of the breaker simultane- 
ously. 


w= ies {sin (wt-+0— ) — 
2V/ R?+ (wL)? 


€ ~sin (6—¢)]- 220) 


where 


Emi to1=line-to-line voltage = 1.73Em 
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If we neglect resistance and close at 0 de- 
grees to this line voltage, 
1.73E,(1— cos wt) 


Uu_i= 
ih Jol, 


(11) 


The magnetic retarding force associated 
with this current is equal to 
2A os 2 
38Em?(1— cos wt) 10-8 
A(wL)?, 
The peak of this force is equal to that for 


the three-phase fault condition in equation 
9 


Fy_1=4.5K (12) 


As this short-circuit current becomes sym- 
metrical, this force dies down to a double- 
frequency oscillating force as shown in 
Figure 17. If the switch had been closed at 
peak voltage, the current would have been 
symmetrical in the first loop, and the forces 
would have started out at their final value. 


Curve M of Figure 1 shows a typical 
volt-ampere characteristic of a motor. 
Point A indicates the per cent magnetizing 
current at no load and normal voltage. 
Curves C1, C2, C3, and C4 show the volt- 
ampere characteristics of capacitors of 
various ratings. All capacitor curves fall- 
ing below the motor-characteristic curve 
M indicate that X~¢<Xz (capacitor kilo- 
volt-amperes is larger than the motor- 
magnetizing kilovolt-amperes) and there- 
fore the motor will self-excite. The final 
voltage of self-excitation, assuming the 
speed remains constant, occurs when X¢= 
X,, or at the points of intersection of the 
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Figure 1. Motor-excitation curve and capaci- 
tor volt-ampere characteristic curves 


capacitor curve with the motor-charac- 
teristic curve (points A, B, and C). 
Capacitor curves above the motor curve, 
such as curve C4, indicate that the capaci- 
tor kilovolt-amperes is less than the motor- 
magnetizing requirements, and the motor 
will not self-excite. Self-excitation can be 
checked by connecting a voltmeter 


across the motor terminals and reading 


the voltage after the switch is opened. 

Curve C2 of Figure 1 is for the case 
where the capacitor kilovolt-amperes is 
sufficient to improve the motor full-load 
power factor to 100 per cent. Note that 
the voltage of self-excitation is 143 per 
cent; this will vary among motors and 
may be considerably higher for some. 

In the usual motor application, the 
motor slows down rapidly after the 
switch is opened and the voltage rapidly 
decreases; a 15- to 20-per-cent reduction 
in speed eliminates self-excitation so the 
voltage collapses in a few seconds. How- 
ever, in a few cases with high-inertia loads © 
the voltage of self-excitation has been 
sustained for several minutes. 

The graphical solution described as - 
sumes that the frequency of self-excita-- 
tion is equal to the power-system fre- 
quency. This is approximately true in- 
most cases since the frequency of self- 
excitation corresponds to the motor speed 
which is very nearly synchronous speed. 

Overvoltage may be reduced by means _ 
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Figure 2. Diagram of reduced-voltage auto- 
transformer-type motor starter 


starter, Figure 2. This also may occur 
when a running motor temporarily is dis- 
connected from its line, and the switch 
(Figure 5) is reclosed while the motor is 
still running and maintaining voltage at 
its terminals by self-excitation. 

In order for transient electrical torques 
to appear, the motor voltage developed by 
self-excitation must be of appreciable 
magnitude and it must be out of phase 
with the line voltage when the switch is 
closed. The torque is similar to that 


TIMES RATED TORQUE 


ie} 
ie) 30 460 90 120 #J50 
ELECTRICAL ANGLE BY WHICH LINE VOLTAGE LEADS MOTOR VOLTAGE 


of a series or shunt resistance in the capaci- 
tor circuit but generally such devices 
are not used because of the continuous 
losses or the complication of switching the 
resistor to avoid the losses. 
Overvoltage alone may not be the sole 
criterion for selecting the amount of ca- 
pacitors to use; the listings of Table I 
consider both transient torque and volt- 
age. 


Transient Torques 


When a running induction motor with 
shunt capacitors is connected to a power 
source, a high transient torque may be 
developed. This may occur when a motor 
is transferred to the line from the reduced- 
voltage tap of an autotransformer-type 


LINE CURRENT 
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Figure 3. Peak elec- 
trical torque versus 
switching angle 


caused by connecting two synchronous 
generators together which are out of 
phase. 

If there is no load connected to the 
motor shaft, the torque will be absorbed 
by the motor inertia and will result merely 
in a momentary acceleration or decelera- 
tion of the motor, lasting for a few cycles. 

If the inertia-of the load connected to 
the shaft is appreciable, some of the torque 
willbe transmitted by the shaft to cause 
acceleration or deceleration of the load. 
If the load inertia is several times the 
inertia of the motor rotor, most of the 
transient electrical torque will be trans- 
mitted as transient mechanical torque by 
the shaft and coupling. In some cases 
this has caused fracture of couplings and 
twisting of shafts. 
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The peak value of the electrical torque 
is determined primarily by the magnitudes 
of the line and motor voltage, the electri-_ 
cal angle between them, and the reactance 
and resistance of the motor. High tran 
sient torques are accompanied by high 
transient line currents. The transient 
torque is of an oscillating character, last- 
ing only for a few cycles and usually hav- 
ing its maximum value in a decelerating 
direction. The values of peak torque ob- 
tainable for a typical motor are shown by 
Figure 3. 

A series of tests was made to verify the 
expected values of transient torque. 
Figure 4 is an oscillogram of a test made 
on a 100-horsepower motor with 40 kva of 
capacitors connected to its terminals. 
This amount of capacitors improved the 
full-load motor power factor to substan- 
tially 100 per cent.. The motor and capaci- 
tor bank were switched as a unit from re- 
duced voltage to full voltage by means of 
a manual reduced-voltage autotrans- 
former-type starter. No load (except a 
tachometer) was connected to the motor 
shaft. The maximum torque developed 


Figure 4. Oscillogram of test for transient 
torque of induction motor with shunt capacitors 


Motor rating: 100 horsepower, 1,800 rpm, 
2,200 volts, 24 amperes. Capacitor rating: 
40 kva 


Motor started with manual reduced-voltage 
autotransformer starter. No load connected to 
motor shaft 


Maximum electrical torque (from slope of speed 
trace and motor inertia) =21 times motor rated 
torque 


Tachometer deceleration trace not used, since 

peak went off film. This trace obtained from 

oscillograph element in series with capacitor 

across tachometer. Harmonics in this trace are 

due to commutator ripple and slight misalign- 
ment in tachometer coupling 


Line-voltage trace obtained from special circuit 
which shows only the peaks of the voltage 
wave 


MOTOR CONNECTED 


JO LINE 
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mmended Maximum Capacitor Rating When Capacitor and Motor Are Switched as a Unit* 
0-, 440-, 550-, and 2,300-Volt Rating 


Reco 


Table I. 
Representative Data for Three-Phase 60-Cycle General-Purpose Open-Type Induction Motors of 22 


———= 


—=—= 


<== 


Induction- Motor Speed in Rpm on 
Motor 1,200 900 720 
3,600 1,800 ; tb = 
ae Ckva** %ARF Ckva %AR Ckva %AR Ckva %AR Ckva %AR Cky % 
i fe ie A 
no Sea eee yy 7 eRe Pie ti ee Peet Epa cided eee 
i be eae Sa eeee PS ies tee is ee 11 eae ee ae th ey oo 7i5e he 1G bas 
2h eg en eee eet Rea: 10.2 eeeres rgb See it geet viet eel yaaa ned 
Be ae ke Bo a eee eS ieee EE 10. eee Wh Berea Nee om he Tigers eto (istsac 
So 75. eee Orter te et nes Gussie as. 10" ees 10. . eee 10s see ite” 
BO oer 10 “tase Stine: ae Tost ee eae ss TOite eae Fe eter oa 12 Gace: Tee 
BOs 6.3 A ee ee he labs oe o Up ee 125.5 SAW Gu tumeaate? ay ees 1a ee ee 
lepine te oo 
Odes oe eae oe eee ieee Nee ek eran as Ae iy tne Te 8 ene 4 ice 
Ae NTS ie Oe eS 175 cena goat ets 17. Boe eee Sh a a8 0 ee Wibem ae sated OTB lator 
100... eeanoote se 2. aie, SOR ee ae igen Siete eat oSs Geeta: OB Me eee 10<som ae 
12hck aoe Sree ae: pe 27 Bie so i alen O7 Gene kaa S$ ah Seen Bote teens oe 
150uAe Moments Bo Bs Otay state Bae hens” Da ons BB) ebelnd ee 57. babe wort, a. 
DOOM tee / ra oalaeeaee Fees ee ieee Mee Sip 19.5 0 fea Roce eee peli sal Ps 5 x he. 


* When manual reduced-voltage autotransformer-type starter su 
rating if load data is appreciably higher than that of the motor. 


to 98 per cent. 


#* CKVA is rated kilovolt-amperes of capacitors connected at motor terminals. 


# %AR is per cent reduction in line current due to capacitors an 


shown in Figure 5. 


was determined from measurement of the 
maximum rate of change of motor speed 
and a calculated value of motor inertia. 
In the case shown by Figures 3 and 4, 
there was a delay of approximately 0.7 
second from the time the motor was dis- 
connected from the 65-per-cent autotrans- 
former tap until it was connected to the 
line. During this interval, the motor 
voltage built up to 138 per cent by self- 
excitation and became about 252 degrees 
out of phase. The resulting high torque 
is apparent from the rapid momentary 
deceleration of the motor after transfer to 
the line. The measured torque was 21 
times rated torque. This measured value 
is plotted on Figure 3, from which the 
good agreement between calculated and 
test results can be seen. 

In order to prevent transient mechani- 
cal torques from damaging the shaft and 
coupling, the peak mechanical torque 
should not be permitted to exceed about 
six times normal. In general, if the con- 

nected capacitor kilovolt-amperes does 
~ not exceed the value given by Table I, 
excessive torques will not result from 
switching occasioned by the use of electri- 
cally operated reduced-voltage starters. 
This is true because the switching time is 
so short that a high motor voltage and 
electrical angular difference does not ap- 
pear. oe 

If manual switching is employed, and 
the load inertia is appreciably higher than 


. that of the motor, excessive shaft torques 


may develop. It is suggested that such 
cases be given special consideration, tak- 


ing the particular motor characteristics . 


and load inertia into account before select- 
ing a value of capacitor kilovolt-amperes 
to be connected to the motor terminals to 


maximum electrical torque can be deter- 
mined. The maximum mechanical torque 
will be less than the electrical torque in 
the same proportion that the load inertia 
is less than the total inertia of motor and 
load. The capacitor rating should be se- 
lected by trial such that the maximum me- 
chanical torque in the shaft and coupling, 
determined in this manner, does not ex- 
ceed six times normal, As previously in- 
dicated, this procedure is not necessary 
if the switching time is less than about 0.3 
second, as would be the case for most 
electrically operated motor starters. 


Thermal-Overload Protection of the 
Motor 


When capacitors are connected to the 
motor terminals they supply some of the 
motor-magnetizing requirements so the 
actual line current is less than it would be 
without capacitors. If the capacitors are 
connected to the motor starter on the 
load side of the thermal-overload device 
as shown in Figure 5, the overload relay 
will not provide proper protection to the 
motor if it is selected for the uncorrected 
motor full-load current. The relay should 
be selected for a smaller current rating 
commensurate with the reduced line cur- 
rent due to the effect of the capacitors. 

The per cent reduction in line current 
due to capacitors is shown in Table I. 
Note the large reduction in line current for 
the slow-speed motors. : 


. POWER SOURCE 


ch as shown in Figure 2 is used, refer to method described in the text for selecting the capacitor 
The motor full-load power factor, with capacitor ratings as listed in this table, will range from 95 


d is helpful for selecting the proper motor-overload setting when the overload relay is located as 


The standard open-type squirrel-cage 
induction motor will carry 115 per cent of 
the rated load at rated voltage and fre- 


quency with possible slight differences in’ 


power factor and efficiency. The over- 


load-relay setting therefore can be selected: 


on the basis of the 1.15 service factor. 
The reduction in current as listed in Table 
I applies for either the 100- or 115-per- 
cent loading. Examination of data for 
motors of various horsepower and speed 
ratings has shown this to be true. 


Overvoltage Protection for Current- 
Transformer Secondary Windings 


Excessive overvoltages (several thou- 
sand volts) have been observed in current- 
transformer secondary. circuits of motor 
circuits with shunt capacitors for rotat- 
ing-machine protection or power-factor 
improvement. 
described in a recent paper.® 

Referring to Figure 6, when a de- 
energized capacitor is switched on to the 
bus it appears initially as a short circuit 
since the capacitor voltage cannot be 


The analysis of this was 


changed instantaneously. Therefore, the » | 


instant the switch is closed the system 
voltage is distributed in the impedance 
from the bus to the capacitor, and since 
the impedance of the current transformer 
may constitute a major portion of this cir- 
cuit impedance, it may assume the major 
part. of the voltage drop. The voltage as 
viewed from the transformer secondary 
winding will be increased by the turn 
tatio. The magnitude of this voltage also 
will depend upon the volt-ampere burden 
in the transformer secondary circuit; the 
larger the burden in volt-amperes the 


STARTER higher the voltage. The amount of capaci- 
be switched with the motor. This may be Alaa : tors at the sat terminals has Kee 
done as follows: By the graphical method “Device [LE] CAPACITOR little effect on the magnitude of the volt- 
outlined in this paper, the maximum mo- J MOTOR age. : 


tor voltage from self-excitation by a trial 
selection of capacitors can be determined. 
From Figure 3 for this motor voltage, the 
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Figure 5. Location of capacitors and thermal- 
overload relay 


Many types of protective devices can 
be used in the current-transformer second- 
ary circuit, such as a shunting resistor, 
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cutout, or filter, Very effective protection 
is provided by a by-pass device of a ce- 
ramic material having a nonlinear-re- 
sistance characteristic designed to shunt 
the current-transformer secondary termi- 
nals and thus limit the magnitude of the 
overvoltage. This does not cause any ob- 
jectionable error in secondary current 
within the operating range. 


Basis of Application Table 


How many capacitors can be safely ap- 
plied? The recommended capacitor rat- 
ings listed in Table I are selected con- 
servatively for the motor and its drive. 

The overvoltage due to self-excitation 
usually will be within the maximum value 
(110 per cent) normally permitted for con- 
tinuous motor operation. The transient 
torque occasioned by the use of reduced- 
voltage starters will be held.to a reason- 
able value, with the possible exception of 
the manual autotransformer-type of 
starter, for which a suggested application 
procedure has been outlined. 

The no-load power factor will be ap- 
proximately’ 100 per cent and the motor 
full-load power factor will range from 95 
to 98 per cent which gives sufficient power- 
factor improvement in most cases. The 
capacitor rating will range from 20 to 40 
per cent of the full-load motor kilovolt- 
amperes; the smaller value applies to the 
high-speed motors which inherently have 
a higher power factor than slow-speed 
motors. = 

The data are confined to a single table 
for simplicity for the most common motor 
sizes in the 220-, 440-, 550-, and 2,300-volt 
rating. Some of the capacitor kilovolt- 
ampere values given in Table I do not 
conform to the present standard capacitor 
ratings for all voltage classes, but in such 
cases the next lower standard rating may 
be selected. The standard capacitor 
ratings for the common voltage classes are 
given in Table II. 


Individual-Motor Power-Factor 
Improvement Versus the Group- 
Capacitor Method 


The use of a common motor controller 
for switching the motor and the capacitor 
as a unit has become increasingly popular 
because of the elimination of one switch- 
ing device and because of the operating 
convenience. The capacitor is switched 
in and out of service with its associated 
motor and therefore tends to eliminate 


-overvoltage usually associated with light- 


3 
mF 


load conditions in a plant. This unit- 
switching arrangement is economically 
attractive when only a few motors are in- 
volved or when there is no diversity 
among motors. In those plants having a 
large number of motors and diversity 
among motors in operation, such as is 
common in industrial plants with a large 


group capacitors automatically switched 
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number of motor-driven equipments, 


_ available for 2,400-volt service if more capacity is required. 
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Figure 6. Circuit arrangement producing 
overvoltage in current-transformer secondary 
circuit 


in several steps are usually more economi- 
cal than individual-motor power-factor 
improvement. Operation with automatic 
control results in the functional equivalent 
of individual-motor power-factor improve- 
ment since the capacitors may be switched 
in blocks as dictated by the load require- 
ments. Several papers have been written 
recently describing various types of con- 
trol and their application for automati- 
cally switching capacitors.7.8 

Several studies were made to determine 


the relative economics of plant power- ° 


factor improvement by means of capaci- 
tors with individual motors and the group- 
capacitor method. ; 
The price comparisons were on the 
basis of the same amount of total power- 
factor improvement. For example, when 
all motors are connected to the line at the 
same time, so that the motor-diversity 
factor is one, the capacitor kilovolt- 
amperes required is the same for the two 
methods. When 50 per cent of the motors 
are on at the same time, corresponding to 
a motor-diversity factor of two, the group- 
capacitor rating need be only 50 per cent 
of the total capacitor kilovolt-amperes 
connected to all motors. The motor- 
diversity factor is thé total motor-con- 
nected horsepower as related to the total 


horsepower of motors in operation, 

The price ratio of individual capacitors 
to group capacitors was almost equal for 
the 220-, 440-, and 550-volt equipments 
for the same percentage of motors on the 
bus so the average price ratio for this 
voltage range was used. The price data 
were based on standard noninflammable 
liquid-filled capacitors used for power- 
factor improvement. 


EXAMPLE 1. PoweEr-Facror IMPROVB- 
MENT OF INDIVIDUAL Motors VERSUS 
Group Meruop or POWER-FACTOR 
IMPROVEMENT FOR SERVICE BELOw 600 
VOLTS 


The price ratio of individual versus group 
capacitors for typical plants with motors 
from 3 to 50 horsepower is shown on Figure 
7, plotted as a function of the per cent of 
motors in operation. 

Note from curve A of Figure 7 that the 
group-capacitor method with manual switch- 
ing is more economical than the individual- 
motor method even for the 100-per-cent 
condition when all motors are in operation. 
This is true because the price of capacitors 
in dollars per kilovolt-ampere is higher for 
small units than for larger units such as are 
commonly used with the group-capacitor 
method. 

Curve B shows the price ratio when the 
automatic control and switching feature is 
incorporated with. the group-capacitor 
method. (This is the operating equivalent 
of the individual-motor-capacitor method.) 
Note that even with the automatic control 
feature the group-capacitor method is eco- 
nomically more attractive than the indi- 
vidual-motor method. 

Curve C shows the price relationship on 
the basis of the same capacitor cost, in 
dollars per kilovolt-ampere, for the two 


methods and clearly indicates the effect of 


diversity in the motors in operation. 

Curve A will be very nearly correct for all 
applications. Low-voltage manual-switch- 
ing devices are inexpensive so the cost of the 


Table Il. Standard Capacitor Ratings for Three-Phase 60-Cycle Units 
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Individual Units 


Volts 
460 
and 
Capacitor Kva 230 575 
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Standard Rack-Type Equipments* 


Volts 

460 

and 

2,400 230 575 2,400 
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* Stgndard rack-type equipment as commonly used for group-capacitor installations. Larger banks are 


This listing is for standard racks of full ca- 


pacity. Units may be removed in 7.5-kva units for 230-volt service and 15-kva units for 460-, 575-, and 


- 2,400-volt service. 
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Figure 7. Price ratio (individual/group) ca- 
pacitors versus per cent of motors in op- 
eration (for service voltages below 600 volts) 


Curve A—Group capacitors with manual 
switching 
Curve B—Group capacitors with automatic 
control and switching 
Curve C—Equal capacitor cost in dollars per 
kilovolt-ampere for individual-motor and group- 
capacitor methods 


switching device is a small part of the total 
capacitor-equipment cost. Curve B is repre- 
sentative for medium- and large-size indus- 
trial plants. For small plants or plants hav- 
ing-a small connected motor load the price 
ratio will be lower since the cost of the auto- 
matic-control and switching feature becomes 
a large part of the capacitor-equipment cost 
when small capacitor banks are used. Gen- 
erally, however, the automatic-control fed- 
ture is not necessary in the small plants. 


EXAMPLE. 2. GROUP CAPACITORS FOR 
Diversiri=ap Moror Loap AND INDI- 
VIDUAL CAPACITORS FOR SELECTED 
LaRGE Morors FOR SERVICE BELOW 
600 VOLTS 


In those applications involving a large 
uumber of small motors and some large 
motors it is good practice to use group ca- 
pacitors for the diversified motor load and 
individual capacitors for selected large mo- 
tors. Large motors require large capacitor 
units which have a low unit price approach- 
ing that of the group-capacitor method. A 
low diversity factor among the large motors 
favors the individual method of power- 
factor improvement. If the motor-diversity 
factor is greater than about 1!/2, the group- 
capacitor method is generally more eco- 
nomical. 

The combination of group capacitors for 
the diversified load and individual capacitors 
for selected large motors offers the operating 


benefits associated with unit switching and 


thus helps prevent overvoltage during light- 


_ plant-load conditions. Consequently, auto- 
“matic control usually is not required for the 


group capacitors used in such cases. 


EXAMPLE 3. 2,300-VOLT SERVICE 


The group-capacitor method may not be 


-aconomically attractive for 2,300-volt (or 
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higher voltage) equipments unless the 


motor-diversity factor is greater than 11/2; to 
2. This is true because the cost of the ca- 
pacitor-switching device, usually a power 
circuit breaker, is an appreciable part of the 
total equipment cost. Another reason 1S 
that motors for 2,300-volt service are usu- 
ally 100 horsepower or larger and require 
capacitors of the larger ratings which havea 
relatively low unit cost. : 
Applications involving 2,300-volt equip- 
ments should be considered individually. 


CONDITIONS FAVORABLE TO INDIVIDUAL- 
Moror PowER-FACTOR IMPROVEMENT 


1. Capacitors automatically switched. Ca- 
pacitors will be on only when needed and 
therefore will minimize plant-voltage rise 
at no load. 


2. Application engineering simplified. 
Capacitor rating may be selected from Table 
its 


3. Flexibility for plant rearrangements. 
When plant changes require rearrangement 
of equipment the capacitor and motor can 
be moved together thus insuring proper 
power-factor improvement of the motor at 
any location. 


4. Simplified installation. The capacitor 
and motor starter may be ina unit housing. 


CONDITIONS UNFAVORABLE TO 
INDIVIDUAL-MoToR POWER-FACTOR 
IMPROVEMENT 


1. Price higher for equipments below 600 volts. 
This is shown in Figure 7. The price 
comparisons are on the basis of actual selling 
price and not on the installed basis. If the 
installation cost were included, the relation- 
ship would probably be even more unfavor- 
able to the individual-motor method since, 
generally, many small units cannot be in- 
stalled as cheaply as a few large racks in a 
group. This is particularly true when the 
type of equipment furnished for group- 
capacitor installations is shipped complete as 
a unit ready for service. Even though the 
unit-type capacitor and starter is used, 
which does not require any additional in- 
stallation expense for the capacitors, the 
group-capacitor method is cheaper. 


2. Poor use of investment. This is true 
when all motors are not on at the same time. 
In the average industrial plant only 25-75 
per cent of the motors are connected to the 
bus at the same time. 


3. Lack of interchangeability of motor equip- 


ment. Usually 220-volt motors can be rec- 
ommended for 440 volts but capacitors can- 
not. It is possible to use a 460-volt capaci- 
tor on 220 volts, but resulting in approxi- 
mately 25 per cent of the rated kilovolt- 
amperes. A 230-volt capacitor cannot be 
used with a 440-volt motor, although two 
230-volt capacitors can be connected in series 
for 440-volt motor service. 


4, Limitations in location. Capacitors 
for power-factor improvement of 5- to 25- 
horsepower motors for 220-, 440-, or 550-volt 
service are relatively large compared with 
the motor and may require special considera- 


tion to location and mounting. However, 
this limitation may b> avoided if the ca- 
pacitor is located in the motor starter. 


5. Improvement in over-all plant power fac- 
tor limited. Power-factor improvement of 
individual motors has the limitation of im- 
provement of the motor load only. The 
full-load motor power factor is improved to 
95 to 98 per cent for the capacitor values 
recommended in Table I. If additional 
power-factor improvement is necessary for 
the plant, the additional capacitors required’ 
should not be switched with the motors. 
With the group-capacitor method, the entire 
plant power factor may be improved to the 
desired level. 


Conclusions 


1. In applying shunt capacitors to the 
terminals of induction motors for power- 
factor improvement, care should be exercised 
in selecting the capacitor rating to avoid: 


(a). 
(b). Transient torques. 

(c). Overvoltage in current-transformer secondary 
circuits. 


(d). 


2. The data in Table I are a practical 
guide in selecting the amount of capacitors 
to be switched with a motor. 


Overvoltage due to self-excitation. 


Improper motor-overload protection. 


3. Generally, economic considerations 
favor the group-capacitor installation for 
plant power-factor improvement when the 
service voltage is below 600 volts, the indi- 
vidual motors are small, and the motor- 
diversity factor is large. For other condi- 
tionsindividual comparisons should be made. 
For maximum operating benefits the group- 
capacitor method usually will consist of 
several blocks of capacitors automatically 
switched. 
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T now becomes possible to reveal the 

composition of a typical war-plant 
electric distribution system (aircraft- 
engine manufacture). It is the hope of 
the authors that many of the principles 
and practices which have been embodied 
in this electric system can be adopted by 
others to effect the simplification and 
economies in power distribution that have 
been done in this instance. 

In December’ 1941 this nation was 
plunged into the present world conflict. 
Participation was no longer optional. In 
this, a mechanized war, there arose an 
"immediate demand for almost every con- 
ceivable type of machine for use on land, 
on the sea, and in the air in unheard of 
quantities. It became essential that 
every man-hour of effort and every pound 
of material be made to yield the greatest 
return. 

The direct objectives considered fore- 
most in the creation of the electric system 
herein described included: 


8 Speedy completion. 


2. High utilization efficiency of material, 
particularly copper and steel. 


8. Conservation of man-hours in manufac- 
ture, installation, and operation. 


4, An electric system as nearly independ- 
ent of building structureas possible. 


5. The incorporation of an acceptable de- 
gree of electrical service reliability. 


6. Assured safety to equipment and per- 
sonnel. 


In the interest of speeding the work and 
securing the maximum degree of co- 
ordination and economic balance, the 
entire electric distribution system was 
negotiated as a single project. The co- 
operative efforts of the Pratt and Whitney 
Aircraft Corporation; Albert Kahn, 


Paper 45-79, recommended by the AIEE committee 
on industrial power applications for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945. Manuscript sub- 
mitted November 27, 1944; made available for 
printing January 2, 1945. 


IRIEL, KaurMann is in the industrial engineering 


department of the General Electric Company, 
‘Schenectady, N. Y., and N. A. Kies is electrical 
engineer with the Pratt and Whitney Aircraft 
Corporation of Missouri, Kansas City, Mo. ; 
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Architects and Engineers; the General 
Electric Company; together with the 
Defense Plant Corporation, were enlisted 
to that end. Paul R. Olson of the East 
Hartford Pratt and Whitney organization 
deserves particular credit for his untiring 
efforts in expediting this project. 


The Electric Distribution System 


A bird’s-eye view of the complete dis- 
tribution system is presented by the over- 
all one-line diagram, Figure 1. The 
several component parts as portrayed in 
this diagram represent the approximate 
geographical arrangement. 

In immediate evidence is the applica- 
tion of the load-center principle of power 
distribution which has been publicized 
quite widely: ‘‘Transmit power at the 
highest practical voltage to relatively 
small distributed substations”. In this 
instance, primary distribution is accom- 
plished at 13.8 kv. 

Reliability of electric service is in- 
corporated in the form of the secondary 
selective arrangement in~ which each 
individual load circuit has access to an 

alternate independent source of low- 
voltage power. *This system has met its 
expectations with flying colors, possessing 
the following outstanding advantages: 


1. Both normal and emergency operation 
incorporate the simplicity of radial dis- 
tribution. 

2. Allcircuit equipment normally shares in 
carrying the total load resulting in low power 
and reactive kilovolt-ampere loss, as well as 
better maintained delivered voltages. 

3. Emergency operation entails merely the 
opening of the low-voltage circuit breaker in 
the de-energized source and closing the tie 
breaker. 


It will be observed that effective dupli- 
cation of electric service is carried 
through to the incoming 110-kv supply 


system. The two co-ordinating primary — 


feeders at each and every substation 
originate from different 13.8-kv busses. 
Both of the latter in turn may be ener- 


_-gized by either or both main transformers 
and, should a second 115-kv feeder be 
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‘per cent to inspection. 


added, from either or both incoming 
high-voltage lines. 

In the belief that the most logical pres- 
entation will parallel the sequence fol- 
lowed in initial planning, the several 
specific load areas will be described first 
and be followed by a description of the 
primary-feeder arrangement and main 
incoming-power substation. 


Main Factory Building 


The main factory building enclcses 
under a single roof a ground area of 1,000 
feet by 2,000 feet. Operations are con- 
ducted on a single floor at ground level, 
with the exception of a mezzanine floor 
over about ten per cent of the area, mak- 
ing a total working. floor space of about 
2,250,000 square feet. Of this total area, 
approximately 70 per cent is devoted to 
active manufacture; 15 per cent to rough 
stores; ten per cent to finished parts re- 


ceiving, assembly, and shipping; and five — 


The mezzanine 
floor is allocated to inspection and a por- 
tion of the active manufacture. | 
Supplying general-purpose power and 
light to this area are 16 load-center unit 
substations aggregating 30,000 kva, repre- 
senting about 13.3 volt-amperes per 
square foot of working floor space. In 
one load area, an additional load-center 
substation has been installed because of a 
high concentration of power in the form of 
heat-treating equipment. In general, the 
area served by a single substation is about 


250 feet by 500 feet, but issomewhat larger _ 


in areas characterized by lower power- 
utilization densities. In the rough- 


_ stores area the supply substation capacity 


is reduced by the application of 750-kva 
transformer units, in contrast with 1,000- 
kva units used elsewhere. 

The substations are installed in enclo- 
sures forming a part of ventilating-fan 
houses located on the building roof. The 
reasons for this selection are: 13.8-kv 
feeder cables are supported on racks close 
to the building roof; the bulk of the 
power is distributed to plug-in bus also 


~ 


located closer to the roof than to the floor; | 


and the fact that the enclosures could be 
integrated with houses there located for — 


other purposes. 

Equipment was hoisted through a 
large hatchway later closed with a re- 
movable wood cover. Each substation 
was handled in three pieces (the two 
Pyranol-filled transformers and the switch- 
gear section) using a portable A frame 
above the hatchway. The A frame has 
been retained for possible future use. 
The installation procedure was carried 
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rent switch on each transformer is key 
interlocked with the low-voltage main 
circuit breaker. Key interlocking is 
included to permit closure of the low- 
voltage tie circuit breaker only when 
one of the transformer secondary circuit 
breakers is open. 

Both power and light are served by 
common load-center unit substations 
using a 460—265 four-wire grounded- 
neutral system to supply 440-volt poly- 
phase motors in the normal manner and 
265-volt fluorescent lighting units from 
line to neutral potential. Plug-in bus is 
used to distribute power to the major por- 
tion of the load, consisting of distributed 
machine tools, so as to obtain the flexi- 
bility needed to accept fairly frequent 
rearrangement of machine tools for pro- 
duction efficiency, improvement, j or 
changed requirements. 


Factory Power Distribution 


The manner in which low-voltage power 
is distributed from the load-center unit 
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substations to the plug-in bus sections for 
a typical unit load area is illustrated in 
Figure 3. Two adjacent 230-foot lengths 
of 250-ampere War Production Board 
approved plug-in bus are fed from their 


-center point by an individual power 


feeder from the substation. To avoid 
operation at undue temperature on the 
plug-in bus, should the load be badly dis- 
proportioned among the four radial ex- 


tensions, a temperature alarm (including 


bell and lamp) is installed adjacent to the 


feeder tap on each bus section which will 
sound an alarm upon reaching an 80- 
degree centigrade operating temperature. 
A typical feeder tap to a plug-in bus sec- 
tion is illustrated in Figure 4. Each 
power feeder consists of three single-line 
conductors plus one bare neutral con- 
ductor, which conductors are spaced 
symmetrically by means of trisected 
porcelain support blocks. Individual 
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conductors are kept taut by straining 
them in the horizontal direction to struc- 
tural members of the building. The man- 
ner in which this is accomplished will be 
evident by inspection of Figures 4 and 8. 


Factory Lighting Distribution 


Fluorescent lighting was adopted in the 
interest of economy. On first thought, 
the copper and steel in fluorescent ballasts 
might indicate that incandescent lighting 
would have the advantage. But the 
greater light efficiency of fluorescent 
lamps reduces the power requitement of 
the factory area by some 6,000 to 7,000 
kw. The copper and steel which would 
be required in the complete electric sys- 
tem from prime mover to lamp to supply 
this additional load would exceed the 
copper and steel needed in the fluorescent- 
lamp ballasts. The material requirement 
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Figure 1 (continued) 


of the 265-volt design are much less than 
for the 120- or 208-volt design. Also 
the supply of both light and power from 
common load-center unit substations 
results in further economy of materials. 
An ingenious innovation is represented 
by the suspension of a series of fluorescent 
units from an overhead messenger cable. 
A single number-12 conductor, in com- 
bination with the messenger as a ground 
return, serves a four-kilowatt lighting 
load. 

A sketch showing the fundamental 
aspects of factory lighting distribution is 
included in Figure 3. Ten 400-watt 
fluorescent fixtures are supported from 
one overhead horizontal messenger cable. 
Each fluorescent fixture taps the number 
12 feeder line carried horizontally directly 
below the messenger through the fuse. 
Three such adjacent strings of fluorescent 
lights are fed from a three-phase tap 
from the main lighting feeder through 
circuit breakers located in a building 
cores five feet above floor level. 

- The resulting lighting in this plant is 
The relatively low intrinsic 
brilliance of fluorescent lamps, together 
with their location about 16 feet above 
floor level, produces the effect of a ceiling 
of soft light and almost complete absence 
of shadow. It has been observed that 
this ceiling of light tends to obscure 
equipment mounted above that level and 


effectively hides the maze of pipes, cable- 


ways, vertical suspension members, and 


the like, which had been expected would 
constitute an eyesore. 


Experience to 
date indicates that an average fluorescent 
lamp life in excess of 7,000 hours is being 
obtained. 

To supply a iniively small shouet of 
120-volt power to column receptacles for 
_ miscellaneous hand tools, portable lights, 


and so forth, and for lighting and re- — 


- ceptacle power in basement washrooms, 


& peu air-cooled transformers are dis- — 


over the factory area, taking 
the geae 


awe ae 


system and converting it to 240-120 volt. 
This power is distributed by branch cir- 
cuits of relatively short length. 


Capacitor Application 


About 10,000-kva in capacitors have 
been applied to the 480-volt distribution 
system, in 90-kva blocks directly adjacent 
to the feeder tap in the plug-in bus. 
The principal reason for the capacitive 
kilovolt-amperes is a power-contract 
power-factor clause limiting the power 
factor to not less than 0.975 lagging. By 
absorbing the reactive kilovolt-amperes 
near its origin (machine-tool load), the 
reactive kilovolt-amperes and power loss 
which would be incurred by transmission 
through the distribution system is 
avoided. 

Capacitor application constitutes an 
extremely flexible means of enhancing the 
load-carrying ability of a particular load- 
center unit substation. Figure 5 defines 
the increase in load which may be ac- 
cepted in combination with a particular 


amount of capacitor kilovolt-amperes, 


for a basic load power factor of 0.6 and 
0.8 lagging. With a load power factor of 
0.6 lagging (typical of machine-tool 
load), it will be observed that the amount 
of such load which can be accepted by a 
1,000-kva substation without exceeding 
its rating can be increased to 1,300 kva 
by the application of 420 kva in capaci- 
tors. Thus an excess machine-tool load 
of 300 kva could be accepted, as needed at 
an investment cost of $11 per kilovolt- 


Typical 
2,000-kva_ 13,800- 
to - 480-277 - volt 
‘secondary selective 
factory load-center © 
a unit subsiation 
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ampere (420 kva of capacitors at $8 per 
kilovolt-ampere installed), which is no 
greater than the cost of increased capacity 
in the basic power-distribution system. 


Grounding System 


Considerable study was given to the 
attainment of an adequate grounding 
system, which assumes particular signifi- 
cance in reinforced-concrete building con- 
struction. The unintentional transfer of 
ground current between various metallic 
members or structures is to be avoided. 
It is particularly important that there 
exist a positive direct path to the supply 
transformer neutral to conduct ground- 
fault current during the existence of a 
circuit ground fault to avoid sputtering or 
arcing between metallic members which 
may be in light contact and to avoid 
differences of potential between exposed 
metallic bodies, which might constitute a 
hazard to personnel. 

Beneath each substation are driven 
four */,-inch diameter, ten-foot-long Cop- 
perweld ground rods interconnected with 
the associated substation neutral bus. 
At each station these are bonded to heavy 


water mains, which in general traverse 


the plant in the north-south direction. 


Between adjacent unit load areas in the | 


east-west direction, the 4/0 neutral cable 
of the outermost power feeder is con- 
tinued and joined to the corresponding 
neutral in the next adjacent load area, 
and the lighting messenger cables are 
interconnected electrically from one load 
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Low-voltage distribution pattern 
from factory substations 


Figure \ 3. 


Main factory building: typical unit distribu- 


tion 
|. Typical power-distribution feeder 
A—4/O neutral to next area 
B—9250-ampere plug-in bus 
C—Power-factor capacitors applied 
D—Three 350,000-circular-mil conductors; 
one 4/0 neutral 


Il. Typical lighting-distribution feeder 
A—Three number-four conductors; one num- 
ber-six neutral 
B—Messengers spaced approximately 15 feet 

C—Steel messengers 

D—Ten 400-watt fluorescent units suspended 
from this messenger 

E—Number-12 copper 

F—Three number-12 in conduit 

G—Column switches at floor level 


area to the next. 
system is interconnected with the main 
substation grounding system by way of 
the main water-piping system and the 
metallic sheaths of the multiplicity of 
power feeder cables. 


Office Building 


are rated 200 kva. 


The office building covers an area, of 80. 
feet by 2,000 feet and is in contact with 
the long dimension of the main factory 
building. This portion of the structure 
incorporates a basement, a first, and a 
second floor. The basement, devoted to 
storage and a small amount of miscellane- 
ous machinery and with fairly low illumi- 
nation levels, represents an area of low 
electric-load density. The first and sec- 
ond floors are devoted to active office 
service, including normal illumination 
intensities, column-mounted fans, and 
‘the usual array for electrically operated 
business machines. 
This load area is served by four load- 


. center unit substations of secondary 


selective design, functionally equivalent 


to those located in the factory, differing in 


that the low-voltage service is 208-120 
~ volt and individual Pyranol transformers 
The aggregate sub- 
_ station capacity of 1,600 kva can ac- 


-commodate an electric-load density of 
two volt-amperes per square foot in the 
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This entire grounding | 


basement area and four volt-amperes per 
square foot on the first and second floor. 
(Lighting on the first and second floors 
accounts for between two and three volt- 
amperes per square foot.) 

These substations are located in houses 
(wood construction) on the factory roof 
directly adjacent to the office building. 
An illustration of one installation appears 
in Figure 6. The low-voltage feeders 
from each substation drop through the 
factory roof and then are carried hori- 
zontally, and the same type of construc- 
tion is used as for factory feeders. At 
appropriate points, branch circuits are 
carried through the wall to the office 
building and dropped vertically in con- 
duit to supply distribution cabinets at 
the second, first, and basement floor 
levels. The detail arrangement of this 
low-voltage feeder system is portrayed 
schematically by the sketch, Figure7. A 
section of the horizontal feeder array be- 
neath the factory roof adjacent to the 
office building is shown in Figure 8. 

From the wall distribution cabinets, 
conventional distribution practice is fol- 
lowed using conduit for permanent in- 
stallation, such as lighting fixtures and 
Walker underfloor duct for flexible in- 
stallation of business machine and other 
electrical outlets. 


Engine Test and Dynamometer Area 


This section of the plant is devoted to 
production and experimental engine test- 
ing and occupies an area of 250 by 900 
feet. _ Each production test cell requires a 
250-horsepower blower motor together 
with several small motors, driving fans 
and pumps, and special interior lighting 
of explosion-proof character. There are 
associated areas requiring illumination 
equivalent to that provided in the factory 
area with relatively low power load 
density. That portion devoted to ex- 
perimental engine test involves electric 
power requirements similar to those of the 
production test area but in addition in- 
corporates electrical-test dynamometer 
equipment of which the present equip- 
ment utilizes two 1,250-kva and one 


750-kva synchronous rotating machines. 
There are also a number of motors of 300- 


and 600-horsepower rating. atarh i 
Serving this load area are three unit 
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substations converting from 13.8 to 2.4 
kv, using the secondary selective principle 
incorporating individual transformers of 
2,500-kva normal rating (3,125 kva with 
supplementary cooling) in combination 
with metal-clad vertical-lift switchgear 
sections utilizing Magne-blast circuit 
breakers of 50,000-kva interrupting capac- 
ity. The two complementary sections of 
the substation are installed face to face, 
as illustrated in Figure 9. The tie 
breaker is installed in one lineup, and the 
bus from the other section is extended by 
meansof 500,000-circular-mil three-con- 
ductor five-kilovolt cable. 

The stator circuit of each 2,300-volt 
machine is connected directly with its 
respective switching position in the metal- 
clad lineup by means of three-conductor 
five-kilovolt cable. In general, the nor- 
mal control of each motor circuit breaker 
is from a control panel adjacent to the 
controlled machine. Figure 10 shows a 
group of synchronous-motor field cubicles 
on each of which is mounted the control 
switch which actuates the circuit breaker 
in the metal-clad structure. The metal- 
clad circuit-breaker position contains a 
permissive control switch, which allows 
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Figure 4. ‘Typical construction employed for Hi : 


factory 480-277-volt feeders. ake 
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the circuit breaker to be tripped locally 
and can be positioned to prevent closing 
the breaker from the remote station. 

Small motors and general-purpose light- 
ing are served by load-center unit sub- 
stations supplying 460-265-volt service, 
which closely resemble those employed in 
the factory area, except that they are of 
smaller rating and are served at 2.4-kv 
from the main stations. A typical unit 
is illustrated in Figure 11. For the 
special test-cell lighting and some other 
miscellaneous load demanding 120-volt 
service, there are provided small load- 
center unit substations delivering 208- 
120-volt service. A consideration of 
these several auxiliary load-center unit 
substations as to unit capacity, switching, 
and protection requirement, indicated 
that they could be served more economi- 
cally at 2.4 kv through the larger substa- 
tions than directly at 13.8 kv. 


Boilerhouse Area 


The electric-load demands in the boiler- 
house closely resemble those of the engine- 
test and dynamometer area. A_ sub- 


stantial number of motors with ratings in * 


excess of 100 horsepower are employed 
for powering cooling-tower fans, air com- 
pressors, water-circulating pumps, 
fire pumps which were most effectively 
served at 2.4 kv. In addition, there ex- 


ists the usual array of boilerhouse small 
auxiliaries in the form of fans, blowers, 
and pumps, which are best adapted te 
low-voltage service. 


CAPACITOR 
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Figure 5. Chart 
showing increased 

§79-S5 . 
OAR CENTER machine-tool load 
UNIT SUBSTATION permissible with 
capacitor assistance 


A—Load power fac- 


tor = 0.6 
B—Net power fac- 
tor = 0.9 
C—Load power fac- 
tor = 0.8 
Soa D—Net power fac- 
tor = 0.9 
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Serving this load is one secondary 
selective substation converting from 13.8 
kv to 2.4 kv with component parts dupli- 
cating those employed in the test-area 
substations: Considerations of floor area 
made an end-to-end installation arrange- 
ment preferable, as illustrated in Figure 
12. Low-voltage power is supplied by a 
load-center unit substation delivering 
460-265-volt service in the same manner 
as was done in the test area. 


Figure 7. Low- 

voltage distribution 

pattern from office 
substations 


Typical unit distribu- 

tion for office build- 
ing 

A—Three 4/0 conductors; one 1/0 neutral 

B—To each floor: three number four, one 
number-six neutral in conduit 

C—Strained horizontally along office wall 

in the factory area 


The electrical demands in the boiler- 
house area are at their maximum level 
during the summer months, when the re- 
frigerating plant assumes its maximum 
demand. During that season the sub- 
station is loaded to its rated capacity. 

To insure the maintenance of an ade- 
quate ground system for the boilerhouse 


Figure 6. Typical 
400-kva 13,800-to- 
208-120-volt sec- 


fice load-center unit 
substation 
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area, which is physically set apart from, 


the remainder of the plant building, 
ground cables are installed interconnect- 
ing the local boilerhouse ground system 
with the main substation ground network 
paralleling the interconnection formed by 
the 13.8-kv-feeder cable sheaths. A 
multiplicity of water pipes also inter- 
connects the boilerhouse and factory 
ground systems. 


13.8-Kv Feeder Cable System 


All power is distributed from the main 
substation by means of three-conductor 
15-kv leaded cables with asbestos tape 
and red flameproof paint. The ma- 
jority of feeder cables are composed of 
3/0 conductor, representing an economi- 
cal balance between copper and sheath- 
metal requirements. Several cables em- 
ploy a number 2 conductor, which repre- 
sents about the smallest size which can be 
employed safely with a 250,000-kva short- 
circuit level at the source end. Instan- 
taneous attachments on these feeder- 


cable protective relays are applied and_ 


she oe 
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required to avoid the attainment of 


damaging copper temperature due to 


ptimary-circuit fault-current flow. 
Except for circuits leading to the boiler 
house, the 13.8-kv cables are supported 
on wood lattice* racks or troughs sus- 
pended from the building roof above the 
level of the illumination fixtures. This 
method of handling cable runs possesses 
many admirable qualities, which can be 


used advantageously in future applica- ~~ 
org 


tions. Practically no advance prepara- 
tion of building structure is needed. 
Cables are easily pulled into place. In 
the present instance, full reel lengths of 


= 


| * 


1,000 feet were pulled into place without = 


the slightest difficulty. To assist® in 
pulling around corners, a jig was prepared © 
which forms a 24-inch radius arc, around 
the periphery of which a number of wood 
rollers were arranged. By temporarily 
clamping this jig at a corner, the cable 


i 
af 
{5 


1 
sods 


was swung around a 90-degree turn witha = 


very small amount of drag. Splices can 
be made at any spot along the trough. 
Cables are cut only when a point of 
termination is reached, The entire 


tion. Repairs can be made with no — 


*It is recognized that this does not comply with the : 


National Electrical Safety Code requirements, but 
it is applicable as a method of meeting wartime | 
conditions. ; 
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Nr 


length of cable is accessible after installa- — 


R 13800 VOLTS” 


Figure 8. Typical view of office main 208- 
120-volt feeders showing branch-circuit tap 


waste of cable and without disturbing any 
section of the cable other than a damaged 
portion. Permissible current load levels 
are no less and may be greater than those 
permitted in underground runs. Typical 
views of the installed cable way are in- 
cluded in Figures 4 and 8. Though the 
appearance of the cable trench itself is 
not particularly pleasant, it is, as in- 
stalled, obscured effectively by the blan- 
ket of light produced at the level of the 
lighting fixtures. As metal again be- 
comes available, its use would permit 
efficient lightweight compact trough 
construction possessing a neat appear- 
ance. ” 

The quadrature arrangement of pri- 
mary feeders used in the factory area is 
believed worthy of note. Should an 
outage of one primary feeder occur, the 
several affected stations each will derive 
its emergency load from different primary 
feeders. Thus the emergency load re- 
sulting from the loss of ene primary 

feeder is distributed among four other 
feeders. It also will be evident that the 
two feeder cables, to any one substation, 
traverse entirely different routes and thus 
are unlikely to be disrupted simultane- 
ously. 


. 


Main Incoming-Power Substations 


The incoming-power substation ac- 
cepts power at 110 kv, converts to and 
distributes at 13.8 ky, to the various 
unit substations previously described. 
Provision also is included for intereonnec- 


ar 
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tion with 33-kv service. The electrical 
features will be evident by reference to 
the over-all one-line diagram, Figure 1. 
Principal equipment items include: 


Outdoor equipment: 

Two 20,000-kva forced-oil air-pressure- 
cooled three-phase transformers, 110-kv 
delta high voltage, 13.8-kv wye low voltage, 
with four 21/2 per cent taps below normal in 
the 110-kv winding. 

One 10,000-kva_oil-immersed self-cooled 
three-phase transformer, 110-kv wye high 
voltage 33-kv wye low voltage, and 13.8-kv 
delta tertiary with two five per cent taps 
above and below normal in the 110-kv wind- 
ing. 

One 115-kv oil circuit breaker with isolating 
and by-pass disconnect switches. 

One 33-kv oil circuit breaker with isolating 
and by-pass disconnect switches. 

Three 115-kv transformers, high-voltage 
disconnect switches, horn gap. 


One substation structure, wood construc- 
tion. 

Grounding resistor for the 13.8-kv system. 
Auxiliary equipment including lightning 
arresters, potential devices and current 
transformers. 


Indoor equipment: 

Two metal-clad switchgear assemblies, 
vertical-lift type, 250,000-kva interrupting 
capacity. 


One duplex control board, control power 


battery, battery-charging equipment, and - 


battery distribution panel. 


Main 20,000-Kva Transformers 


Forced-oil air-pressure cooling of the 
main 20,000-kva transformers was adop- 
ted primarily as a material conservation 
means. Subsequent experience indicates 
that it merits extensive use at attended 
stations. The smaller size and lighter 


Figure 9 (left). 

13.8- to 2.4-kv secondary selective test-area 

unit substation with the two sections mounted 
Ow face to face 


Figure 10 (right). A group of typical syn- 
chronous-motor field cubicles from which 
motor control is effected 


View of typical 5,000-kva 


weight facilitate transportation and in- 
stallation. \The total losses are only 
slightly more than those of the conven- 
tional transformer design, and are much 
more than offset by the reduced purchase 
price. } 

The oil circulating system contains 
two pumps in parallel, each of which can 
be cut off, removed, and replaced without 
disturbing the other. The loss of one 
pump results in only a slight decrease in 
heat-dissipating efficiency. The oil-to- 
air exchanger consists of a multibank 
radiator with a multiplicity of cooling 
fans, which may be sectionalized in 
groups of three. Operating power for 
fans and pumps is derived from control 
power transformers included in the indoor 
metal-clad structure. 

The split 13.8-kv winding design as 
employed in the main transformers 
accomplishes the following: 


1. Each transformer serves as a source to 
two bus sections, permitting continued 
operation of both busses with one trans- 
former out of service; without the aid of 
external reactors or bus-tie circuit breakers. 


2. Short-circuit interrupting requirements 
are controlled by inherent transformer re- 
actance. The internal winding configura- 
tion is such as to make the external charac- 
teristics equivalent to two independent 
10,000-kva units. 


3. All circuit breakers are of identical rat- 
ing (600 amperes). 

4. A change in voltage ratio of the main 
power transformers is accomplished easily 
without de-energizing either bus section. 
One transformer may be de-energized, its 
ratio changed by one tap, and then restored 
to the system, following which the same 
procedure would be repeated on the second 
transformer. The temporary circulating 
current in the transition stage will be 
limited to a small fraction of rated value. 


The neutrals of both 13.8-kv winding 
sections are interconnected and brought 
out to permit grounding. The high- 
voltage winding is connected in delta to 
stabilize magnetically the three-phase 
transformer and also to make the ground- 
ing systems of the 13.8-kv and the 110-kv 
system independent. Each transformer 
13.8-kv neutral is grounded through an 
outdoor-service grounding resistor, limit- 
ing the ground fault current to a low 


‘ 
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value, (not exceeding 1,000 amperes). 
Grounding of the 13.8-kv neutral in this 
manner maintains the system voltage 
normally symmetrical with respect to 
ground, provides a source of ground cur- 
rent for fast ground-fault relaying, 
minimizes transient-voltage surges re- 
sulting from switching operations, and is 
free from excessive overvoltages of 
repetitive restrike origin. 


Auxiliary 10,000-Kva Transformer 


The size and design of the 10,000-kva 
auxiliary transformer was worked out in 
conjunction with the affiliated power 
utility company. The 110-kv and 33-kv 
windings are connected in wye to provide 
means of grounding these neutrals and to 
establish zero-phase shift between the 
110- and 33-kv terminal voltages. A 
necessary tertiary winding was wound for 
13.8 kv and connected so that the result- 
ing terminal voltage agrees in phase with 
that derived from the main transformers. 

The function of this transformer is 
threefold: 


1. To supply 13.8-kv power on a tempo- 
rary basis from the 33-kv system for initial 
plant operation (3,500 kva maximum). 


2. To serve permanently as a means of 
securing emergency power, in _ limited 


Figure 11. View 
of typical 600-kva 
2,400 to-480-277- 
volt secondary selec- 
tive load-center unit- 
substation 


amounts, from the 33-kv system should the 
110-kv supply be interrupted. 


8. To provide means of transferring power 
from the 110-kv to the 33-kv system. 


Prior to the availability of 110-kv 
power, this transformer served a number 
of unit substations in a temporary tool- 
shop area, enabling the manufacture of 
tools and jigs to be initiated. About 
400,000 square feet of working area was 
being served in this manner at the time 
primary power became available, al- 
though power-load levels were subnormal 
as would be expected (about 1,000-kva 
power load and approximately 400-kva 
lighting load). 


Grounding System: 


The grounding system at this station 
involves a multiplicity of driven Copper- 
weld ground rods distributed over the 
outdoor substation site. The installation 
of an inverted tile, flush with the ground 


' surface and equipped with a wood cover 


at each ground rod, serves to keep the 
ground-rod terminal clamps out of con- 
tact with the earth, thus minimizing 
corrosion, and makes each connection 
accessible for inspection or measurement 
of resistance. Ground cables are in- 
stalled leading to the indoor station, 


r 


paralleling the’ mcoming 13.8-kv power 
cable sheaths and integrating the ground- 
ing system of the entire plant. 


s 


Indoor Station 


The indoor station, located along the 
factory end wall, includes two sections of 
15-kv vertical-lift metal-clad switchgear 
(250,000-kva interrupting capacity), 
through which the 13.8-kv power is 
directed to plant feeders. Between these 
two sections is located a duplex board at 
which the primary control of the station 
is affected. 

The front of the duplex board is de- 
voted to the control of the 110-kv, 33-kv, 
and 13.8-kv transformer circuits; primary 
station metering and indicating instru- 
ments; and the master annunciator; 
arranged as shown in Figure 13. The 
rear of the duplex board is devoted to re- 
lays associated with incoming-power cir- 
cuit protection up to the 13.8-kv metal- 
clad busses; and switching equipment for 
the station a-c auxiliary power, the appear- 
ance of which is illustrated in Figure 14. 

Both sections of the metal-clad switch- 
gear are assembled to be symmetrical 
with respect to the central duplex board. 
Incoming-power circuits are adjacent to 
the duplex board, and feeders for the 
various services appear in successive 
order. One switchgear section is illus- 
trated in Figures 15 and 16. Circuit- 
breaker controls, indicating instruments, 
and relays for each feeder circuit are 
located on the corresponding metal-clad 
unit, although the opening of any feeder 
breaker will be announced and identified 
by an annunciator drop at the duplex 
board. 

Outgoing feeder cables leaving the 
metal-clad structure are racked in a 
cable trench with a removable cover (see 
Figure 16), from which they pass through 
the adjoining wall into the factory build- 


Figure 12. - Wiew of 5,000-kva 13.8- to 2.4-kv boilerhouse | Rice 13. Front view of main substation Figure 14. Rear view of main sub- 


unit substation with the two sections mounted end to end 


—- 


\ 
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ing. They then are run up to the over- 
head cable troughs as illustrated in 
Figure 17. 

Auxiliary a-c control power for main- 
transformer auxiliaries, indoor and out- 
door station lighting, and control-battery 
charging is supplied by one 25-kva trans- 
former, with a 208-120-volt low-voltage 
winding, incorporated in one unit of each 
metal-clad assembly. The auxiliary load 
normally is proportioned between the 
two units, but provision is made for 
switching the total load to either trans- 
former in an emergency. Essential sta- 
tion lights are equipped with an auto- 
matic transfer relay, by which they are 
energized from the control battery, 
should the normal source fail. The 
emergency lighting circuit is fused sepa- 
rately at the battery distribution panel. 
The control battery, associated charging 
equipment, and distribution panel are 
installed in an adjacent room. 


Interlocking 


The electrically operated high-voltage 
_horn-gap disconnect switches associated 
with the 20,000-kva transformers are 
interlocked electrically, with their re- 


spective low-voltage circuit breakers per- 


mitting them to be opened only when 
both low-voltage circuit breakers are 


open. The manually operated ratio- 


adjuster switches on these transformers 
also are interlocked to permit operation 
only when both the high-voltage discon- 
nect switch and the two low-voltage cir- 
cuit breakers are open. An inherent 
feature of vertical-lift metal-clad switch- 
_ gear is an interlock, which prevents the 


_ circuit breaker from being moved to the 


disconnect position with the circuit- 
breaker element closed, 
Relaying 

_ All 13.8-kv feeder units are equipped 


individually with jinverse-time  over- 


ah 4 { 
\ 


Figure1 5(left). Front 

view of one section 

of the 13.8-kv main 

substation — vertical- 

lift metal-clad switch- 
gear 


Figure 16 (right). 
Rear view of metal- 
clad switchgear sec- 
tion shown in Figure 


15 


current line and ground trip relays, the 
former co-ordinated to be selective with 
unit substation switching equipment. 
Instantaneous attachments, set above the 
current level obtained with a unit substa- 
tion low-voltage bus fault, also are applied 
to avoid damaging internal temperature 
on the number-2-conductor feeder cables 
by shortening the clearing time in the 
presence of high fault-current magnitudes. 

The 13.8-kv incoming-power circuits 
are equipped individually with inverse- 
time overcurrent line and ground relays 
co-ordinated to be selective with feeder- 
circuit line- and ground-relay protection. 

Transformer differential-relay protec- 


_ tion is applied to each of the 20,000-kva 


and the auxiliary 10,000-kva_ trans- 
formers. While the absence of indi- 
vidual high-voltage circuit breakers re- 
quires that the entire system be de- 
energized, the differential protective re- 
lays minimize internal damage by 
promptly interrupting the source of 
power, and, by relay targets, identifies 
the unit in trouble, enabling it to be 
isolated immediately and service restored 
promptly on remaining equipment. 

The 110-kv incoming-line circuit is 
provided with inverse-time overcurrent 
line and ground relays, the former selec- 
tively co-ordinated with 13.8-kv switch- 
ing equipment and the latter co-ordinated 
with ground relaying at the source end of 
the line. Power directional relays di- 
rected outward are applied to obtain 
automatic opening of the 110-kv oil cir- 
cuit breaker as a result of external trouble 
on the 110-kv line. 


The 33-kv incoming-line circuit is. 


equipped with inverse-time overcurrent 
line and ground relays, together with 
power directional relays, selectively co- 
ordinated with remotely located 33-kv 
protective equipment. ; 

A few words might be devoted appro- 


priately to an explanation of how the 


13.8-kv neutral grounding improves the 
fault protective picture. The 13.8-kv 
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involves only 
those circuit elements intervening be- 
tween the transformer low-voltage neu- 
tral and the terminals of the 13.8-kv 


ground-relaying system 


feeders. All circuit faults within this 
zone involving ground can be isolated 
correctly more rapidly, and with a greater 
margin of selectivity. Except for tran- 
sitory surges of very short duration, 
no ground current flows in healthy 
feeder circuits. Feeder ground relays 
may be made sensitive and fast. Cir- 
cuit faults involving only ground during 
the clearing interval will be subjected 
to only the limited ground fault current, 
thus further limiting the energy liberated 
at the fault. In the system here used, 
the flow of ground fault current in the 
13.8-kv system does not result in ground 
current flow in circuits operating at other 
voltages. Neither will ground current 
flow elsewhere cause current flow in the 
13.8-kv ground-relaying system. 


Metering 


The main substation incorporates the 
following instrument and metering equip- 
ment: 

Ammeter in the 110-kv incoming line. 
Ammeter in the 33-kyv line circuit. 
Voltmeter for each 13.8-kv bus. 
Ammeter in each 13.8-kv incoming line. 
Wattmeter for each 13.8-kv bus. 


Watt-hour meter for each 13.8-kv bus with 
totalizing demand meter. 


Reactive kilovolt-ampere-hour meter for 
each 13.8-kv bus with totalizing demand 
meter. 


Ammeter in each 13.8-kv outgoing feeder. 


Watt-hour demand meter in each 13.8-kv 
outgoing feeder. ; 


tf 


Annunciator 


To expedite station operation, a 30- — 


drop annunciator with audible alarm sig- 
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nal is installed on the duplex board and 
duplicated in the office of chief of mainte- 
nance, which serves to announce and 
identify any of the following occurrences: 


Oil-circulating-pump stoppage or auxiliary- 
power failure at transformers 1 or 2. 
Transformer differential or back-up ground- 
relay operation of transformers 1, 2, or the 
auxiliary 10,000 kva. 

Low oil level in transformers 1, 2, or the 
auxiliary 10,000 kva. 


Overtemperature in transformers 1, 2, or the 
auxiliary 10,000 kva. 

Opening of the following circuit breakers, if 
the control switch was moved to the close 
position last: 


110-kv incoming oil circuit breaker. 
33-ky incoming circuit breaker, 


Each of the 13.8-kv incoming-power circuit 
breakers. 


Each of the 13.8-kv feeder breakers (the 
four factory-feeder circuit breakers on each 
bus section operate a common annunciator 
drop). 


Operating Experience 


Operating experience with this electric 
system has been remarkably good. The 
few exceptions to an otherwise perfect 
record were not of serious character and 
occasioned no loss of sleep. 

Initially, some trouble was encountered 
in the 13.8-kv cable terminal potheads 
requiring that the circuits be de-energized 
successively, the potheads opened, and 
modifications made. The advantages of 
the secondary selective system became 
clearly evident during this procedure. 
The necessary modification work was 
carried out without the loss of power at 
any station and without the use of aux- 
iliary makeshift power supply equipment. 

A number of faults have occurred in the 
plug-in bus resulting from the accidental 


Figure 17. 
ers as they leave the main substation and pick 
up overhead troughs 


View of the 13.8-kv cable feed- 


insertion of wire or small diameter rod 
through the expanded metal side barriers. 

Substation electric loads consistently 
are approaching closely the present in- 
stalled capacity. A number of stations 
are operating at substantially full rated 
value while others at present generally are 
loaded to between 50 and 75 per cent of 
their ratings, but subsequent increases of 
10 to 15 per cent are expected. 


Summary 


It may be concluded, without reserva- 
tion, that the application of load-center 
distribution principles as herein described 


was responsible for an amazing. reduction 


in material investment, principally copper 
and steel, compared with that which 
would have been required by power-dis- 
tribution methods employed only a short 
time ago. In the planning of this proj- 
ect, the greatest emphasis constantly 
was placed on conservation of materials. 
* 


’ 
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The use of compact, repetitively manu- 
factured metal-clad, load-center unit sub- 
stations do realize good economy in 
materials and man-hours, and at the same 
time incorporate simplicity and safety. 

Unusual features incorporated in this 
system, which in themselves are responsi- 
ble for large savings in material, man- 
hours, or both, include: 


1. The application of forced-oil air-pres- 
sure cooling to the main incoming service 
transformers. 


2. Theuse of overhead high-voltage feeder- 


cable troughs. 


3. The use of spaced single-conductor low- 
voltage feeder design with moderate unit 
copper cross sections. 


4. The use of 265-volt fluorescent lighting 
in combination with common load-center 
unit substations for serving power and light. 
(This feature alone accounts for a saving of 
five tons of copper and ten tons of steel com- 
pared with the most economical method of 
applying 120-volt fluorescent lighting. 


The secondary selective system design 
offers a well-balanced combination of 
simplicity and service reliability. 

The negotiation of the entire distribu- 
tion system as a single unit proved highly 
beneficial in reducing the time of execu- 
tion and insuring the best co-ordination 
between the several component portions. 

As the supply of steel becomes less 
critical, it would seem reasonable to re- 
turn to the use of steel construction in the 
outdoor station and to more effective 
metal-clad construction in low-voltage 
feeder circuits and plug-in bus. 

It is the sincere hope of the authors 
that some of the features herein des- 
cribed, which have proved so beneficial 
in this installation, may in some small 
measure assist others to realize an im- 
proved more economical industrial dis- 
tribution system in the future. 


Y 


TRANSACTIONS 287 


Inherent Errors in the Determination of - 


Synchronous-Machine Reactances by Test 


C. CONCORDIA 


MEMBER AIEE 


A: PROGRESS in the design and in 
the calculation of performance of 
synchronous machines has been made it 
has become necessary to specify their 
characteristics with continually greater 
accuracy. The predetermination of short- 
circuit currents, voltage dip on sudden 
application of load, stability character- 
istics during system disturbances, excita- 
tion requirements, and many other char- 
acteristics has been made possible by the 
development of an adequate theory, con- 
firmed and refined by operating and test 
experience. The machine characteristics 
commonly used to predict performance 
usually are specified in terms of various 
reactances and time constants. As the 
number of these quantities and the ac- 
curacy to which they must be known has 
increased, certain inconsistencies among 
methods of definition, calculation, and 
test have become apparent. These should 
ideally all result in the same value. If 
they differ, one naturally would be in- 
clined to consider the test value as the 
true reactance. In any case in which a 
reactance of a particular machine is speci- 
fied, a method of testing for that react- 
ance also must be specified, and any other 
definition of the reactance has little prac- 
tical significance. In this sense the 
criterion of a good method of calculating 
the reactance is that it predict as nearly 
as possible the value which will bé found 
by the specified test method. It, of 
course, can be asked legitimately whether 
the specified reactance is the proper one 
in view of the use to which it is to be put, 
and the definition is intended to describe 
the reactance so as to atiswer this ques- 
tion. 

The reactance found by test will be af- 


fected by errors in the method of test (as 
- for example, nonsimultaneous short cir- 


cuit of all three phases in case of three- 
phase short-circuit tests), by the condi- 
tions of the machine under test (as for 
example, the degree of saturation corre- 
sponding to, the voltage used), by errors 


Paper 45-16, recommended by the AIEE committee 
on electric machinery for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 22-26, 1945. Manuscript submitted October 
27, 1944; made available for printing December 7, 


1944, 
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of measurement and calibration, and by 
the technique of measurement. 

The purpose of this paper is to present 
the results of a comparison of the values 
of reactance which might be found by 
recommended test procedures with the 
values calculated by well-established 
formulas, as affected by the machine 
characteristics, and by nonsimultaneous 
closing of the test circuit-breaker contacts. 
A three-phase short-circuit test on a 
salient-pole synchronous machine was 
simulated by setting up.the proper equa- 
tions on the differential analyzer. The 
effect of saturation was not considered, 
and the precision of measurement of the 
current curves was undoubtedly greater 
than would be possible for an actual oscil- 
logram so that the variations obtained 
were inherent in the method. 

Only two of the several reactances, the 
direct-axis transient reactance and the 
direct-axis subtransient reactance, have 
been studied. The direct-axis short-cir- 
cuit transient and subtransient time con- 
stants also have been considered but in 
less detail. 


Definition of Machine Quantities 


In the AIEE Test Code for Synchro- 
ous Machines (January 1944 revision), 
the definition of direct-axis transient re- 
actance (xq’) is given as? 


“1.840 The direct axis transient reactance 
is the ratio of the fundamental component 
of reactive armature voltage, due to the 
fundamental direct-axis a-c component of 
the armature current, to this component of 
current under suddenly applied load condi- 
tions and at rated frequency, the value of 
current to be determined by the extrapola- 
tion of the envelope of the a-c component of 
the current wave to the instant of the sud- 
den application of load, neglecting the high- 
decrement currents during the first few 
cycles.” 


In-this definition the transient react- 
ance is defined both in terms of the funda- 
mental component of armature current 
and of the envelope of the a-c component 
of the current. The phase currents ob- 
tained after the three-phase short-circuit 
even of an idealized machine contains 
second harmonics which may have ap- 
preciable magnitudes. In an actual ma- 
chine having saturation, hysteresis, and 
eddy currents, the current may contain 
other harmonics as well. Evenin the ideal 
case, with only second harmonics present, 
it would be extremely difficult and im- 


practical to determine the amount of 
fundamental in the transient wave as is 
required by the first part of the definition. 

Two direct-axis transient reactances 
are defined, the rated current value and 
the rated voltage value, which will differ 
because of saturation. However, this 
paper does not investigate this classifica- 
tion of transient reactance, as saturation 
effects have been neglected. 

The definition of direct-axis subtran- 
sient reactance is! 


“1.860 The direct ‘axis subtransient re- 
actance is the ratio of the fundamental com- 
ponent of reactive armature voltage, due to 
the initial value of the fundamental direct 
axis a-c component of armature current, to 
this component of current under suddenly 
applied load conditions and at rated fre- 
quency.” 


Measurement of Machine 
Reactances 


Testing and measuring procedures for 
the determination of the direct-axis tran- 
sient and subtransient reactances have 
been given in reference 1 and are repro- 
duced as follows: 


“Drrecr AXIS TRANSIENT REACTANCES 
(xq’); DETERMINATION BY TEST 


‘1.843 The direct axis transient reactance 
is determined from the current waves of a 
three-phase short circuit suddenly applied 
to the machine operating at no load and 
rated speed. The direct axis transient re- 
actance is equal to the ratio of the no load 
voltage to the corresponding value of the 
armature current given by the extrapolation 
of the envelopes of the a-c components of the 
armature current waves to the instant of the 
sudden application of the short circuit neg- 
lecting the high decrement currents during 
the first few cycles. Figures 26 and 27 
(Figures 26 and 27 of the Test Code are 
Figures 14 and 15 of this paper) illustrate 
this method of determining the direct axis 
transient reactance. 


“1.844 In plotting the current values from 
_ the oscillogram, the first peak should be plot- 
‘ted at the abscissa 1, and subsequent peaks 

numbered consecutively. 


The positive 
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Figure 2. on measured 


peaks will be odd numbers, and the negative 
peaks will be even numbers or vice versa. 
The current values from the oscillograms 
should be plotted first, and then the median 
line and the a-c component. These curves 
are usually plotted on standard rectangular 
coordinates, and are most conveniently 
analyzed if the currents are expressed in 
per-unit values, with the unit value equal to 
the peak value of the rated current wave. 
(See Figure 26.) 


“1.845 The a-c component should then be 
replotted on semi log scales with the cur- 
rent on the logarithmic scale together with 
a plot of the a-c component minus the sus- 
short-circuit current* 


tained (Curve B, 


‘Xg(MEASURED) / x 4 (CALCULATED) 


Figure 3. Effect of x,"/xq" and of rz on 
measured transient reactance 


Case 27 has low armature resistance rg; lower 
value obtained from first 15 cycles 


Figure, 27). These curves should pass 
through the ordinates for peak 1. Since the 
first peak is plotted at abscissa 1, the abscissa 
for the time of application of the short 
[circuit] is usually not at zero, but at a time 
which can be readily determined from the 
_oscillogram. This zero-time line should be 
plotted on the semi log plot, and extrapola- 
: tions of the current curves are extended to 
this line. It is important in plotting the 
first several cycles of the (AC component 
minus the sustained value) to choose current 
and time scales that will avoid a steep slope 
during the first three or four cycles. It will 


Ea oat The paatained) short-circuit current is determined 
from the direct-axis synchronous impedance curve, 
using the armature current corresponding to the 
steady-state field current immediately poe the 
- machine is short-circuited. — : 
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usually be found that curve B can be very 
closely represented by a straight line and a 
curve for several cycles at the beginning of 
the short circuit. The curves for the 
tests and analysis should be carried out for 
sufficient cycles to establish definitely the 
straight-line part of curve B. The difference 
A (see Figure 27) between curve B and the 
extension of the straight part to =O, when 
plotted on the semi log scales, will also be 
closely represented by a straight line. (This 
straight line should plways be plotted to 
pass through the ordinate for peak 1.) 


“1.846 The ordinate for curve B at t=O is 
equal to the sum of the ordinates at [=O 
from the two straight lines. The ordinate 
for the a-c component at t=O is then deter- 
mined by adding the sustained short circuit 
current to the ordinate of curve B at t=O. 
The curve for the transient component plus 
the sustained value of the current is deter- 
mined by adding the sustained short circuit 
current to the extended straight line part of 
curve B. 


e 
tq’ = Fa (per unit value) 


where 


e=the open-circuit voltage of the machine 

immediately before the short circuit, ex- 

pressed in per unit based on rated 
voltage 

I’ =per unit current from the transient com- 

ponent plus the sustained value at :=0. 

(Figure 27; Figure 15 of this paper) - 


“Direct Axis SUBTRANSIENT 
REACTANCE (xq”); DETERMINATION 
By Test, Metuop (1) 


“1.863 The direct axis subtransient react- 
ance is determined from the sudden short- 
circuit test described in paragraph 1.843 


e 
xq" = Fa (per unit value) 


See paragraph 1.846 for ‘‘e”. “I” =per-unit 
current from the a-c component curve at 
t=O (Figure 27). 


“1.864 Method (2). An alternate method 
of evaluating Subtransient reactance, which 
may be used when the three phases are 
known to be short circuited simultaneously 
or at least within approximately ten de- 
grees, is that based on the maximum pos- 
sible asymmetrical component. Plot the 
three asymmetrical components (median 
line Figure 26 represents one of these com- 
ponents) on semi log scales with currents on 
the logarithmic scale. The peaks may be 


T"g (CYCLES) 


CALCULATED 


Figure 4. Effect of ratio x,”/xz" on measured 
subtransient time constant 


numbered as in paragraph 1.844 and the 
line for t=O located as described in para- 
graph 1.845 for plotting Figure 27. Extra- 
polate the curves back to zero time thereby 
obtaining three initial values, which may be 
designated a, b, c. Lay these components 
off (uniform scale) along three radial lines 
60° apart radiating from a point O, the 
largest of the three values being laid off on 
the middle line. Draw perpendiculars 
through the end points of each of the three 
lines, and the point where these perpen- 
diculars meet determines the point M. In 
case the perpendiculars do not meet in a 
point, but form a small triangle, locate 1 
in the approximate center of the triangle. 
Then the distance OM represents the max- 
imum possible asymmetrical component, to 
the same scale as the three components on 
the radial lines. 


aga (per unit value) 


ae 
See paragraph 1.846 for “‘e”’. OM is ex- 

pressed as a per unit value, with the base 
equal to the peak value of the rated current 

wave. The ampere value of OM is equal to 

the peak value of the normal current wave 

multiplied by the per unit value of OM. 
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Table |. Machine Physical Reactances and Resistances 
Case Ra x1 Xad Xfd Xkd Rta Rid Xaq = Xfq Xkq Rtq Rkq 
; , , 

22..0.00694..0.0557..1.068. .0.1507..0.496 TO sO00GSs: O03 7 e044 mene e 0.3556.. ©, .0.035 
23..0.00694. .0.0557. .1.068..0.1942. .0.1856. .0.00068..0.037 ..0.414......... 0.3556.. ©, .0.035 
24. 0.00694. 0.0577. .1.068. .0.1942..0.1356. .0,00068. .0,037 O41 ails 0.0906... .0.0385 
18. 0.00694. .0.0557..1.068. .0.1507. .0.496 0 wie QeOdGs we O 414 ini kithre : 0.3556... ~. 0.035 
21..0.00694. .0.0557..1.068..0.1507..0.496 ..0.00068..0.037 ..0.414.........0c0000ee oo cy 
16..0.00694. .0.0557. .1.068..0.1507,......... 0 Gon face re UL BLA woh totter. coca Co) o 
25..0.00694..0.0557..1.068..0.1507.......... 0 Om. ey LOGS aU al 507 cron Dicic 20 | 
27. .0.00231. .0.0557. .1.068. .0.1942. .0.1356..0.00068. .0. 01223. HO, 4143 Si ecsks 0.3556.. ©. .0.035 © 
28. .0.00694. .0.0557..1.068. .0.1942. .0.1356. .0.00068. .0.01223. .0.414......... 0.3556.. ©. .0.035 
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X‘g (MEASURED ) 
X"y (CALCULATED) 


hg X'g (MEASURED ) 


X'g (CALCULATED) 


(AVERAGE OF 


3 PHASES ) 
0.96 


0.94 
‘0 50 100 150 200 

@, - DEGREES 
Figure 5. Variation of measured transient and 
subtransient reactance with angle of fault ap- 


plication 


Reactance trom each phase current (case 23) 


“1.865 Method (3). The direct axis sub- 
transient reactance may also be deter- 
mined for three phase machines from a static 
impedance test in which a single phase volt- 
age is impressed across two armature phase 
windings in series (connected for 120% 
phase displacement) with the field short cir- 
cuited. The rotor is placed in the angular 
position for maximum induced field current. 
The subtransient reactance equals the ratio 
of half the applied voltage to the resulting 
armature current.” 


Several comments may be made with 
regard to these recommended test pro- 
cedures even before the results of the 
present study are examined. 

In this paper the envelope is taken as a 


‘ smooth curve drawn through the extreme 


maximum and minimum points of the cur- 
rent-versus-time curve. This would seem 
to be so obvious as not to require com- 


‘ment except for the fact that the envelope 


has been defined ina different way in a 


1.05 


X'd_ (MEASURED) 
X'g (CALCULATED) 


4 AVERAGE OF 
3 PHASES) 


Xa (MEASURED) 
X"g (CALCULATED) 


f wean @y- DEGREES — 


Figure 6. Variation of transient and sub- 


transient reactance with angle of fault applica- 
5 tion 

Reactance found from each phase current; 

case 16 (no amortisseur) 


wie 


ate 
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previously published paper? on this sub- 
ject. 

The median line is defined only by a 
curve of Figure 14, This comment is 
again pertinent because in reference 2 the 
midpoint of the envelopes as there defined 
has been used. In the present paper the 
midpoint of the envelope as here defined 
is taken as the median line. 

In the static line-to-line test for the 
determination of subtransient reactance 
the current will be sinusoidal if the volt- 
age is sinusoidal, aside from the effect of 
saturation. Thus without saturation the 
result found from test will differ from the 
nominal calculated value only by the in- 
clusion of the stator and rotor resistances. 
This does not imply of course that it is a 
better test, since in the first place satura- 
tion effects may be very important and in 
the second place additional test equip- 
ment is required since the short-circuit 
test is necessary for the transient react- 
ance anyway. 


Calculation of Machine Quantities 


When the per-unit mutual reactances 
between armature and field, armature and 
amortisseur, and field and amortisseur 
are all the same, as is assumed in the 
present case, it is possible to use direct- 
and quadrature-axes equivalent circuits 
for the calculation of the synchronous ma- 
chine constants. These circuits are shown 
in Figure 2 of reference 3 and in Figure 1 
here in slightly more complete form; the 
field resistance is not assumed .zero and 
an additional winding is considered in the 
quadrature axis (see Appendix IIT). 

The calculation of subtransient and 
transient reactances and time constants 
from these equivalent circuits is made as 
follows: : 


1. The direct-axis subtransient reactance 
xq” is the input impedance of the direct-axis 
equivalent circuit with Ryg/p=Rra/p=0. 
Thus xq” is equal to x in series with the 
paralleled value of xga, xq and Xpq 


XadX sand 


Xa" =x, 
XaaX pat XaaX kat XyaXna 


2. The direct-axis transient reactance, Xa, 
is the input impedance of the direct-axis 
equivalent circuit with Ryg/p=0 and 
Rya/P= ~~. Thus xq’ is equal to x; in series 
with the paralleled value of x,q and xy. 


Xad¥ fa 
xq! =mt—— 
XaatXra 


\ 


3. Direct-axis subtransient short-circuit 
time constant, Tq”. The direct-axis equiva- 
lent circuit is assumed broken in the amortis- 
seur branch; Ryg/p is assumed zero; the 
input terminals of the equivalent circuit are 
short circuited. Thereactance of the circuit 
as viewed from the terminals in the amortis- 
seur branch is divided by Ryg to give Tq”. 


XiXaaX fa 
XiXaat XiXpatXaarya 


1S 
2af Rra 


} (seconds) 


y 
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(x4/x4) Measured / (xg/xq) CALCULATED 


Sy ” 
Xq/Xd 
Figure 8. Variation of measured x,”/x,’ with 
”" uv 
xq" [Xa 


Curves are from calculations for cases of very 
small decrements. Points are from method 1 


4. Direct-axts transient short-circuit time 
constant, Tg’. The amortisseur branch of 
the direct-axis equivalent circuit is assumed 
open circuited and the circuit is assumed 
broken in the field branch. The input ter- 
minals are short circuited. The reactance of 
the circuit as viewed from the terminals in 
the field circuit divided by the field resist- 
ance, Ryq, gives Tq’. 


Analysis; Simultaneous Closing 


On the basis of the preceding sections 
of this paper it is seen that no exact com- 
parison can be made between the defined 
transient and subtransient reactances and 
the calculated or measured values of these 
quantities. It is possible, however, to 
determine the correspondence that is to 
be expected between the calculated values 
of the reactances and the values deter- 
‘mined by an ideal short-circuit test. 

Park’s equations® of an idealized syn- 
chronous machine (see Appendix I) were 
set up on the differential analyzer and the 
phase A current obtained for a three-phase 
short circuit on a machine initially run- 
ning open circuited. All three phases were 
short circuited simultaneously; the effect 
of sequential closing is considered in 
the next section. : 

This A-phase current record takes the 
place of the oscillogram described in the 
sections on measurement and was ana- 


ized as there described, Brats values of 


ta’, Xa", Ta’, and Tp 
For each machine studied, six solutions 
were obtained. These were the A-phase 


current for short circuits applied at each 
of six rotor angles, varying from 0 degrees : 
_ to a (hea with oan to the axis of 


phase A in 30-degree steps. The A-phase 
current fora fault at 0 degrees from the 
axis of phase A is the negative of the cur- 
rent in the C phase for a fault at 60 de- 
grees, and is also the current in the B 
phase for a fault at 120 degrees. It is 
seen then that the six solutions obtained 
contain all three-phase currents for each 
angle specified (30-degree steps). More- 
over the average values of the reactances 
(average of the three phases for any one 
test) will be repeated every 60 degrees. 
Thus if there is a variation of this average 
reactance with angle of application of the 
fault, it is periodic with a period of 60 
degrees. 

The machines studied are defined in 
terms of the reactances and resistances of 
the individual stator and rotor circuits. 
Values of these quantities, as well as of 
the transient and subtransient reactances 
and time constants calculated from them, 
are given in Tables I and II. 

Case 22 represents the characteristics 
of a machine having a rather high ratio of 
calculated subtransient to transient re- 
actance, xq”/xq’ =0.16/0.1878=0.852, s 
that the equivalent amortisseur- ihve 
reactance xzq(=0.496) is large. This 
makes the subtransient time constant 
large. 

Case 23 was studied to show the effect 
of a much smaller ratio of calculated sub- 
transient to transient reactance, xq" /xq’ = 
0.13/0.22=0.591. One effect of the 
smaller xg” is to make x,q and thus Tq” 
much smaller. 

Case 24 was studied to show the effect 
of making the rotor symmetrical for sub- 
transient effects. The quadrature-axis 


Xx 4(MEASURED) /X 4 (CALCULATED) 


) 50 100 150 200 
80 
Figure 9. Effect of @ and of (6,—) on 


measured value of xz”, method 1 


Xq"/xq" =1.5 


subtransient reactance x,” (calculated) 
was reduced to x,”=0.13 so that it was 
equal to x4” of case 23. In case 23 the 
ratio of x_”/x@” was 1.9, which is rather 
large. 

Case 18 is like the first case (22) except 
Rya=0. This was considered in order to 
show the effect of the field transient time 
constant T’. 

Case 21 was considered in order to show 
the effect of a large ratio of x7”/xq”. The 
quadrature-axis amortisseur was removed 
entirely so that x,”"/x¢"=2.94. It is 
otherwise the same as case 22. 

In cases 16 and 25 there are no rotor 
resistances; the amortisseur has been 
completely removed and the field resist- 
ance made zero. Case 16 has an effective 
ratio x9" /xq" =x’ /xa’ =0.4697/0.1878 = 
2.5, while in case 25 x¢”/xq" =xq'/xa'= 
0.1878/0.1878 = 1.00. 

Cases 27 and 28 are to show the effect 
of increasing the armature and subtran- 


Table Il. Calculated Machine Constants 
7 ; —— Cycles—— — 
Case xa’ xa” xa”/xa’ Xq” Xq”/xa” Ts Ta’ Ta” 
P37 arc oe OS, Oe Loman 0.1600.,....0.852 A aad ORZ47 ale INGE ose i ee 4045; sae 47.7 2.3 
4 alee a OB2200 Sorat «« OL SO0 reese > 0). 590 foadat. {DAT Tea Nee LOO orks 3 2905 wt ee 57.8 0.76 
GH Nae Saar at 0.2200 witha hth) OPTSOOR hers e000 Ves cms . 130 Aeron POO T a ose De IS aa ets BEE Seated 0:76. 
WGA i 5 th stoves. OOTS78 sea 0°,4600..45 SONSO2 ag ere Abas sulin © LBA ows Sectcuare! 4A: BA, COG erie cut 2.3 
Deer era “0.1878 aie eas O7LA00e.. 36: DSeee ste nbeee *.0:;4697 %. 006 ID TOE nee sissy Did eaten 47.7 2.3 
S10 Mirae D1 87.8 s).fs OvAB7S ae 55. 1.00 SS, oi O..46907%,5 es 250.0% sels oy espe kas COINS leh 0.0 
Cie oe 38 OC TST Sates 0.1878 ie eae p BY U4 om barr bets A ONL S 7B mere te 1200: 50 ee ASO Rete CO oe Sarat 0.0 — 
UN ian eks O2200 is ORTS00 a Se OLSolT viter. ORZAT Hic ae TOO5 kales LD 90. eee 57.8 2.3 
D2, ae A ee DAO woe, 0" ahs 0.2200. .0.6- 0. 501 wits. 107: CO 1.905.540.- BE OO airs ts ate by Gat ea te 2.3 
Table Ill. Average Measured Machine Constants 
ne EE EEEEeneD 
Case xa’ xa” xa”/xa’ Ta’ Ta” 
DD te ood fy seesiens OP ESS Ue. ttastags tae arenaus ‘OU TAS 7: & eet teste ote. sue QuSel- crete tay sire) eiets 49 Oe. date Pee Tete 
OVTHGSB, crass Caskets 0.840* 
DE a Nate eR tier OUP SS & .tasiamiea ser: OUD 7. Gitltotels tel otatenene [eae iP an career yo Soe HORS os Wea 1,08 
Li Pe Bh i ai 0.602* bare wee 
Db. age Raat aes OR ZTBS ye ratats phelels eae OWES 2 Rain wedrove a oe, OUGOS) fsa ir ccs elves ee wD ls%e steer eecleaaie 
LS Abie es chon OPES TS ria» tie ene hone OP AB DB VR er code, vate a OBS OUTER irate alist et Lee kone tna Fie" 
ewe vars die. ohare ORUSSD, said vatiets onl bas Coes bo ee is BP si es cr OOO) bh iat. sense ele 56.30.55 Ve a AR: eds 2.55 
NG PAE Pe! bp hasty DAEST Onn sAloieuawstenods OUT LS ev tarten< PAP uh HO Lio Wince erate severe beaerete Cee RRA A LS 3.09 | 
Oi, 2ODA Ts stds 5 scree 1.042* " 
Beil hedge OLS Ie obra tetene OG Sse! evhih ptr amee Alo kee anc gs a A eee Re as sae Bae TT aoa site 
ae. 0.1859* oo. eee ... 0.993* 
ie en 8 Rena roa (Oh ap Weyer Bin feet or ae OUD Wate nats a, Ate cats 0,.621** 
ORZOS9 Wereeh ord s anvieneias OUD 25ers a Mpls 0.586 
Dh To edie ev Seay QTR dire ames a canes ESI ch cee gers Max meat OVEGR AF waa svaah sons Bil Vries hos Rye 2.34 
& GigOGy An tio wesc: 0.605* 


* Denotes median aaSthod (method 2). 7 
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** Only first 15 cycles measured. 
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200 


Figure 10. Effect of % and of (4:—%) on 
measured value of xq”, method 1 


Xqi/ Xa = 2.0 


sient time constants. Case 28 is like case 
23 except for a smaller direct-axis amortis- 
seur resistance, designed to give a calcu- 
lated subtransient time constant equal to 
that of case 22. Case 27 has the small 
direct-axis amortisseur resistance and also 
a small armature resistance. 

Some of the results of the analyses of 
the short-circuit-current curves obtained 
on the differential analyzer for these cases 
are shown in Table III. This table shows 
the average of all six-phase currents for 
each case. The measured values of xq”, 
xq’, and J,” are plotted against the cal- 
culated ratio x,”/xa” in Figures 2, 3, and 
4, respectively. 

Figure 2 shows that for method 1 
there is a tendency for the measured di- 
rect-axis subtransient reactance to de- 
crease if the quadrature-axis subtransient 
reactance is increased even though no 
change has been made in the direct-axis 
rotor circuits. If the median method 
(method 2 of the AIEE Test Code) is 
used, there is no such tendency. Instead, 
the reactance increases slightly. As the 
ratio xq”/xq" approaches 1.0 the measured 

x4" approaches the calculated value. All 


of these observations are confirmed by 


‘the results of calculations for the idealized 
case in which all decrements are neglected 
(see Figure 8). ; 

Figure 3 shows that the ratio x9”/xq” 
has practically no effect on the measured 
value of xq’. On the other hand, the ar- 
mature resistance appears to have a con- 
siderable effect. When the armature re- 


- sistance is low, as in case 27, xq’ is low, — 


presumably because of the slow decay of 


the second-harmonic component of. cur-— * Results for this point are questionable and are not included in average values. 
: *** Only first 15 cycles measured. ae lt 


rent. 
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Figure 4 shows a slight tendency for 
the measured subtransient time constant 
T," to increase with increasing xq"/xa", 
which may be caused by the decaying 
second harmonic modifying the apparent 
subtransient decay. A striking example 
of this effect is shown in case 16, where 
there is no amortisseur, and the whole 
subtransient effect is produced by the 
second harmonic, the magnitude of the 
fundamental remaining constant. Case 
16 also shows that the ratio of subtransient 
to transient reactance may be consider- 
ably less than unity even though a ma- 
chine has no amortisseur. 

Table IV shows the reactances obtained 
from the individual-phase currents and 
from the two sets of three-phase short 
circuits. Since the effects of angle should 
be appreciable only when xq” #x," it is 
evident that the effects of the ratio x¢”/xa" 
as shown in Figures 2, 3, and 4 would be 
somewhat greater if the average of only 
three phases kad been used instead of the 
data of Table III. However, the latter 
is believed to be more representative, 
especially in view of possible measurement 
errors. 

Figure 5 shows measured results for the 
individual current waves for case 23. 
Figure 6 is a similar curve for case 16. 
The variation indicates that it is highly 
desirable to measure all three-phase cur- 
rents and possibly to take more than one 
test even if there were no theoretical dif- 
ferences among the phases. Figure 7 
shows the actual current waves for the 
case of Figure 5. 

Figure 8 is a summary of the effect on 
the ratio of subtransient to transient re- 
actance of variation in x,”/xq”". Since 


Sie-it 


MEASURED Xq 
CALCULATED Xq 


Figure 11. x,” measured by method 2 as a 
fraction of its calculated value versus 0 


Xq’/xXa" =1.5 


Figure 3 showed no appreciable effect of 
xq"/xa" on xq’, Figure 8 may be considered 
to represent also the effect of Goi ha 
on xq”. The calculated variation of xq” 
neglecting decrements also is shown on 
Figure 8, and is seen to ‘be in reasonably 
good agreement with the differential- 
analyzer results. 


Analysis;. Sequential Switching 


On the basis of certain simplifying as- 
sumptions, the effect of sequential switch- 
ing on the measured value of direct-axis 
subtransient reactance has been deter- 
mined. In addition to the usual ideal 
synchronous machine assumptions, all 
machine resistances are considered to be 


Table IV. Ratio of Measured to Calculated Machine Reactances 


———— 


Three-Phase Average 
for Fault at 


2 —— 00 
Case 0° 30° 60° 90° 120° 150° 6 =0 30° Average 
FD ra eile xa! ..-0.988...0.996...0.980..... Mena cs 0.976...0.989....0.981 ...0.993 ...,.0.986 
Sa’... .059884. 10.970.4...02959..,. ce. * ..,.0.962...0.988....0.970 ...0.979 ....0.973 
0.983**. ..0.976**. .. .0.980** 
QB) sete xa! ..1.001...0.991...0.994...0.991. 0.981...0.995....0.992 . 0.992 . .0.992 
xq” ..0.988...1.012...0.988...0.978.,.0.971...0.952....0.982 +s0.981 |... +.0.-982 
1.013**,,.1.008**,...1.011** 
DA tis xa’ ..0.992...0.992...0.996...0.990...1.001...0.995....0.996 ..0.992 ....0.994 
#a” ..0.985...1.069...1.036...1.002...1.004...1.002....1.008 1.024 ....1.016- 
LS. eter xa’ ..0,997...1.000...1.002...0.997...1.001..,0.995....1.000 &. 0997; ».. .0.999 
xa” ..0.998...0.979...0.960...0.951...0.960...0.979....0.973 wc Oe Or Oieki. t O. Oed 
PE ae ae xa’ ..1,014...0.991...0.971...0.970...0.970...1.008....0.985 ~.03990, —.. ..0.987 
aa” ..0.904...0.909...0.868...0.859...0.874...0.906....0.882 sO, 891) 2935...) 887 
Ghee xa’ ..1.001...1.000. ..1.00Q...1.000.. 0.095. ..0.999....0.999 eek 000M, -.0.,.999 
xa” ..0.968...0.929...0.887...0.880...0.890...0.932....0.915 ..0.914 ....0.914 
; 1,014**, ,.1.081**....1.048** 
25s oars xa! .1.000...1.000...1.000. 997...0.992...0.992....0.997 . 0.996 0.997 
Xd” 1.000...1.000...1.000...0.997...0:992...0.992....0.997 . 0.996 0.997 
0.995**...0.981**, 0.988 
Zilhe Sate xa’***,..0.951...0.893...0.854...0.839...0.857...0.947....0.887 ..0.893 ....0.890 
xa’ ...0.973...0.963...0.961...0.924...0.931...0.973....0.955 . 0.953 0.954 
xa” ,.0.983...0.975...0.9384...0.908...0.880...0.950....0.932 0.944 0.938 
ZS ices xa’ -..0:.975...0°974...0.991. ..0.991.. .0.990.. .0;964...... 0.985 ..0.976 ....0.981 
xa” ..0.997...0.948...0.922...0.901. 0.909. ..0.940....0.943 ...0.9380 ....0.986 
0.998**. ...1.008**s..... 1.008 
** Denotes method 2. : 
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zero. The three-phase currents! (see Ap- 
pendix IT) have been plotted for values of 
4, the angle at which the first two phases 
are short circuited, and of 6;—, the angle 
of delay between the short circuiting of 
the first two phases and of the third phase. 
Since there is no decay of current, the 
peak-to-peak phase currents may be used 
to determine the direct-axis subtransient 
reactance. As in the previous section of 
this paper, the direct-axis subtransient re- 
actance has been determined by the two 
methods described there. 


METHOD 1 


Figures 9 and 10 give the ratio of meas- 
ured reactance* (differential-analyzer re- 
sults), to calculated reactance for values 
of xg”/xqg" of 1.5 and 2.0, respectively. 
(Sequential switching will not affect the 
measured reactance for x_"/xg”=1.) For 
a delay in closing of the third phase of 60 
electrical degrees, the maximum varia- 
tions in measured reactance can be four 
per cent for x,"/xq” =1.5 and 8.5 per cent 
for x_”/x@"=2.0. These variations are 
much larger than those due to the sub- 
transient saliency alone as discussed under 
simultaneous switching. 


MeEtTHOoD 2 


The theoretical discrepancy ratio as de- 
fined in reference 4 is the ratio of xq” 


spk \/ 
ant 


Figure 12. x,” measured by method 2 as a 
fraction of its calculated value versus %> 


Xq "/ xq" = 9.0 


ameasured by method 2, except that only 
the direct component of current is used, 
to its defined value. This neglects the 
effect of the second-harmonic current on 
the measured value of the asymmetrical 
component. In this paper xq” is measured 
‘by method 2 considering the total cur- 
tent. Figures 11 and 12 show the ratio 


< 
y of measured to calculated reactance for 
‘ values of x,"/xa" of 1.5 and 2.0, respec- 
5 a a nr be 
_-*-— ** By measured reactance is meant that value which 
a ‘would be obtained by analysis of an oscillogram of 
az -- ‘the short-circuit current of an ideal synchronous ma- 
a ' chine with characteristics corresponding to the as- 
~~ sumptions. oan ; be tiny aye 
a. mn Re ee iw am ‘ 

SIS SS aeee Paee oak LEE 

-* - June 1945, Vo-ume 64 
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METHOD 


x4 (measuRed)/Xq (CALCULATED) 


Figure 13. Effect of % and of x,”/xqz” on 


measured value of x,” 


tively for various values of 6) and 0,—6.. 
A similar set of curves for x4”/xq” =1.0 is 
given in Figure 3 of reference 4. 

It has been noted in the section of this 
paper on simultaneous switching that in 
general method 2 gives results some- 
what closer to the calculated subtransient 
reactance than does method 1. From 
this it should not be inferred that method 
2 is generally superior. The difficulty in 


adjusting the circuit breaker to close the | 


three phases within ten-degrees as re- 
quired by the standards as well as the dif- 
ficulty in determining from the oscillo- 
gram whether or not this angle is less than 
ten degrees are both considerable. More- 
over, it is seen from Figure 13 that even 
for so small a delay angle as ten degrees, 
the results obtained by this method 


are far inferior to those obtained by ~ 


method 1. 


S 
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Figure 14. Figure 26 
of Test Code 


Peak values of instanta- _ 

neous short-circuit cur- 

rents and deviation of 
a-c component -4 
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Conclusions 


From the results obtained in this study 
the following conclusions may be drawn: 


1. The direct-axis subtransient reactance 
and time constant as measured by any short- 
circuit test method so far proposed depends 
not only on the characteristics of the direct- 
axis rotor circuits, but also on those of the 
quadrature axis. 


2. Method 1 of the AIEE Test Code 
should be used in the measurement of direct- 
axis subtransient reactance to the exclusion 
of method 2, the asymmetrical method. 


3. There may be a considerable variation 
of the magnitude of the individual-phase 
currents with angle of fault application. 
This, in conjunction with possible measure- 
ment errors, makes it very important to 
use the average obtained from all three-phase 
currents of any one test, and highly desir- 
able to use the results of more than one test. 


4. Since the measured subtransient, react- 
ance may be low and the measured transient 
reactance may be about right in comparison 
with calculated values, the ratio of sub- 
transient to transient reactance may be low. 
In particular, even with no amortisseur the 
measured ratio xq” /xq’ is appreciably smaller 
than unity. 


5. It often may be necessary to use con- 
siderably more than 15 cycles in order to ob- 
tain the correct value of transient reactance, 
especially if the armature resistance is low. 


6. The maximum difference in closing angle 
should be limited to as low a value as pos- 
sible. 


7. The short-circuit test methods given in 
the AIEE Test Code approach, but are not 
in entire agreement with, the definition of 
subtransient reactance. It would, more- 
over, be impracticable if not impossible to 
test directly for the defined subtransient 
reactance. 


Appendix | 


On the assumption of constant unit rotor 
speed, Park’s equations’ for an ideal syn- 
chronous machine may be written 


ea=pla—ta—Wq . (1) 
€g=pbg—Mgta 
va=G(p)E—xa(p)ia 
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Vq=—Xq(P)tq (4) 


PEAKs 


If a simultaneous three-phase short circuit is 
applied at the terminals of a machine initi- 
ally running open-circuited with no change 
in the applied field voltage, these equations 
reduce to 


0=pla—ta—va (5) 


— ey =Phq—ligtva= —1.0 (6) 
= —xa(b)ta (7) 
Wq=—Xq(P)tq (8) 


where xq(p) and x,(p) are the operational 

input impedances of the circuits of Figure 1. 
After reduction to suitable form for the 

differential analyzer, these become 


pva=votria (9) 
va=JS pbadt (10) 
 pbg=—1.0-vatrig *(11) 
vo=JS bbq (12) 


pia=apbatbvatciat S (diatevadt (13) 
_ ta=S piadt (14) 
big=fbat bat hiot S ict hvedt (15) 

ig=JS pigdt 
where a, b, .. & are obtained in the reduc- 
tion of equations 7 and 8 to 13 and 15. 


_ By definition of the transformation used to 
arrive at Park’s equations, the phase A cur- 


(16) 


~_ rent is written 


1g =14 COS 9-1, sin 6 


(17) 


Since © 


pia=—ia sin 0+ pia cos 919 cos 0— pig sin 8 
= — (tat Pig) sin + (pia—t,) cos (18) 
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Figure 15. Figure 27 
of Test Code 
Analysis of a-c com- 
sare cee [okt ponent of short-circuit 
ni ane current 
tt 
Then 
ia=JS (iat pig)d cos 0 +S (pia—ig)d sin @ 
(19) 


Equations 9-16 and 19 were set up on the 
differential analyzer and the solutions 
referred to in the text were obtained. 


Appendix Il 


In determining direct-axis subtransient 
reactance for cases of nonsimultaneous 
switching, peak-to-peak values of the three- 
phase currents have been obtained by 
numerical substitution in equations 1 of 
reference 4. These are 


I 
ir= 2S cos gate ean 


d V/3n 
rt l+n 
(1—7) cos 26]— hee 2 a 


(1—n) cos (20+120 »|\ 


in= | Ze cos 120°) +75 + 
Xa 
ie “4 
(1—n) cos (20—120 “ Rae 


[et +a- —n) cos 2 


Io Ro 
es @+120°) + 


“He —n) cos en 1209) [+ 


Faglit) am) cos 9-120) 


where 


- and 


ko=sin (6+120°) 5 
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ky =sin A+ [sin (@:+ 120 3) —sin (0). +120 >) ] p.6 
a n) cos (26; +120°) 


1-+n—(1—1) cos (26,—120°) 


and where the phase rotation is 1, 2, 3, and 
line 3 is the last one short- circuited, at 
6=6;, after previous short circuit of lines 


1 and 2 at 0@=0. 

It will be noted that a typographical error 
in these equations in the reference has been 
corrected. 


Appendix Ill. 


Nomenclature 


See also Figure 1 and Appendixes I 

and II. 

xq" =direct-axis subtransient reactance 

xq’ =direct-axis transient reactance 

x, =armature-leakage reactance 

Xaqa=mutual reactance between the arma- 
ture and field, field and direct-axis 
amortisseur, and armature and direct-axis 
amortisseur 

xyq= field-leakage reactance 

Xeq = direct-axis amortisseur leakage react- 
ance 

Rya=field resistance 

Rea = direct-axis amortisseur resistance 

Tq" =ditect-axis subtransient short-circuit 
time constant 

Ta’ =direct-axis transient short-circuit time 
constant 

xq" =quadrature-axis subtransient reactance 

xq’ =quadrature-axis transient reactance 

6) =angle at which the first two armature 
phases are short circuited, in the non- 
simultaneous closing of a short-circuiting 
switch. (See Appendix IT) 

6;=angle at which third phase is short-cir- 
cuited, in the nonsimultaneous closing of 
a short-circuiting switch (See Appendix 
TI) 

Xqq= mutual reactance between the armature 
and either quadrature-axis rotor circuit 
and between the two qttadrature-axis 
rotor circuits 

XkqXrq=leakage reactances of quadrature- 
axis rotor circuits 

RxqRyqg=resistances of 
rotor circuits 


quadrature-axis 
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Electrolytic Corrosion—Methods of 


Evaluating Insulating Materials 


Used in Tropical Service 


B. H. THOMPSON 
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Synopsis: The selection of insulating ma- 
terials to guard against electrolytic corrosion 
has become increasingly important as the 
use of electric devices in the tropics has in- 
creased. Moisture conditions in the tropics 
are*described, and means for producing such 
conditions in the laboratory are considered. 
The visual, corrosion-current, and water- 
extract conductivity methods for studying 
electrolytic corrosion are described. Typi- 
cal results for a number of different ma- 
terials are given. 


: 


HE EFFECT of moisture on electric 

windings is a factor to be considered 
for successful performance in the field. 
In some cases moisture absorption in the 
insulating material produces a direct di- 
electric failure between turns, between 
phases, or to ground. In others moisture 
absorption may produce leakage currents 
‘which electrolytically decompose the con- 
ductor and result in open rather than in 
short-circuited windings. This destruc- 
tive effect has been named electrolytic 
corrosion. Electrolytic corrosion ac- 
counts for a large proportion of failures 
caused by moisture in apparatus con- 
taining fine wire.? 


Humidity Conditions in Service 


Because absorption of atmospheric 
moisture is responsible for electrolytic 
corrosion, a study of humidity conditions 
is important. Relative humidity in the 
‘continental United States seldom rises 
above 95 per cent, and extended periods 
above 90 per cent are uncommon, except 
‘possibly on the Gulf Coast. In the tropics 
moisture conditions are much more severe. 
During the rainy season relative humidity 
above 95 per cent is common. Table I 
gives values obtained for Rangoon, 


Burma. The figures for the worst month, 


August, can be summarized as follows: 


1. For eight hours a day the relative hu- 
midity is 97 per cent or higher. 


SESS CS eS oe a a eS ee 
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_on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
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2. For 13 hoursa day the relative humidity 
is 95 per cent or higher. 


Since these are average figures, it is 
obvious that the air very often must be 
saturated completely with moisture and 
that exposed apparatus will be covered 


_ with dew. Rangoon is probably not the 


wettest place in the tropics. It is, how- 
ever, a location in the tropics for which 
humidity values have been recorded of- 
fically. Reports from the tropics of 30 
feet of rainfall in two months and seas of 
mud are frequent. It is not surprising 
that electric apparatus often is soaked 
completely with water for long periods of 
time. The windings often dry out only 
when heated or when exposed directly to 
the sun. 
Even.in temperate climates moisture 
condensation may occur on apparatus 
chilled during aircraft flight at high alti- 


Figure 1. Refrigerator box used for obtain- 
ing a humidity of 100 per cent plus dew at 
35 degrees centigrade 


tudes. This water may be forced even 
into electric windings by pressure changes 
resulting from subsequent changes in 
altitude. Serious damage may occur, if 
this absorbed water freezes and cracks 
the insulation. 

Aircraft apparatus will be exposed to 
high humidities caused by changes in 
altitude for only relatively short periods 
of time, unless the apparatus operates in 
closed containers in which moisture col- 
lects. Consequently, flight conditions in 
temperate climates are much less severe 
than tropical conditions. Of course, air- 
craft in the tropics will be exposed to 
tropical conditions of moisture while 
grounded. The wet apparatus then 
would, in subsequent flight, be exposed to 
the temperature and pressure changes 
accompanying changes in altitude. 


Humidity Conditions 
in the Laboratory 


Laboratory moisture tests should ap- 
proximate service conditions as closely as 
possible. 

To simulate the worst tropical condi- 
tions, a laboratory condition of 100-per- 
cent relative humidity, plus dew at 35 
degrees centigrade (95 degrees Fahren- 
heit) has been adopted. This condition is 
teproducible and is obtained easily with 
inexpensive equipment. Water in the 
bottom of a heat-insulated box is heated 


Figure 2. Glass-rod samples used in the visual 
method of evaluating the corrosiveness of in- 
i sulating materials 


-F tay 


Photomicrograph of electrolytic 
corrosion of copper wire 


Figure 3. 


with an immersion heater. The water 
vapor rising from the surface of the warm 
water will condense as a fine dew through* 
out the slightly cooler space in the box. 
A large refrigerator box (Figure 1) is 
tipped back sufficiently to hold water in 
the bottom and at the same time to allow 
condensed water to run off the top surface 
without dripping. The box is located in 
a toom held at 25+1 degree centigrade, 
and sufficient heat is supplied at a con- 
stant rate to the water to maintain an air 
temperature of 35 degrees centigrade. 
This equipment has been used for most 
of the work to be described. 

Lower humidities were obtained with 
appropriate saturated salt solutions in the 
bottom’ of closed glass desiccators. Dis- 
tilled water was used to obtain 100-per- 
cent relative humidity without dew. The 
temperature was held very closely at 25 
degrees centigrade to prevent condensa- 
tion or change in humidity. 

Cyclic methods for producing conden- 
sation by varying temperature at 95- 
per-cent relative humidity have been con- 
sidered and discarded. Periods of con- 


_ densation are short and erratic. Such a 


cycle is also artificial. With this method 
the moisture content of the air changes 
with change in temperature. In service 
the moisture content of the air tends to 


‘remain constant, and a decrease in tem- 
perature produces an increase in relative 


humidity. 


Temperature Cycles 


in the Laboratory 


At least two types of temperature cy- 
cling and immersion tests have been sug- 
gested. One of these uses salt water and, 


consequently, is applicable only to sealed 


apparatus. In the other test. the ap- 
paratus receives five cycles between plus 
85 degrees centigrade and minus 65 de- 


grees centigrade, followed by immersion 
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in water which is cycled five times be- 
tween room temperature and 71 degrees 
centigrade in 24 hours. This test is diffi- 
cult to interpret. 

A number of tests have been made in 
which simple temperature cycles preceded 
exposure to 100-per-centrelative humidity 
plus dew. Such temperature cycles will 
open up brittle insulation subject to 
thermal shock. It is the authors’ opinion 
that subsequent exposure to 100-per-cent 
relative humidity plus dew is sufficiently 
severe and easier to interpret than water 
immersion. 


Corrosion Tests 
on Insulating Materials 


It has been recognized that the best ap- 
proach to corrosion-free apparatus lies 
in the use of insulating materials which 
will be as free as possible of corrosion ef- 
fect.! Factors influencing electrolytic cor- 
rosion are discussed in the appendix. The 
following sections describe three methods 
developed to evaluate corrosion-inducing 
characteristics of insulating materials. 


VISUAL TEST 


Two types of glass-rod samples are used 
for the visual evaluation of corrosiveness. 
One uses a single rod and the other two 
rods. The single rods are wrapped with 
the sheet material to be tested. They also 
may be used for testing varnish films by 
forming the varnish film on the rod. A 
sheet material like cellulose acetate, how- 
ever, tested at 100-per-cent relative 
humidity plus dew may collect a pool of 
water at the edge of the sheet. To help 
overcome this condition the double-rod 
sample is used (right side of Figure 2). 
The sheet material is wrapped around the 
two rods in the form of a figure eight so 
that no edge appears at the surface. Two 
windings of three close turns of 0.010-inch 
bare copper wire around the rods are 
spaced approximately one inch apart at 
the center of the rods. The sample is 
hung vertically at the required humidity 
and 120-volts direct current applied be- 
tween windings. The condition of the 
positive wire is examined periodically 
with a microscope. 

The test is run for seven days. The 
test is discontinued in a shorter time, if the 


Figure 4. Holder 
for corrosion-current 
measurements 
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positive wire corrodes completely open 
Corrosion usually starts with slight mark- 
ing of the copper or slight discoloration of 
the insulating material, followed by me- 
chanical roughening, which leads eventu- 
ally to deep pitting. The initial marking 
on the wire is difficult to photograph, but 
surface roughening and a deep pit are 
shown in Figure 3. 

The following method of comparing 
corrosion resistance of insulating ma- 
terials has been found convenient: 


—— <== 


Appearance Under a 20-Power 


Microscope Rating 


Coloring or corrosion first appears 
der) (daryir.ta te amen erat eee t= tear Very corrosive 
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itt 3, AAYS/ hess dere ened eens ee Fair 


INCA AY Sine ins oh hs sel Ug e She chet Good 


At the end of seven days the plus electrode 
wire is removed and examined under a 20- 
power microscope. If only faint markings 
are visible on the surface of the wire, the 
material is rated excellent. Such results 
should be obtained at a test humidity 
representing expected service humidities. 
Extrapolation from a lower to a higher 
humidity has been found to be mislead- 
ing, for example, a rating of excellent at 
95-per-cent relative humidity has with 
our present knowledge, little meaning at 
tropical conditions of 100-per-cent humid- 
ity plus dew. Tests on materials, of 
course, are only comparative and cannot 
be used to predict life of assembled ap- 
paratus. . 

The physical appearance of the positive 


‘ wire is, of course, only a qualitative meas- 


urement, and the rating depends some- 
what upon the judgment of the observer. 
Our efforts to use the wire breaking 
strength as a quantitative measure at a 
humidity of 100 per cent plus dew have 
been unsuccessful for the following 
reasons. 


1. When sufficient corrosion has been ob- 
tained to affect breaking strength signi- 
ficantly, the wire may be pitted severely at 
one place or less severely at several places. 
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Figure 5. Corrosion-current-time curve for cel- 
lulose-acetate cloth adhesive tape 


Glass-rod-type specimen. Volts—120 direct 

current On continuously. Humidity—100 per 

cent (no dew). Temperature—25 degrees 
centigrade 


Consequently, a large number of samples 
will be needed to give a significant result. 


2. <A very long time on test may be needed 
to produce a measurable decrease in the 
breaking strength of the wire. It is esti- 
mated that three months would be required 
to produce a detectable change in breaking 
strength for a sample that would just make 
the rating of excellent by the visual method. 


An adaptation of the glass-rod test is 
used for rigid insulating materials—the 
copper wire electrodes are wrapped di- 
rectly on the sample. It has been found 
desirable to roughen or cut at least one 
edge of molded material to remove the 
“skin.” The roughened edge represents 
the machined or sanded surfaces often 
encountered in use. 


CoRROSION-CURRENT METHOD 


Electrolytic corrosion occurs when cur- 
rent flow makes available ionic constitu- 
ents to attack the metal. Therefore it 
should be possible to obtain an indirect 
measure of electrolytic corrosion by 
measuring the magnitude of the corrosion 
current providing that: 


1. Allthe current measured does contribute 
to corrosion—the ions carried to the positive 
wire are able to attack it. (Platinum wire 
resists such attack.) 

2. The decomposition products of corrosion 
at the wire do not form a tight insulating 
surface, which would eventually prevent cur- 
rent flow. 


Actual tests have shown that copper 
wire on a large number of different insu- 
lating materials fulfills the above condi- 
tions. 2 

All tests on insulating materials are 
made with copper. Aluminum, silver, 
nickel, and nichrome are known to be at- 
tacked, but a different rate may be ex- 
pected for different metals. ° 

Guarded sample holders (Figure 4) 
have been constructed to make current 
measurements on sheet insulating ma- 
terials. (Varnishes have been evaluated 

by testing them as coatings on films 


- 


known to be low in corrosiveness by — 


go's 


previous test.) The sample is exposed to 
the desired humidity for a sufficient length 
of time to obtain equilibrium (usually 24 
hours). The current resulting from 120- 
volts direct current across the sample is 
measured with a galvanometer capable 
of detecting 0.0001 microampere. When 
voltage is applied to a sample of sheet 
insulating material, the current decreases 
rapidly at first and then more slowly as a 
function of time (Figure 5). A series of 
current—time curves are plotted in Figure 
6. The decrease in current after the volt- 
age has been applied and the recovery 
after the voltage has been removed seem 
to be typical polarization and appear to 
be functions of the amount of corrosion 
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Figure 6. Corrosion current during five-minute 
applications of voltage at 24-hour interval 


Cellulose-acetate cloth adhesive tape. Glass- 

rod-type specimen. Volts—120 direct cur- 

rent. Temperature—925 degrees centigrade. 
Humidity—100 per cent (no dew) 


that has taken place. The more corrosive 
materials show the largest initial current 
and the greatest decrease of current with 
time. At first thought it seems necessary 
to obtain the current-time curve in order 
to make a comparison between materials. 
However, the initial current is influenced 
only by the characteristics of the ma- 
terial, and that which follows is reduced 


2000 
1000 ial |] 
600 as] =a 
400 [ie] 
200 |_| Ey 
joo a na) 
60}—+— s oe 
40 oe 
SEEeLaeengee 
10 La bos 
2 (eee 
oe + shi 
on seeeee ie 
a ! a = Sel 1 
2 $1 ea ag ae 
Say ae 
Be = pe 
04 woe tT _ 
2 AES 
= Wi 
oft tt 
HmmBeeee mnie 
yee: Prd is Saber ee eT 
on ea ea aa 


84 86 88 90 92 9 

HUMIDITY PER CENT 

Figure 7. Effect of humidity at 25 degrees 
centigrade on corrosion current 


Glass-rod-type of specimen 


by polarization. The initial current is, 
therefore, the value giving the comparison 
between materials. Since it is rather diffi- 
cult to measure the initial current, the 
current value 15 seconds after the voltage 
has been applied is used instead. — 
Because the corrosion-current method 
is indirect, it becomes necessary to cali- 
brate it in terms of the visual-corrosion 
test. Table II shows a comparison of 
initial-corrosion current and integrated 
actual corrosion current—-time with visual 
corrosion. Time was adjusted by trial 
to obtain a point at which pitting or 
toughening of the wire had just become 
visible microscopically. The similarity 
between the current-time values for a 
definite ameunt of corrosion is striking 


Table 1. Monthly Mean of the Relative Humidity (Per Cent) for Each Hour at Rangoon 


NA . . . ; . 
Values Obtained From India Meteorological Department, Poona, India 
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MICROAMPERES 


MICROMHOS 


Figure 8. Comparison of corrosion current 
with conductivity of water extract for films 


The corrosion current was measured at a hu- 

midity of 100 per cent plus dew at 35 degrees 

centigrade. The conductivity of water ex- 

tract is in micromhos per centimeter for 100 

square inches per liter of water. All films are 

cellulose acetate except the three marked 
otherwise 


in view of the wide difference between con- 
ditions and samples shown in Table I. 
We have found that 0.02-microampere 
initial current with the holder shown in 
Figure 4 compares with the grade of ex- 
‘cellent of the visual method. 
_ Table III shows typical results for a 
number of sheet and fabric insulations at 
100-per-cent relative humidity plus dew 
at 35 degrees centigrade. Conclusions 
can be drawn as follows: 


i 1. A single class of materials such as cellu- 
‘ lose acetate may possess a wide range of 
~_ corrosion-inducing characteristics. 


ua 2. The materials which are wet by water— 
cloth, paper, and cellophane—are consider- 
ably more corrosive than the water-resistant 
foils like acetates and polystyrene. 


3. No great difference between the various 
untreated fabrics is apparent at 100-per- 
cent relative humidity plus dew. 


The above conclusions apply for a 


- degrees centigrade. 
-_siveness for the various materials may be 
_ widely different at lower humidities. 

Table IV and Figure 7 have been in- 
cluded to show the reliability and the 
range of the corrosion-current method. 
_ Corrosion currents for a gummed-paper 
tape and an adhesive-backed cellulose- 

acetate fabric have been compared as a 
_ function of humidity. Conclusions fol- 
low. : 


1, The consistency of results is good—ex- 
cept for two values, one of which was 
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humidity of 100 per cent plus dew at 35 — 
The relative corro-_ 


obviously in error, maximum and minimum 
values were within two to one. 


9. The ratio between the gummed paper 
and the acetate adhesive tape is not con- 
stant with change in humidity. The follow- 
ing tabulation illustrates the danger of pre- 
dicting corrosion results at higher humidity 
from results at a low humidity or vice versa. 


Corrosion Current—Microamperes 


£2 
Sa 
oe 
<5 
go 3 
es ge < 
3 ss ~ 
as Ba fee] 
oo BL 
7 7 3 

3 os 

<i a A 

100-per-cent rela- 

tive humidity....7.79 cer O9020). 1 een eae ee 


91-per-cent rela- 


tive humidity....0.00499.... 63.7....12,800 


3. The corrosion-current method has great 
sensitivity and can be used to evaluate cor- 
rosion characteristics in cases which would 
take a long time by the visual method. It 
has been estimated that corrosion detectable 
by the current method would require nearly 
four years exposure to be detected by the 
visual method. 


WATER-EXTRACT ConpucTivity TEST 


The magnitude of the corrosion current 
depends upon the quantity of free ions 
available for carrying the current. A 
measure of the relative amounts of ioniz- 
able constituents in the insulating ma- 


terial should, therefore, be a measure of 
the relative corrosiveness of the material. 
We have measured the increase in con- 
ductivity of distilled water in which the 
insulating material was stirred at room 
temperature. The conductivity of the 
extract was measured with a conductivity 
bridge (applying three volts, 60 cycles to 
avoid polarization). A correlation of the 
water-extract conductivity with corrosion 
current is given in Figures 8 and 9. In 
Figure 8 corrosion current is plotted 
against conductivity per unit area, since 
both current and extract conductivity de- 
‘pend in this case primarily on area. The 
current per mil thickness and the extract 
conductivity per unit volume are the con- 
trolling ‘factors for materials which wet 
easily. The correlation would be expected 
to hold only at 100-per-cent relative 
humidity plus dew. 

The water-extract conductivity test 
requires relatively little apparatus. The 
method should be useful in quality con- 
trol, particularly if care is used to insure 
reasonable accuracy. 


Conclusions 


High. relative humidity with moisture 
condensation is a characteristic tropical 
condition. This condition can be simu- 
lated easily in the laboratory and should 
be used to test insulation materials de- 
signed for tropical application. Materials 
should be tested, of course, in the form in 
which they are used in the completed 
device. 


Table Il. Correlation of Corrosion Ampere-Seconds and Extent of Corrosion of Plus Electrode 


Wire on Glass-Rod Type 


of Corrosion Specimen 


——— 


Tem- 
i perature, Initial Dura- 
’ Degrees Current, tion Extent of Corrosion of Plus 
Humidity, Centi- Micro- of Test, Ampere- Wire With 40 Times 
Material Per Cent grade amperes Hours Second Magnification 
Black cellulose-acetate ’ 
fabric adhesive tape..100+dew...... BO a Wararcts E20) hws TSO ects 0.18. ..Seattered small pits visible 
White cellulose-acetate 
fabric adhesive tape. .100+dew...... DOr ek vase 2 eae 7.0 ....0.18...Color in tape just visible; 
\ small pits all along the plus 
wire visible ; 
Gummed-papertape....... OG edenghtetors 2A): aon tgy SAUER Aer 0.33. 0.23...Color in paper visible; depth 
Fo y in corrosion visible : 
Gummed-paper tape....... OB oct eet 24 ee ae 410). seg 0.33. 0.21...Color in paper visible; depth 


Table Ill. 


Corrosiveness of Various Materials at 


Degrees Centigrade. Measured by the Corrosion-Current Method 


in corrosion visible 


a Humidity of 100 Per Cent Plus Dew at 35 


Thickness, 
Material Mils 
fPolystyrene film tis. shh o.se aetee epee uate i i se aes 
Cellulose-acetate filmA (U0 Tae ne we ae Leh @iekicis 
Cellulose-acetate film B....... eae cre en BOA. 
Cellulose-acetate film C.................. LOMO ce. 
Continuous-filament glass cloth........... ALS ees: 
Cellulose-acetate’ cloth 0... 4.92. 8) ae. is Oiweteae 
Catton cloth i60 ks nds ales < brimdnthe sade tae 9/6 ies 
Cellophane flimsy) shina s.cwassoh harem tote eee ONKOL 
IKGCALE SDAP EL CALMS Ce ole Laie a Mite ee Oe Giire oe 
AGU Ob ei aon aoe noy aouGo No gaud S0 (Vers itis 


' 
Corrosion Current, Microamperes 


Average Minimum Maximum 
awloa <0.0001 
eee 0.0005). ... 0.0002 0.0008 
Rahs 0.056 0.039 0.070 
Ce ee 0.86 0.43 1.07 
AR! Fete 340 240 420 
Pere tity 290 240 340 
Veni 420 310 500 
ee 680 500 800 
ee 200 180 220 
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Three types of test have proved useful 


in evaluating corrosiveness of insulating 
materials. 


1. The visual test gives qualitative results. 
Microscopic examination is used to increase 
sensitivity. The rating depends somewhat 
upon the judgment of the observer. The 
visual test may be used at any humidity. 


2. The corrosion-current test is quantita- 
tive and the most sensitive method. Cor- 
rosion, which may take considerable time 
to show up under a microscope, can be 


quently, corrosion characteristics should 
be determined and controlled by test. 
Such tests form a basis for design. 


Appendix. Factors Influencing 


Electrolytic Corrosion 


Ifa direct potential be applied between two 
copper wires separated by an insulating ma- 
terial, current will flow. At low humidities 


Table IV. Corrosion Currents for an Acetate-Fabric Tape and a PaperTape at Various Humidities 


Specimens on Glass Rods, Spacing Between Copper-Wire Electrodes One Inch, Voltage 120 


Volts Direct Current. Current Measured 15 Seconds After Application of Voltage. Current 
in Microamperes 

Humidity, Per Cent 100 Plus Dew 100 96 91 85 81 
Degrees Centigrade 35 25 25 25 25 25 
Cellulose-acetate fabric adhesive tape 

192 RAW Te) a, ROMAN ok alee 0: 04 LS: onthe: 0.00344 

RGB GEG econ Reet OB sane ae 0. 06524.6.... 0.00420 

oe et eee 7 Ofie ss die 0.0679......0.00789 

116 Sa Jn O23) et en, 0.0532... 0.00445 

By OMB Fai soy Bye Seeks ee 0.0457 

2G hs Weis ade ante ees \s Wa. phe eee as 0.0503 

Average 169 Serer hslciew de ee crceaoe O 05232. 55. 0.00499 

Gummed-paper tape 

BREED oe coy chalah £68050 5.4 es BO eee pices & Ey hati Hohe RDO ae ante 4.74 

eT re 1,720 SOS hy ana 12S aac eee 0/395 ated ees 4.89 

O34 eB eos. E7406 5 nix BiL2 Sh. Jt Ng itiens is tan) ae nen LO. Oo, eee he 4.82 

DOA a res M6BO0\)s uessiats Re RIS ec oho: Syayiy CO Eee ER Yee te ak oy 5.32 

68.7 
64.7 
Average 5/2200 «yo vte0t DBO eet ute ABS Snvea hares (2 gee a MOB gore tan ee 4.94 


* Not used in obtaining the average. 


quickly evaluated. The corrosion-current 
method is also applicable at any humidity. 
8. The water-extract test is quantitative 
but limited in correlation to corrosion tests 
made at 100-per-cent relative humidity plus 
dew. Considerable care is necessary to ob- 
tain accurate results. F 


The corrosive nature of insulating ma- 
terials differs widely. In fact a single class 
of materials may possess a wide range of 
corrosion-inducing characteristics. No 

class of materials yet has been found to 
be completely noncorrosive. Conse- 
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this current is usually exceedingly small. 
As humidity is increased, moisture may be 
absorbed within the insulating material and 
adsorbed on the surface. In the presence of 
the free water the current increases markedly 
for most insulating materials. If the air 
become saturated with moisture, the water 
may condense on the surface to form an ad- 
ditional path for current flow. As\current 
flows, the copper at the positive wire is 
ionized and combines with the acidic or 
oxidizing component of the electrolyte. 


Pure water is a good insulator, but water 
will dissolve avidly at least small amounts 


Figure 9. Comparison of cor- 

rosion current with conductivity 

of water extract for fabrics, 
paper, and cellophane 


1a 


Corrosion current is in micro- 
amperes per mil thickness for a 
humidity of 100 per cent plus 
dew at 35 degrees centigrade. 
_ Conductivity of water extract 
is in micromhos per centimeter 
per mil thickness for 100 square 
inches per liter of water 
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A B 
Figure 10. Diagram showing the angles of 
contact, 6, of a drop of water to an insulating 
material 


A.—A high angle 
B.—A low angle 


of a great variety of substances. These ma- 
terials ionize to form an electrolyte. The 
sources of electrolyte in insulation can be 
listed as follows: 


1. Water-soluble constituents on the surface or in 
the body of the material. 


2. Chemical hydrolysis, for example, of glue. 


3. Electrochemical decomposition to give water 
soluble constituents—cellulose, for example, may 
be oxidized to give acidic components.? 


4. Change due to heat: 


(a). To give water-soluble decomposition products 


(0). To produce sweating of water-soluble con- 
stituents to the surface. 


(c). To permit penetration of water into the body 
of the material which may contain soluble, ma- 
terials. 


5. Presence of fungus, which produces water- 
soluble products in their growth process. 


When liquid water condenses on the sur- 
face, it may tend to form tiny drops or 
spread to a continuous film as shown sche- 
matically in Figure 10. The angle of con- 
tact at the interface between water and the 
solid insulating material is called the con- 
tact angle. This angle is a measure of the 
tendency of water to spread or to collect in 
droplets (the tendency to collect in droplets 
is associated with high-contact angle). 
Disconnected droplets, even though they 
contain an electrolyte possess relatively high 
resistance to current flow. In contrast a 
continuous water film containing electrolytes 
will conduct current readily. 

Insulation in devices which, have been 
varnish treated or coated may not reach a — 
moisture content in service corresponding | 
to'the atmospheric humidity because: 


1. The length of the period of idleness for the in- 
sulation to reach a stable moisture condition in- 
creases with the delay in the entrance of moisture. ; 


2. WVarnished-treated: insulation, even though 
poorly treated, will not take on as much moisture ¢ 
as the untreated material. 


In other words, when voltage is applied in — 


service the insulation is at a moisture con- 


dition corresponding to some humidity be- _ 
low the atmosphere humidity to which the » 
device is exposed. For such applications it 
may be desirable to make the corrosion test 
on the insulation at a humidity below the 
service conditions of humidity. | 
Since so many factors may produce elec- 
trolytic corrosion, only actual test can be) ey 
the deciding factor. aides) 
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Rating of High-Temperature Induction 
Motors 


P. L. ALGER 


FELLOW AIEE 


Synopsis: The advent of new high- 
temperature insulating materials, such as 
the silicones, gives new freedoms to the 
motor designer. It is probable, however, 
that factors other than insulation will limit 
the desirable motor-temperature rise to 
values well below the endurance limits of 
these materials. It is, therefore, desirable 
to recognize that the size of an induction 
motor is measured electrically by its break- 
down torque, and mechanically by the size 
of shaft and bearings, the temperature rise 
being only a secondary factor. Calculations 
are presented, based on idealized assump- 
tions, which indicate that the optimum 
temperature rise for continuous rated induc- 
‘tion motors is below 80 degrees centigrade, 
whatever the insulating materials used. 


OME NEW synthetic insulating ma- 

terials, such as the silicones, have 
much higher temperature endurance than 
any flexible insulations heretofore known. 
It is probable that coil windings insulated 
with these new materials will have fully as 
long a useful life at a continuous tempera- 
ture of 175 to 200 degrees centigrade as 
present class A or class B insulations 
have at their standard hot-spot tempera- 
ture limits of 105 and 130 degrees centi- 
grade, respectively. Presumably AIEE 
Standard 1! will be revised, to recognize 
these new materials, with a permitted 
temperature rise by resistance of the 
order of 120 degrees centigrade; on the 
same basis as the 60- and 80-degree-centi- 
grade rise values now recognized for class 
A and class B materials. 
These materials will open the way to 
- smalles and lighter motors for many spe- 
cial applications, where intermittent 
operation, frequent starting, or restricted 
ventilation make small frames and high 
temperatures necessary. Also, they will 
have an insurance value because they will 
enable motors to withstand stalling and 
exposure to high ambient temperatures 
for longer periods. The silicones, there- 
fore, will be welcomed. by motor de- 
signers. 
It is well known, however, that a large 


proportion of the general-purpose motors 


now produced in a highly competitive 
market have temperatures well below 


_ Paper 45-50, recommended by the AIEE committee 
on electric machinery for presentation at the AIEE 
winter technical meeting, New York, N. Y., January 


# 22-26, 1945. Manuscript submitted December 1, 


°1944; made available for printing January 4, 1945. 
. My A 


P. L. Avcer is staff assistant to the vice-president 


in charge of design engineering, General Electric ~ 


Company, Schenectady, N. Y., and H. A. Jongs 
i does appliance project engineering for the General 
_ Electric Company, Bridgeport, Conn. 
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those permitted by the present rules.? 
Also, despite the availability of class B 
insulations, the lower temperature class 
A insulation is used for most low-cost 
electric apparatus. 

It, therefore, appears that the high 
temperatures permitted by the new ma- 
terials will not be utilized in many 
applications, even when the materials 
themselves are employed. 

Two questions, therefore, arise: 


1. What is the optimum temperature rise 
for general-purpose electric equipment, such 
as an induction motor, for example? 

2. How should the method of rating be 
changed, if the operating temperature is not 
limited by insulation life? 


Effects of High Temperatures 


There are several ways in which tem- 
perature affects the operation of a motor, 
besides the thermal life of-the insulation. 


BEARINGS 


The organic bearing lubricants deteri- 
orate rapidly at temperatures above 80 
to 90 degrees centigrade. A very rough 
rule for general-purpose induction motors 
is that the temperature rise of the bear- 
ings is half that of the windings. Witha 
40-degree-centigrade ambient tempera- 


_ ture, therefore, a higher continuous tem- 


perature rise of the winding than 80 de- 
grees centigrade generally will require 
special provisions for cooling the bearings. 
There is hope, however, that synthetic 
lubricants will be developed to withstand 
much higher temperatures. 

It should be noted also that motors 
must have shafts and bearing diameters 
suited to the torques, pulley sizes, and 
belt pulls required to transmit their rated 
horsepower loads. If motors are to be 
built in radically smaller sizes, these 
smaller motors must have shafts and bear- 
ings materially larger in proportion to 
their frame diameters than now custom- 
ary. Hence, existing motor frames gen- 
erally must be redesigned mechanically, 
if they are to carry higher horsepower 
ratings. For a given horsepower, speed, 


and type of drive, the shaft diameter 


should be the same. 


METALLURGY 


A number of the metals ordinarily used 
in motors are affected by high tempera- 
tures. Pure tin solder melts at 232 de- 
grees centigrade, and the tin-lead bab- 
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bitts and solders soften at temperatures 
of the order of 150 degrees centigrade. 
The highest practicable temperature for 
soldering binding wire without affecting 
its strength is about 300 degrees centi- 
grade. The hardened steel races of ball 
bearings gradually soften if kept at 
temperatures of 200 degrees centigrade or 
more. Pure copper under stress is sub- 
ject to brittle fracture at temperatures 
above 160 degrees centigrade. However, 
by using silver solder, silver bearing cop- 
per, bronze or silver bearing alloys, and 
other special features, these temperature 
limits can be raised, if there is sufficient 
economic incentive. 


THERMAL EXPANSION 


Thermal expansion occurs in differing 
amounts for copper, iron, and insulating 
materials. The higher the temperature, 
and the larger the machine, the greater is 
the risk of insulation cracking, and other 
types of mechanical failure. This factor 
is limiting in such large machines as 


Table | 


Temperature Rise 
Above a 40-Degree- 


Centigrade Ambient Relative Resistance 


Temperature of Copper 
Oe cisiciwie see ely cere cal eles ewe oleae 0.82 
GO re Fs ayes ee aetee dete een ats 1.00 
20 ik sn ee eee ee 1.18 
1800.5 ive. ets oe bee eee 1.36 
240s F<. 3.5 2 eerie Rs eC or er 1.54 


turbine alternators, with temperature- 
rise values below 100 degrees centigrade, 
but is not important in small motors. 
Its importance when the new synthetic 
insulations are used will be measured in- 
versely by the flexibility of these insula- 
tions. This still is being investigated. 


Iron Loss 


The core losses are slightly reduced at 
increased temperatures because of the in- 
creased resistivity of the iron, and conse- 
quently lowered eddy currents. This 
factor is not important, however, as the 
iron loss itself is not controlling, and the 
eddy current loss is only a part of this. 
Probably an increase of the temperature 
rise from 60 to 120 degrees centigrade 
would reduce the core loss of a typical in- 
duction motor by less than a tenth; 
raising the efficiency by perhaps a third of 
a point. 


CoprEer Loss 


The copper losses are increased in pro- 
portion to the increase in resistivity at 
elevated temperatures. This law is ex- 
pressed by Table I. 

On this account, 18 per cent more cop- 
per section must be used in a given motor, 
with 160-degree-centigrade copper tem- 
perature, to secure a given efficiency, than 
in a similar motor with only 100-degree- 


centigrade copper temperature. Eight-— 3 
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een per cent of the full-load copper loss 
represents between one and one and one- 
half points in efficiency for a general- 
purpose induction motor, or rather more 
than ten per cent of the total losses. 


OVERLOAD CAPACITY 


The overload capacity of the motor is 
markedly reduced, when the full-load 
temperature rise is increased. Assume, 
for example, that two similar motors in a 
40-degree-centigrade ambient temperature 
are compared at 1.25 times rated load, 
motor A having 60 degrees centigrade, 
and motor B, 120-degree-centigrade rise 
at rated load; both motors having the 
same component losses at rated load. In 
each case, the copper losses at 1.25 load 
will be roughly 1.56 times the copper 
losses at rated load, since they vary as 
the square of the current. 

Since the temperature rise at overloads 
is nearly proportional to the copper loss, 
motor A will have an apparent tempera- 
ture rise at 1.25 load of about 1.56 X60, 
or 94 degrees centigrade, while B will 
have about 1.56120, or 188 degrees 
centigrade rise. With these increases in 
temperature, the copper resistance in- 
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R=DEGREES CENTIGRADE TEMPERATURE 
RISE AT RATED CURRENT 
Figure 1. 
current temperature rise for electric apparatus 
with an ambient temperature of 50 degrees 
_ centigrade 


Temperature rise assumed proportional to the 
nth power of the /?R loss 


creases also, causing higher losses and still 
further rise of temperature. This causes 
the phenomenon of “temperature creep,” 
whereby the temperature goes on increas- 
ing for a long time after the application of 
an overload, in extreme cases becoming 
unstable and rising to destructive values. 
In the case of natural convection, as for 
a transformer, the heat dissipation rate 
increases faster than the temperature rise, 
so partially offsetting the effect of in- 
creased copper resistivity. In the case of 


i forced convection, as for a high-speed 
motor, the heat-dissipation rate is pro- 


portional to the temperature rise. 
These effects are illustrated i in Figure 1, 


125-per-cent versus 100-per-cent | 


from which the net additional tempera- 
ture at 1.25 load can be estimated as a 
function of the rise at rated load. It is 
interesting to note also that the thermal 
time constant of the motor with 120-de- 
gree-centigrade rise is 16 per cent greater 
on overloads than that of the motor with 
60-degree-centigrade rise, due to this 
temperature-creep effect. 

All of the effects discussed under 
previous headings are produced by the 
extra temperature rise on overload, their 
magnitudesincreasing rapidly as therated- 
load temperature rise is increased. 

It is a general rule that the life of or- 
ganic insulation is halved for each ten-de- 


_ gree-centigrade rise in temperature, ap- 


proximately. The effects of temperature 
on lubricants, expansion, and so forth, 
also increase exponentially. Therefore, 
even if the materials in motor B have the 
same life at 160 degrees centigrade as 
those in motor A have at 100 degrees 
centigrade, it is probable that motor B 
will have a life at its ultimate 1.25 load 
temperature of 285 degrees centigrade 
(Figure 1) only a small fraction of the life 
of motor A at its 1.25 load temperature of 
147 degrees centigrade (Figure 1). 

If the ten-degree-centigrade law for 
half life holds for the insulating materials 
in motor A, they will last only about four 
per cent of the time at 1.25 load that they 
would last at rated load. Even if the 
materials in motor B are so much more 
heat resistant that they follow a 15-de- 
gree-centigrade law for half life, this motor 
will still last only one-third per cent as 
long at 1.25 load as at rated load. Other 
estimates of the life at one and one-fourth 
load for different full-load temperature 
rises are given in Table IT. 

Thus, the magnitude and duration of 
overloads must be considered very care- 
fully before a high temperature rise is 
selected for electric equipment. 


Selection of Optimum Temperature 


The urge to use a higher temperature is, 
of course, the advantage gained in reduced 
size, weight, or cost. There must be 
some optimum temperature rise, there- 
fore, which strikes a balance between 
these advantages and the disadvantages 
mentioned above, 

A series of calculations were made to 
determine this optimum temperature rise 
for a general-purpose induction motor of 
about 30-horsepower rating. These cal- 
culations were based upon several assump- 


' tions, as follows: 


1. The ratio of motor length to diameter 
was held constant. 


2. The over-all weight of the motor varied 
as the cube of the diameter. 


8. The air-gap length varied as the square 
root of the motor diameter. 


4. The maximum torque of the motor was 
held constant, which in turn signified that 
the motor reactance remained at one value. 
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5. The flux densities of the stator teeth and 
core were held at a specified constant value. 


6. The core loss and windage and friction 
were held constant. 


7. The space factor of the stator slots was 
held constant until the 60-degree-centigrade 
temperature-rise point was reached. At 
this rise, the space factor changed as a result 
of changing from class A to present class B 
insulating materials. 


8. The temperature rise of the motor was 
assumed to be directly proportional to the 
heating losses, and inversely proportional 
to the square of the motor diameter. . 


9. With the motor running continuously 


RELATIVE MOTOR COST — PER CENT 


200 240 


710) 40 +3280 120 160 
TEMPERATURE RISE — DEGREES CENTIGRADE 


Figure 2. Effect of rated-load temperature 
rise on motor cost for 30-horsepower induction 
motor 


Solid curves give costs with insulation allow- 

ances now in use. Dotted extensions show 

cost with allowances and insulation costs 
equivalent to class A 


The break in the solid curves is a result of 
changing from class A to class B insulation 
costs and allowances 


Curve 1—Direct factory cost of motor 
Curve 2—Factory cost plus efficiency cost 
Curve 3—Factory plus efficiency plus replace- 
ment cost 
Curve 4—Factory plus efficiency plus addi- 
tional fan cost 


at name-plate temperature rise, the motor 
life was taken to be seven years. In order 
to evaluate the overload life of the motor, 
the following duty cycle was assumed: 


Two hours per day at three-fourths load - 

Four hours per day at full load 

Two hours per day at one and one-fourth ~ 
load . 


In addition, it was assumed that the 
temperature rise necessary to halve insula- . 
tion life became greater as the name-plate 
rise increased, as given in Table III. , 

With the assumptions of a duty cycle and ~ 
the temperature rise necessary to halve 
insulation life, it was possible to evaluate a 
motor-replacement cost. This cost of re- 
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Table Il Reduction in Motor Life on Overload 


=r 


— =a 
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Ratio of Life at 125-Per-Cent Current to Life at Rated 


Temperature Rise From Figure 1 


Current 


At 1.25 Current, 
Degrees Centigrade 


At Rated Current, 
Degrees Centigrade 


Ten-Degree-Centigrade 


Life Halved for Each Life Halved for Each 
15-Degree-Centigrade 


Temperature Increase Temperature Increase 
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placing worn-out motors indefinitely was 
amortized at a ten-per-cent interest rate. 


10. Other factors contributing to the cost 
of the motor were: 


a. The factory cost of the motor was 
divided into two parts. The cost of bear- 
ings, shaft, and mechanical parts remained 
fixed at 25 per cent of the factory cost of a 
50-degree-centigrade rise motor. The re- 
maining 75 per cent of the direct motor costs 
varied directly as the cube of the diameter. 
At a temperature rise of 60 degrees centi- 
grade, the additional cost of class B insula- 
tion (as now available) was added. This 
amounted to 20 per cent of the cost of the 50- 
degree-centigrade rise motor. 


b. One kilowatt of motor loss had an 
equivalent factory cost of $40.00. This 

_ was based upon 2,000 hours yearly opera- 
tion, one-half cent per kilowatt hour power 
cost, and amortization with a 25-per-cent 
interest rate. 


11. The additional J?R losses resulting 
from temperature rise alone (above a 50- 
degree-centigrade rise) were given an 
equivalent factory cost, and this amount 
was spent on extra ventilating equipment. 
The cost of fans for the 50-degree-centigrade 
rise motor was taken as five per cent of the 
direct factory cost. The heat dissipation 
varied as the fourth root of the amount 
spent on fans. 


! 


Figure 2 shows results obtained based 
upon the foregoing assumptions. The 
solid curves indicate the effects of going to 

_higher-temperature motors with present- 
_ day insulation costs and space allowances. 
_ The distinct break at 60-degree-centi- 
grade rise is caused by the additional cost 
of installing class B insulating ma- 
terials, and the additional insulation- 
- space allowance which must be made in 
ps the stator slots. The dotted extensions 
above 60 degrees centigrade indicate 
: characteristics that could be obtained if, 
in the future, the cost and space allowance 
for class B materials could be brought 
ia ~ down to present-day class A standards. 
3 It will be noted that curve 2, showing 
Me the cost of the bare motor plus losses, has 
* aminimum at 80-degree-centigrade rated- 


18, assumed to operate only 2,000 hours a 


; 
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_ temperature tise, even though the motor. 


If additional cooling is provided, as 
indicated by curve 4, to increase the over- 
load capacity, the minimum cost occurs 
at a little lower temperature, and this 
effect would be accentuated if the motor 
were operated for more than 2,000 hours. 

Curve 3, which adds the replacement 
costs on the basis of continuous operation 
throughout the year, 25 per cent of the 
time at 1.25 load, shows a further reduc- 
tion of the temperature rise for minimum 
cost. The significance of this curve lies 
in its shape rather than the actual values, 
since it is based on quite arbitrary as- 
sumptions. 


Discussion 


The foregoing indicates that although 
there is no single answer to the question, 
the optimum general-purpose motor tem- 
perature rise at rated load is below 80 
degrees centigrade by resistance. 

One point that stands out in the above 
analysis is that the space required for the 
insulation is of great importance. For 
example, glass fiber and varnish-insulated 
wire, as used in class B insulated induc- 
tion motors, has roughly ten-per-cent 
larger diameter than resin-insulated wire, 
as now commonly used in class A motors, 
requiring an increase of roughly one half a 
frame size, or about 15 per cent in equiva- 
lent rating, for the same motor perform- 
ance. _ 

A second point that stands out from the 
analysis is the importance of efficiency in 
the case of motors operating for ex- 
tended periods. As the curves in Figure 2 
illustrate, even if a motor is designed for 
a high-temperature rise, it may be eco- 
nomical to provide extra cooling simply 
because of the reduced losses and greater 
overload capacity thereby obtained at a 
relatively low cost. 

It seems clear, therefore, that the tem- 
perature rise of continuous rated motors 
will continue to be a useful measure of 
their performance, and that the present 
usual values will not be changed ma- 
terially by the advent of the new high- 
temperature insulations. 

For the short-time-rated and intermit- 
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tent-duty motors, where the temperature 
often has been limiting, the temperature 
rise will become less important, and the 
breakdown torque of the motor will 
assume a greater importance as a measure 


of motor size. 
There are, therefore, three distinct 


measures of motor capacity: 


1. The breakdown torque. 
2. The shaft and bearing sizes. 


3. The rated-load temperature rise (in- 
verse). 


All of these must be chosen to suit the 
application. In a particular case, any 
one of these may be limiting. 


Conclusions 


The following conclusions are reached 
from this analysis: 


1. The silicones and other new high-tem- 
perature insulating materials will give new 
freedom to the motor designer, permitting 
lighter weights, more severe duty cycles, 
and more difficult applications of motors in 
many cases. 


Table Ill 


Temperature Rise 
to Halve Life, 
Degrees Centigrade 


_ Name-Plate 
Temperature Rise, 
Degrees Centigrade 
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2. With these new high-temperature ma- 
terials, the temperature rise of the windings 
of continuous rated motors will be limited 
by the efficiency and overload requirements 
rather than by insulation life. 


3. To keep these new motor developments 
on a sound basis, it is important to recog- 
nize that high temperature in itself is not 
a virtue. The best motor for any job is the 
one that has the right combination of break- 
down torque, efficiency, and shaft size, with 
the lowest temperature rise that can be se- 
cured. ata reasonable cost. 
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Arc-Backs in Rectifier Circuits 
Artificial Arc-Back Tests 


R. D. EVANS 


FELLOW AIEE 


HE enormous development in the use 

of rectifiers for the electrolytic reduc- 
tion of light metals has been an outstand- 
ing development of World War II. One 
important problem in this rectifier de- 
velopment has been the performance at 
the time of rectifier arc-back.. Currents of 
between 50,000 to 100,000 amperes may 
be encountered on an individual rectifier 
and associated transformer. Still higher 
currents would obtain if back feed from 
other units on the same bus were not elimi- 
nated by prompt isolation from the cir- 
cuit or d-c bus. 

This development in rectifiers has pre- 
sented the need for more basic informa- 
tion on the performance of rectifier cir- 
cuits under arc-back conditions. Knowl- 
edge of arc-back currents is important in 
the design and operation of rectifiers, 
transformers, and circuit breakers used 
for their control. The scope of the present 
paper is limited to a general discussion of 
arc-back phenomena and the results of 
artificial arc-back tests, particularly as to 
the magnitude—time characteristics of the 
arce-back currents. 

Arc-back of a rectifier is a term that re- 


' fers to the phenomena that occur when 


current flows from the cathode to an an- 
ode, the reverse from normal direction of 
flow. In effect, an arc-back provides 


1. Short circuit on one phase of a rectifier- 
transformer circuit. 

2. Paths for the flow of direct current or 
pulsating current from other rectifier phases 
and from the d-c bus. 


Consequently, the are-back currents un- 
der these conditions are greater than the 
sustained currents corresponding to a 
three-phase short circuit on the rectifier- 
transformer secondaries of the star group 
subjected to arc-back. 

Arc-back phenomena contain many 


factors that are as yet but imperfectly 


understood. Commercial rectifiers are 
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subject to occasional arc-backs, the fre- 
quency of which is known to increase as 
functions of the rectifier current and out- 
put voltage. The tendency to arc-back 
is also known to increase as the amount of 
phase control is increased. It is common 
experience that the frequency of arc- 
back decreases after a unit becomes ‘‘sea- 
soned.”” The frequency of arc-back also 
increases if severe loads are applied on a 
cold rectifier or one that has been carry- 
ing a very light load. These factors have 
been recited as a matter of general back- 
ground because the mechanism of arc- 
back was not within the scope of the 
present investigation. 


Artificial Arc-Back Tests 


In studying the character of arc-back 
phenomena,!:? the most desirable method, 
of course, is to observe actual arc-backs 
under service conditions. Records of arc- 
backs that have occurred under service 
conditions have been obtained by means 
of an instrument especially devised for 
this’ purpose, called the memnoscope.* 
This investigation, however, did not 
make use of that method because it was 
undesirable to take all the necessary re- 
cording apparatus to the field and because 
it was undesirable to await arc-backs as 
they occur in practice. For this reason 
the investigation was made in the labora- 
tory with some field tests for corrobora- 
tion of the chief results. , 

There are two principal methods for the 
artificial representation of arc-back phe- 
nomena, namely, 


1. Short-circuiting switches. 


2. Reverse-connected ignitrons or single- 
tube rectifiers. 


The simplest method of simulating an 
arc-back is to connect the anode to the 
cathode by a short-circuiting switch. 
In particular, the short-circuiting switch 
was provided with a high-speed mecha- 
nism which was electronically controlled so 
as to initiate the arc-back close to the de- 
sired point of the voltage wave. 

The second method of simulating arc- 
backs is to use a reverse-connected rec- 


_tifier in parallel with the ignitron or 


other rectifier element to be subjected to 
an artificial arc-back. In practice a re- 
versed ignitron was used and it provided 
an easy method for controlling the initia- 


~ tion of the artificial arc-back. However, 
the reversed ignitron presents some im- 
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portant differences from the actual igni- | 


tron subjected to arc-back. In the actual 
arce-back, current flows from the cathode 
to the anode, whereas in the reversed ig- 
nitron it flows from the anode to the 
cathode. Another difference is that a 
loaded ignitron subjected: to actual arc-' 
back is operating at normal temperatures 
and has normal ionization, whereas the 
reversed ignitron is initiated from a no- 
load condition. However, the test data, 
subsequently given under the heading of 
“Are-Drop Characteristics of Arc-Back 
Currents,’ show that for the same current. 
flow there is little actual difference in the 
are drop of a reverse-connected ignitron 
from that of a normally connected igni- 


. tron under arc-back conditions, 


In comparison of the two methods of 
representation of an arc-back, it will be 
evident that the short-circuiting switch 
offers too small a resistance because the 


effect of the arc drop in the ignitron is . 


not taken into account. Compensation 
for this are drop might be approximated 
by the addition of a resistance in series 
with the short-circuiting switch. How- 
ever, the simplicity of the scheme using 
a short-circuiting switch commends it- 
self, and the resulting slightly pessimistic 
test condition is not objectionable. 


Factors Affecting Arc-Back Current 


In the study of arc-back currents, it is ; 


convenient to refer to the schematic dia- 
grams of rectifier circuits that are illus- 
trated in Figure 1. In the two parts of 
this figure are shown the two principal 
methods ‘used for clearing arc-backs. 

The principal factors that affect the 


arc-back current magnitudes for either — 


the initial or subsequent peaks are as 
follows: 


1. Characteristics of the a-c supply system, 


including the reactance of the rectifier — 


transformer and source. 


system, including the breakers used to inter- 
trupt back-feed current. 


3. Method of clearing arc-backs. 


_2. Characteristics of the d-c back-feed ; 


4. Arc-drop characteristics of are-back Se 


currents. } 


5. Rectifier firing conditions, including the 
use of phase control. 


6. The time of initiation of the arc-back. 


7, Sympathetic arc-backs in associated elie 


rectifier elements and their possible recovery 


for subsequent normal nonconducting 

periods. when - 
1. CHARACTERISTICS OF A-C SUPPLY 
SysTEM ia 
The basic factors in the determination 


+ $ 
of arc-back current are, of course, the 


circuit voltage and the reactance of the 


rectifier transformer and' the source. In 
most large rectifiers the size of the indi- 
vidual transformer is fairly definite, cor- 
responding approximately to an output | 
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of 10,000 amperes, or 6,000 kw at 600 
volts. Such transformers are normally 
built on a three-phase core with two 
groups of windings, which operate sub- 
stantially as independent units. Fre- 
quently each secondary winding supplies 
through a balance coil a second ignitron 
tube in parallel with the first, but for 
simplicity these are not shown. The 
equivalent impedance diagram for one of 
these transformers with each group hav- 
ing one three-phase primary winding and 
two three-phase secondary windings is 
shown in Figure 2. Examination will 
show that the two secondary windings of 
each group are very closely coupled. Be- 
cause of the close coupling between the 
secondary windings, the equivalent-star 
diagram has a branch connected to the 
high-voltage terminal that constitutes 
most of the transformer reactance. In 
small systems supplying a single rectifier 
transformer, the source reactance may be 
quite appreciable in comparison to the 
transformer reactance. However, in the 
case of large rectifier stations the react- 
ance of the source becomes small in 
comparison with the reactance of an in- 
dividual transformer, so that the currents 
would be increased by only 5 to 15 per 
cent if there were an infinite bus at the 
high-voltage terminals. 

An arc-back causes heavy direct cur- 
rents to flow through the transformer- 
secondary windings, the effect of which is 
to saturate the core. However, because 
the arc-back is in effect a short circuit, 
the increased exciting currents that flow 
as a result of the saturation in the cores 
do not appreciably increase the total al- 
ternating current. This result is shown 
in an oscillogram included in the discus- 
sion of laboratory tests. 


2. CHARACTERISTICS OF D-C BAcK- 
FEED SYSTEM 


Rectifiers may feed into load circuits 
supplied by motor generators, synchro- 
nous converters, or other rectifiers. 
However, in large stations, the charac- 
- teristics of the d-c circuit are usually rela- 
tively unimportant in determining the 
magnitude of the back-feed current. This 
results from the circumstances 


s 


1. That the inductance of the back-feed 
system is high. 

2. That high-speed anode or cathode 
breakers are used which are capable of iso- 
lating the arc-back before the back-feed 
currents reach large magnitudes. 


The magnitude of back-feed current is 
‘usually limited in large rectifier stations 
to from 40,000 to 50,000 amperes, the 
amount varying somewhat with the point 
of initiation of the arc-back. ‘ 


3. Meruop or CLEARING ARc-BACKS 


Two methods for clearing of arc-backs 
are in common use; these are known as 
“cathode-breaker clearing” and ‘‘anode- 
breaker clearing’’*.* and are illustrated 
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A-C SUPPLY 


A-C BREAKER 


TRANSFORMER 


HIGH-SPEED 
) )4—~“ CATHODE BREAKERS ) ) 
SEMIHIGH-SPEED 7 
+BUS CATHODE BREAKERS +BUS 
(a) (b) 


schematically in Figure 1. This illustra- 
tion applies to larger rectifier installations 
used in the electrochemical industry for 
which two rectifier sections are supplied 
from single transformers... With the sys- 
tem of Figure 1a the isolation of an arc- 
back in a rectifier element of one star 
group requires 


1. The opening of the corresponding high- 
speed cathode breaker, normally operating 
in one-half cycle (on a 60-cycle basis). 

2. The opening of the a-c supply breaker, 
normally operating in eight to ten cycles. 


With the system of Figure 1b the isola- 
tion of an arc-back in a rectifier element 
of one star group requires the opening 
of the associated anode-breaker pole, 
operating in about one-half cycle. It will 
be observed that the are-backs are iso- 
lated from the d-c bus by the cathode 
breaker in one case and by the anode 
breaker in the other, circumstances from 
which are derived the terms which desig- 
nate the method of clearing. Of course, 
with cathode-breaker clearing, the open- 
ing of the a-c supply breaker is required 
to isolate the arc-back from the a-c sup- 
ply. With anode-breaker clearing, the 
opening of the a-c breaker is not required 
forisolating the a-c supply; consequently, 
one a-c breaker may be used in the sup- 
ply to several rectifier units. A semihigh- 
speed cathode breaker operating in two or 
three cycles is used for disconnecting 
the rectifier from the bus; it also 
serves as a backup for the anode 
breaker. In the anode-breaker scheme 
the individual poles may be operated 
separately and restored separately or 
operated as a group as a result 
of the operation of- an individual pole. 
In the small rectifier installations each 
rectifier section is supplied from a sepa- 
rate transformer and cathode-breaker 
clearing has been the method generally 
empleyed. The principal difference be- 
tween these two methods of clearing an 
arc-back is in the duration of the arc- 
back condition, which with (1) cathode- 
breaker clearing is one-half cycle for dis- 
connecting the d-c back feed and eight to 
ten cycles for disconnecting the a-c feed, 
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Figure 1. Schematic diagram illustrating the 
two principal methods of clearing rectifier 
arc-backs 


(a). Cathode-breaker clearing 
(b). Anode-breaker clearing 


and (2) with anode-breaker clearing is 
one-half to two cycles. -- 


4‘ Arc-Drop CHARACTERISTICS UNDER 
Arc-BAck CURRENTS 


Arc drop of a rectifier element, as is well 
known, increases as a function of the cur- 
rent carried. However, the magnitude of 
this voltage drop depends upon the par- 
ticular design of the rectifier and upon 
the magnitude of the current. The arc- 
drop data shown in Figure 3 were taken 
from measurements on the ignitron tube, 
which is the most widely used unit in 
commercial service. Figure 3 shows arc- 
drop data obtained for several different 
conditions of current flow, including nor- 
mal forward-flow current for the first and 
subsequent cycles of heavy current result- 
ing from artificial arc-backs. Figure 3 
also shows arc-back data obtained from 
some natural arc-backs which were the 
result of an artifictal arc-back on some 
other anode. In general, the are drops 
obtained under natural arc-backs have 
magnitudes corresponding closely to those 
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LOW-VOLTAGE TERMINALS (SEE FIGURE 1) 


Figure 2. Equivalent impedance diagram for 
typical rectifier transformer used in large 
electrochemical installations 


Diagram applies to transformer with double- 
delta primary and quadruple-wye secondary 
as in Figure 1. Impedances expressed in per 
cent on total transformer kilovolt-amperes 
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obtained for artificial arc-backs with a re- 
verse-connected ignitron. The arc-drop 
data also do not show any important dif- 
ference in the arc-drop magnitude for 
currents on the first cycle or for subse- 
quent cycles for heavy current flow when 
compared on the basis of the same maxi- 
mum current. It was somewhat surpris- 
ing that the are drop under arc-back con- 
ditions became so large in comparison 
with the normal full-load are drop which 
is also shown in the figure. 

The are-drop data shown in Figure 3 
would not permit drawing a simple curve 
to represent average performances. The 
data suggest 


1. A slow increase in voltage drop for 
currents up to 20,000 amperes. 


2. A rapid increase in the range between 
20,000 and 40,000 amperes. 


3. A reduced rate of increase for the range 
between 40,000 and 80,000 amperes, the 
maximum for which are drop was observed 
during arc-back tests. 


The presence of arc drop reduces consid- 
erably the magnitude of maximum arc- 
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Figure 3. “ Are-drop characteristics of standard 
ignitron tube under different conditions 


Normal conduction, anode to cathode: 
H—Are drop under full-load conditions. 


Reverse-connected ignitron in parallel with 
normal-connected unit: 
A—First cycle A—Subsequent cycles. 


Reverse-connected ignitron in place of normal- 
connected unit: 


o©—First cycle @—Subsequent cycles 


Reverse conduction, cathode to anode: 


x—Natural arc-back 


back current. The difference between 
maximum are-back currents on artificial 
arc-back tests with a ‘reversed ignitron 
and on tests with a short-circuiting switch 
is about 15 per cent, and this may be at- 


tributed to the effect of additional arc 
drop in one phase. 

‘ drop characteristics under heavy currents, 

i. itis evident that are-back simulation by 


Because of the arc- 


Figure 4. Proba- 
bility of arc-back— 
plotted as a function 
of previous values 
of forward-flow fault 
current in crest am- 
peres per tube 


© — Average for lab- 
Oratory tests, using 
2,000-ampere steps 
Minimum — arc-back 
current and maximum 
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non-arc-back current 
observed for indi- 
vidual tubes, plotted 
on 100 per cent and 
O per cent probabil- 
ity lines, respectively: 


means of a short-circuiting switch slightly 
increases the arc-back currents. 


5. RECTIFIER FIRING CONDITIONS 


The method and time of firing each 
rectifier element has an important effect 
on the magnitude-time characteristic of 
arc-back currents. The general effect 
of phase control is to reduce the magni- 
tude of arc-back currents. In the con- 
tinuously excited rectifiers without phase 
control each incoming anode starts carry- 
ing current as soon as the proper differ- 
ence of potential is reached, that is, when 
a slight positive potential appears on the 
incoming anode. In rectifiers with phase 
control obtained by grid or igniter delay, 
the start of conduction is correspondingly 
delayed. If the supply to the grid or ig- 
niter circuit is not affected by the arc- 
back currents, the firing will normally 
take place at definite points on the a-c 
supply wave. In this investigation only 
ignitrons under normal firing conditions 
were investigated; tests in the laboratory 
were made without delayed firing or phase 
control; tests in the field were made under 
actual operating conditions and these in- 
cluded some phase delay. 


6. INITIATION OF THE ARC-BACK 


The magnitude of the initial crest of the 
arc-back current is importantly con- 
trolled by the time of initiation of the 
are-back, this magnitude being the maxi- 
mum when the arc-back follows imme- 
diately after the end of normal conduc- 
tion and a minimum when the arc-back 
occurs just before the end of the noncon- 
ducting period. If the arc-back occurs 
shortly before normal conduction begins, 
there is a small first cycle followed by a 
high second cycle which approaches the 
magnitude of current corresponding to the 
crest of an arc-back occurring at the end 
of normal conduction. The magnitude 
of the initial arc-back current crest is of 


- principal importance when anode break- 


ers are used, since the subsequent arc- 
back current cycles are not’ experienced 
because ot the isolation of the phase sub- 
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o—Different tubes, field test 


jected to arc-back. With cathode- 


' breaker clearing the back feed is quickly 


interrupted, but the current tends to 
reach the same crest at the end of eight 
or ten cycles, regardless of the point of 
initiation of the arc-back. There is, how- 
ever, the difference that if the arce-back 
occurs late in the cycle there are fewer 
cycles of high current. 


7. SYMPATHETIC ARC-BACKS 


By a sympathetic arc-back is meant one 
which occurs as the result of a natural or 
artificial arc-back in another anode cir- 
cuit. The causes of such sympathetic 
arc-backs are not fully known. However, 
the tendencies toward sympathetic arc- 
backs are importantly affected by the 
magnitude of the arc-back current and 
previous load conditions in the rectifier. 
unit. If the arc-back tests are made un- 
der conditions approximating the severity 
of are-back current encountered in the 
usual commercial operation, the arc-back 
current magnitudes can reach 50,000 to 
70,000 amperes or even higher. Under 
these conditions the forward-flow current 
in units of the same star group as the 
anode subjected to arc-back become very | 
large. In the laboratory tests subse- 
quently described, efforts were made to 
load the ignitrons so as to approximate 
the temperatures and ionization condi- 


Crest Values of Anode Currents in 
Field Tests ST," 


Table I. 


Kiloamperes in Various Anodes 
Current. |—§£_ ——@——__—____——_- 
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* F, forward flow, R, reverse flow on arc-back. 
Artificial arc-back placed on anode Xs. 
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tions corresponding to service conditions. 
prior to the arc-back tests. Because of 
the differences between the ‘‘green’’ tubes 
in the laboratory and the ‘‘seasoned” 
tubes in the field and the difference in the 
operating-temperature conditions, there 
was less tendency toward sympathetic 
are-backs on tests in the field than in the 
laboratory. 

The controlling factor in the produc- 
tion of sympathetic are-backs is the mag- 
nitude of forward-flow fault current in the 
preceding half cycle.® This is shown by 
the probability-of-arc-back curve of Fig- 
ure 4, which is based on extensive labora- 
tory tests and a limited number of field 
tests described in a later section of this 
paper. Figure 4 shows that for the stand- 
ard ignitron tube there are 


1. A non-are-back region (or more pre- 
cisely, a low-arc-back region) for forward- 
flow currents of less than 13,000 amperes 
crest. 


9. An are-back region for forward-flow 
currents greater than 24,000 amperes crest. 


83. An intermediate region for which sym- 
pathetic arc-backs occur with high proba- 
bility. 

For this intermediate region an average 
probability curve is plotted from the 
results of tests using relatively narrow 
current ranges. Also on Figure 4 are 
plotted for individual tubes, whenever 
justified by the data, 


1. ‘The highest forward-flow current with- 
out arc-back. 


2. The lowest forward-flow current with 
arc-back. 


Figure 4 is based on 100 artificial arc-back 
tests in the laboratory and each test 
may provide data on 5 or 11 ignitron 
tubes. It will be observed that the re- 
sults from the five field tests are not in- 
consistent with data obtained from the 

_/ extensive laboratory tests. 

__ In connection with Figure 4, it may be 
observed that the probability curve 
should show a definite but negligibly small 
value for low currents, since arc-backs do 
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8,500-Kyva Transformer; 
Primary, Double-Delta; 
Secondary, Quadruple- 

Wye With Interphase 
Transformers 
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occur in normal operation, even though 
the number of arc-backs is exceedingly 
small in comparison with the total num- 
ber of cycles in operation. From the 
standpoint of arc-back phenomena, the 
significance of the probability curve re- 
sides in the circumstance of whether the 
forward-flow current will result in an ap- 
preciable or high probability of sympa- 
thetic arc-back. 

Application of the rectifier data from 
Figure 4 to ignitrons under arc-back con- 
ditions explains the wide range of results 
obtained in service. The magnitude of 
forward-flow current varies widely in 
different installations and the results are 
further complicated by probability, as 
shown in Figure 4. In some cases no 
anode will be subjected to sympathetic 
arc-back. In other cases, all anodes will 
be subjected to sympathetic arc-backs so 
that the anode-current records look like 
those of polyphase short circuits. An 
anode subjected to a sympathetic arc- 
back for several cycles may recover its 
normal characteristics as a rectifier. and 
may even subsequently develop a second 
sympathetic arc-back. Oscillograms of 
various conditions will be*shown later in 
connection with the discussion of artificial 
arc-back tests in the laboratory and in the 
field. 

The presence of sympathetic arc-backs 
has an important bearing on the arc- 
back phenomena in general. The pres- 
ence of sympathetic arc-backs tends to 
reduce the maximum current to be car- 
ried by the ignitron unit or the particular 
transformer winding associated with the 
initial arc-back. If the second arc-back 
occurs on the other winding on the same 


_ core with the winding supplying the rec- 


tifier unit initially subjected to arc-back, 
the sum of the two anode currents ap- 
proaches approximately the original 
value. From an examination of Figure 2, 
it will become apparent that when both 
windings are short-circuited, the total 
short-circuit current will be about the 
same as for a short circuit on one wind- 
ing, with the current divided between the 


Magnitude of Arc-Back Currents 


Field Test, 
6,550-Kyva Transformer; 
Primary, Double-Delta; 
Secondary, Quadruple- 
Wye With Interphase 
Transformers 


Laboratory Test, 
250-Kva Transformer; 
Primary, Delta; 
Secondary, Double- 
Wye With Interphase 
Transformers 
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de *IBR—This is the current fed out the i j iti 
Prag Pe neutral point of the star group subjected to are-back; it incl 
- current from the other star groups of the same or other transformers. , oe 


two secondary windings. When anode 
breakers are used, sympathetic arc-backs 
may increase the number of poles oper- 
ated and the time required completely to 
isolate the arc-backs, since the second arc- 
back must be cleared by a second breaker 
operation, a process that may be repeated 
in sequence. 


Artificial Arc-Back Tests in the 
Laboratory 


The characteristics of the particular 
ignitron tube have an important effect 
on arc-back phenomena, since these de- 
termine the actual arc drop and the tend- 
ency to produce sympathetic arc-backs. 
All arc-back tests referred to in this paper 
were made on the standard ignitron tube, 
which is used widely, particularly in the 
larger electrochemical installations. 

An extensive series of artificial are-back 
tests was made in the laboratory on 
the setup illustrated in Figure 5. The 
power supply for these arc-back tests 
was obtained from the number. 2 high- 


’ power laboratory. The high-power-labo- 


ratory generator was driven by an in- 
duction-motor at a frequency but slightly 
below 60 cycles. The generator was 
connected through suitable a-c breakers 
to the rectifier transformer which was lo- 
cated in the d-c laboratory. The supply 
to the rectifier transformer was capable of 
delivering a short circuit of over 1,000,000 
kva. Because of the long-time-current 
limitations in this power supply, it was 
possible to carry but little base load, and 
only momentary loads of 4,000 d-c am- 
peres. The supply circuit breakers were 
controlled by a sequence-drum device 
which permitted varying the duration of 
the arc-back from the normal tripping 
time of eight cycles to approximately a 
simultaneous opening of a-c and d-c 
breakers. 

The main rectifier transformer used in 
this set of laboratory tests was rated at 
8,500 kva and provided with double 
delta-primary windings for 13,800 volts 
with quadruple-wye secondaries of 712 
volts from line-to-neutral terminals, and 
with interphase transformers. This main 
power transformer was designed to de- 
liver 780-volt d-c service when used with 
two sets of ignitron tubes, each set deliv- 
ering 5,000 amperes continuously. This 
transformer employs a core constructed 
of Hipersil, the new high-permeability 
core material. It has the same weight and 
physical dimensions, and substantially 
the same losses, as the older 6,550-kva 
transformer mentioned later in the dis- 
cussion of field tests. The core-and-coil 
assembly, after the completion of the labo- 


ratory arc-back test program, is shown . 


in Figure 6. This transformer was de- 
signed to withstand the stresses attend- 
ing arc-back currents of 100,000 amperes, 
thus the laboratory tests furnished an ex- 
perimental verification of the design. __ 
Two rectifier frames, each with six ig- 
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Figure 5. Schematic diagram for artificial arc- 
back tests on a large rectifier installation 


Arc-back on phase Y2 with simulation by re- 
versed ignitron in parallel with normally 
connected unit. In many tests the reversed 


- ignitron was replaced by a short-circuiting 


switch. Locations of shunts and current trans- 
formers for oscillograph measurements are 
shown 


nitron tubes, were provided for the tests. 
In addition, a single tube was provided to 
initiate an artificial arc-back in some tests. 
Special auxiliary transformers were used 
for the supply of the excitation circuits. 
Reactor-firing circuits were provided for 
the two six-tube frames. A phase-shift- 
ing transformer was used for the control 
of the tube which was used to simulate 
an are-back. Two high-speed d-c break- 
ers, which trip in approximately one- 
half cycle on heavy reverse current, 
were provided. The laboratory motor 
generator sets, including four 1,500-kw 
750-volt d-c generators, were connected 
through high-speed breakers to the d-c 
busses of the X and Y sections of the 
transformer. A short-circuiting breaker, 
equipped with electronic control, was also 
used in many tests for simulating an arc- 
back. Anode breakers were used in the 
leads of the X section of the transformer 
during some tests. 


Figure 7 shows an interesting record ob-- 


tained during the laboratory tests with 
the setup just described. This test gave 
the highest arce-back current obtained 
with a reverse-connected ignitron and 
the amount was 81,500 amperes. It will 
be noted that during this particular test 
the application of an artificial arc-back on 
anode circuit Y,* caused every ignitron on 
the other phases to arc-back until the cir- 
cuit was opened by the a-c supply break- 
ers.' The X-section anode-current rec- 
ords (not shown) included a single loop of 
current, the current flow being limited by 
the operation of the high-speed cathode 
breaker. It will be noted that the current 


flow corresponds to a three-phase short 
circuit on the secondaries of the trans- 


a8 Note that in Figures 7, 8, and 9 the anodes are 
designated as 5-Y instead of Ys and so on, as used — 
clears in text. 
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former for the Y section. The back feed 
to the Y section represented a maximum 
of 36,500 amperes and had a maximum 
rate of rise of 5,270,000 amperes per sec- 
ond. 

With the same setup but with the re- 
verse-connected ignitron replaced by a 
short-circuiting switch and with the arc- 
back being initiated at the end of the nor- 
mal-conducting period, a maximum arc- 
back current of 95,000 amperes was re- 
corded. 

The oscillogram of Figure His of par- 
ticular interest. This test was made with 
the two sets of ignitron tubes connected 
to the X group, leaving the Y group of 
the transformer disconnected. In this 
case an artificial are-back with simulation 
by a short-circuiting switch was placed on 
anode X; and was initiated close to the 
end of normal-conduction period. In 


‘ this test the ignitrons of the star group 


consisting of anodes Xo, X4, and X, were 
not subjected to sympathetic arc-backs. 
However, the ignitrons for anodes X, and 
X; arced back for four cycles. On the 
fifth cycle all anodes recovered leaving 
only the single arc-back on anode X;, the 
one subjected to artificial arc-back. It is 
of interest that the maximum arc-back 
current for anode X; has a first-cycle crest 
magnitude of 76,700 amperes and about 
equal magnitude on the fifth cycle. On 
the following cycle the ignitrons for 
anodes X, and X3 were subject to sympa- 
thetic arc-backs and did not recover 
again until the primary circuit was inter- 
rupted. The primary current on phase C 
of the X section, the delta winding as- 
sociated on the same core with the sec- 
ondary winding for anode X;, shows an al- 
most fully displaced a-c wave which was 
quickly reduced in magnitude because of 
sympathetic are-backs. However, on the 
cycle corresponding to the recovery from 
arc-back conditions of all anode circuits, 
the primary-current crest reaches a crest 
about equal to the initial crest. 


With the’test setup corresponding with - 


that of Figure 8 but with anode breakers 
connected in the leads to X section, oscil- 
lograms of Figure 9 were obtained. In 
this case also, arc-back simulation was by 


a short-circuiting switch arid the arc- 


back was initiated at the end of the nor- 
mal-conducting period. The artificial 
arc-back was impressed on the circuit of 
anode X;. Current flow is shown for 
anodes X1, X3, and X,4. In this case 
anode X, arced back at the end of its 
normal-conducting period and this neces- 
sitated the opening of the anode breaker 
for phase X; as well as for phase X55, the 
phase subjected to artificial arc-back. 
On other tests with anode breakers the 
number of sympathetic arc-backs varied, 
involving in some cases a maximum of 
five phases. The first-cycle maximum 
anode current for any of the tests with 
anode breakers was 66,000 amperes, a 
value that is appreciably below the maxi- 


mum crest obtained without the anode 
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Figure 6. Core and coil assembly of 8,500-kva 
transformer as it appeared after detanking at 
the end of the laboratory tests 


breakers. The difference may be ex- 
plained in part by the fact that high-speed 
cathode breakers were used as well as 
anode breakers, and that both of these 
breakers were capable of introducing im- 
portant arc drop within a half cycle from 
the inception of the artificial arc-back. 
Consequently, the actual arc-back cur- 
rent crest was appreciably reduced when 
high-speed cathode breakers were used 
with anode breakers. It has been esti- 
mated for this case that if semihigh- 
speed cathode breakers were used, the 
first-cycle crest would have amounted to 
about 70,000 amperes. 

In another series of tests, six ignitron 
tubes were supplied from a bank of 250- 
kva transformers arranged in the usual 
double-wye secondary with interphase 
connection to produce 250 volts direct 
current. The rectifiers were adjusted to 
carry an initial load of 900 amperes and 
were fed into a d-c system consisting of a 


large motor generator set. The artificial — 
-arc-backs were applied by means of a 


short-circuiting switch; the arc-backs 
were isolated by the operation of a high- 
speed cathode breaker and by operation of 
the a-c supply breaker. 

Oscillograph measurements during the 
artificial arc-back tests included the six 


anode currents obtained from shunts and. 


the three primary-delta currents obtained 
from especially designed current trans- 
formers. A typical oscillogram of artifi- 
cial arc-back is shown in Figure 10. In 


this test the artificial arc-back was placed 


on anode 5 and was initiated substan- 
tially at the end of the normal conducting 
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period, the time that produces the maxi- 
mum first cycle of anode current, which 
reached a value of 12,200 amperes. This 
initial current was slightly reduced by 
disconnection of the back feed, and this 
slightly reduced value was maintained 
substantially constant on successive peaks 
throughout the arc-back condition which 
lasted for about 11 cycles. Examination 


of the other anode currents shows that 
they were also substantially constant 
throughout the arc-back conditions. The 
primary currents, however, show a con- 
siderable reduction in the d-c component. 
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The alternating component of the pri- 
mary current increases but slightly dur- 
ing the arc-back condition. The envelope 
of the primary current of phase C has been 
drawn in on the oscillogram and it shows 
the difference between the alternating 
components corresponding to 1,380 am- 
peres at the beginning of the second cycle 
and to 1,430 amperes at the end of the 
arc-back condition. Analysis for phase 
C shows that the resultant magnetization 
(in ampere turns) is composed of 


1. An a4@ component reaching a substan- 
tially constant value in a few cycles. 


Figure-7 (left). Os- 

cillogram of  arti- 

ficial arc-back tests 
in the laboratory 


Simulation by re- 
versed ignitron on 
anode Ys, similar to 
Figure 5. Sympa- 


thetic arc-backs oc- 
cur on all- anodes of 


the Y group. Cath- 
ode-breaker — clear- 


ince 


Figure 8 (lower left). 

Oscillogram of arti- 

ficial arc-back tests 
in the laboratory 


Simulation by short- 
circuiting switch. 
Test setup similar to 
Figure 5, except Y- 
section: ignitrons 
placed in parallel 
“with the X-section 
units. Sympathetic 
arc-backs occur in 
all ignitrons of the 
X group, and all re- 
cover on the fifth 
cycle and then re- 
occur. Cathode- 
breaker clearing 


Figure 9 (right). 

Oscillogram of arti- 

ficial arc-back tests 
in the laboratory 


Simulation by short- 
circuiting switch. 
Setup identical with 
that of Figure 8, 
except anode- 
breaker clearing 
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2. A d-c component rising more slowly to 
a constant magnitude of about seven times 
the a-c component. 


The four-per-cent increase in alternating 
component of the primary current may be 
attributed to the effects of saturation of 
the rectifier transformer. The oscillo- 
gram of Figure 10 is typical of an artificial 
arc-back involving only one anode. 


Artificial Arc-Back Tests in the Field 


Artificial arc-back tests in the labora- 
tory may vary from field service condi- 
tions because of various factors previously 


_ discussed. These factors include particu- 


larly the use of ‘‘seasoned” tubes in the 
field which have normal operating tem- 
peratures and normal ionization prior to 
the arc-back. Accordingly, it was ar- 
ranged to make a series of artificial arc- 
back tests at the Velasco, Tex. plant of 
the Dow Magnesium Corporation. The 
particular rectifier station used contains 
12 ignitron-type rectifier sections supplied 
from six transformers with quadruple 
wye-connected secondaries. These six 
transformers are arranged to provide a 36- 
phase .rectifier station which is accom- 


Figure 10. Oscillogram of artificial arc-back 
tests in the laboratory 


Simulation by — short-circuiting switch. 
Cathode-breaker clearing. Typical oscillo- 
gram of artificial arc-back tests without 
sympathetic arc-backs. (Certain lines re- 


touched) 


plished by using three delta-primary 
transformers and three wye-primary 
transformers and using four phase-shift- 
ing transformers. The tests were made 
on the transformer with delta primary 
that is connected to the source without 
phase-shifting transformer. 

The artificial arc-back tests were made 
on rectifier section 3B, which is supplied 
by rectifier transformer number 3 rated 

-at 6,550 kva with an equivalent imped- 
ance diagram similar to that shown in 
Figure 2. The schematic diagram of the 
main-circuit connections for the tests is 
essentially the same as that in Figure 5. 

_ An electronically controlled, short-cir- 
cuiting switch was cennected so as to 
short-circuit one ignitron tube. The cur- 
rents flowing in the cathode and in the 
anode circuits of the 3B section were 
+ measured by a magnetic oscillograph 
with elements operated from shunts. 
During the artificial arc-back tests, the 
rectifier station was supplied from the 

Dow company’s own power house, which 

was delivering 104,000 kw and 111,000 

‘. kva; a tie with the Houston Lighting 
4 Company was also in service. At the 
time of the tests, all rectifier sections in 

the station were carrying a load of 5,250 

amperes per section at 648 volts direct 
current. The ignitor controls for each of 

: the 12 rectifiers were carefully adjusted so 

that the sections carried 5,250 amperes 
-. each. All units were operating with 
some ignitor delay. All artificial arc- 

-_ back tests were made from the same ini- 

tial power-circuit conditions. However, 
the individual tests differ because the 
closing bre ed the artificial arc- 
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Five artificial arc-back tests were 
made wiu this setup. Two oscillograms 
obtained during these tests are shown in 
Figures 11 and 12 which are representa- 
tive of records with and without sympa- 
thetic arc-backs, respectively. The oscil- 
lograms show that each artificial arc- 
back was cleared by proper breaker opera- 
tion. The d-c feedback was cleared by 
operation of the high-speed cathode 
breaker in a half cycle. The a-c circuit 
was cleared by the transformer primary- 
side breaker in nine to ten cycles from 
the inception of the artificial arc-back to 
the end of arcing between breaker con- 
tacts. 

The characteristics of the d-c back 
feed, as given by these oscillograms, show 
a maximum rate of rise of current of 
8,600,000 amperes per second, as defined 
by a tangent line from the beginning of 
reverse current to a high value of current 
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before limitation by cathode-breaker 
operation. The maximum d-c back-feed 
current was 41,100 amperes, which was 
reached at a rate of 6,300,000 amperes 
per second. 

Examination of the anode currents 
showed that artificial arc-backs of tests 1 
and 4 produced sympathetic arce-backs 
but that those of tests 2, 3, and 5 didnot. 
These conditions are shown in somewhat 
greater detail in Table I. On test 1, the 
ignitron of anode X3 arced back in the 
first cycle but recovered and did not are 
back again during the tests. Also on test 
1 the ignitron of anode X, arced back at 
the end of the fifth cycle and did not re- 
cover until the end of the ninth cycle. 
On test 4, anode X, arced back at the end 
of the fourth cycle and did not recover 
again during the test. The crest values of 
anode currents in both forward and re- 
verse directions for the different tests are 
also shown in Table I. 

The oscillograms gave additional evi- 
dence that the highest initial arc-back 
current occurs when the arc-back is ini- 
tiated at the end of the normal-conducting 
period, such as was obtained on tests 1 
and 3. When an artificial arc-back occurs 
at this point and sympathetic arc-backs 
are not produced, the high initial crest of 
anode current on the first cycle is main- 
tained at approximately constant value 
on succeeding cycles throughout the arc- 
back condition, that is, until cleared by 


Figure 11. Oscillogram of artificial arc-back 
tests at Dow Magnesium Corporation, Velasco, 
Tex. j 


Simulation by short-circuiting switch. Arrti- 

ficial arc-back on phase 5. No sympathetic 

arc-backs encountered. Table Il, test 3. See 
Figure 5 
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the a-c breaker. If the artificial arc-back 
occurs after the end of normal conduction 
and if a sympathetic arc-back does not 
occur, the anode current is initially con- 
siderably smaller but rises to approxi- 
mately the same ultimate value as iS 
obtained when the are-back occurs at the 
end of normal conduction. Ifa sympa- 
thetic arc-back occurs, the anode that is 
subject to the initial arc-back subse- 
quently has currents considerably below 
the initial arc-back value. Sympathetic 
arc-backs frequently increase the currents 
flowing in the anodes not subjected to 
arc-back. 


Magnitude of Arc-Back Currents 


A summary of the arc-back test data 
has been listed in Table II. This list is 
of particular interest in giving the ratios 

of the observed maximum arc-back cur- 
rent to the crest of the symmetrical three- 
phase short circuit on the particular star 
group subjected to arc-back. Of interest 
also is the ratio of the difference between 
the arc-back current and the back-feed 
current expressed as a ratio to the crest of 
the symmetrical three-phase short-circuit 
current on the particular star group sub- 
jected to arc-back. It will be observed 
that the arc-back current experienced in 
the field is appreciably lower than that in 
the laboratory. This is the result of the 
operating conditions which included an 
appreciable amount of voltage reduction 
by phase control. 


Voltage Surges in Rectifier Circuits 


a, One speculative problem of rectifier 
operation is the production of voltage 
surges. Theories for explaining rectifier 
surges’ are based on the inability of the 
i rectifier to provide the ionization neces- 
sary for current flow under two condi- 
Aa: tions, namely, 


1. Heavy current as under short circuit or 
_arc-back. 


2. Light current when the current ‘‘snaps 
64 -out’ von approaching zero value. 


‘The tendency of rectifier circuits to pro- 
_ duce surges is known to vary with the 
_ type and design of the rectifier itself. 

_ Experience has shown that the stand- 
ard ignitron tubes have favorable char- 


_ voltage. However, the arc-back test 
_ just described provided opportunity for 
he gathering additional data on overvoltage. 
_ Accordingly, provision was made for 


cluding klydonographs and cathode-ray 

is" scillographs. Five multielement kly- 
: 
voltages between following terminals: 


es Bit: Xs, Xo, and C to Cy 
2, Xa, Xe, and Nto CG 
Y,, Ys, Ys, and C3 to Cy 
, Ge Ye, and NV to C3 
Elz, A; to grouad 


(See Figure 5) = 
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acteristics from the standpoint of over- 


surge voltage-measuring equipment in- 


-donographs were connected to measure 


Klydonographs were connected to the 
low-voltage side of the rectifier trans- 
former during eight short circuits, 146 ar- 
tificial arc-backs, 14 are-backs in normal 
operation, and in addition a somewhat 
greater number of energizing operations. 
The klydonograph on the high-voltage 
side was connected for about 120 tests. 
Cathode-ray-oscillograph measurements 
were made for 21 tests between the high- 
voltage terminal and ground and for 47 
tests on the low-voltage side either in 
parallel with klydonograph terminals or 
between anode terminals and ground. 
Transient voltages below twice normal 
are of no importance and have been neg- 
lected in this investigation. On the high- 
voltage side one artificial arc-back test 
and the subsequent switching operation 
gave transient voltages of 4.8, 2.7, and 1.7 
times normal on the three phases; two 
other tests gave voltages of 2.7 times 
normal on one phase and another test 
gave a voltage of 2.5 times normal on one 
phase. None of the cathode-ray oscillo- 
grams gave transient voltages on the 
high-voltage side to ground greater than 
2.0 times normal. The cathode-ray os- 
cillograph: was connected for only a part 
of the total number of tests and by chance 
was not connected during the tests that 
gave the highest voltage. During one set 
of switching operations separate from an 
arc-back test, a transient voltage of 2.55 
times normal was obtained on one phase. 
On the low-voltage side the klydono- 
grams showed voltages of 3.1 times nor- 
mal between terminals X, and C, and 
between X, and C, on one test, and a volt- 
age of 3.1 times normal between terminals 
X, and C; on another test. Cathode-ray 
oscillograms showed a voltage of 2.2 
times normal between terminals X, and 
ground on one test, and a voltage of 2.1 
times normal between terminals X; and 


= 
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Cy. The klydonograph is not well adapted 
for measuring the lower overvoltages on 
rectifier circuits for 600-volt output be- 
cause it does not produce measurable 
voltages below about three kilovolts and 
may fail to record at all for voltages of 
about two kilovolts. The klydonograph, 
however, is capable of recording overvolt- 
ages as high as about 15 kv, and, there- 
fore, should have recorded high surges 
had they been encountered. The cath- 
ode-ray oscillograms showed many rec- 
ords in the vicinity of twice normal but 
no records inconsistent with the klydono- 
grams. 

One of the possible methods of produc- 
ing voltage surges in a transformer ob- 
tains when circuit breakers on the a-c and 
d-c sides are switched simultaneously. 
‘Fifteen artificial arc-back tests were 
made with the a-c breaker pretripped by 
a sequence drum so as to approximate si- 
multaneous operation of a-c and d-c 
In none of these tests was any 
appreciable overvoltage recorded on 
either klydonograms or cathode-ray os- 
cillograms. Possibly one reason for the 
absence of overvoltages arises from the 
fact that an artificial are-back provides a 
path for the discharge of reactive energy 
in the rectifier transformer, and sympa- 
thetic arc-backs provide additional paths. 
Current flows in these paths after d-c and 
a-c breakers are opened as shown by sev- 
eral of the oscillograms, such as Figures 8 
or 10. In view of the absence of overvolt- 


Figure 12. Oscillogram of artificial arc-back — 
tests at Dow Magnesium Corporation, Velasco, 
Tex. 


Simulation by short-circuiting switch. Arrti- 

ficial arc-back on phase X;. Sympathetic arc- 

backs encountered on phases 2G hand Xe 
Table Il, test 1. See Figure 5 
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ages during these tests and the improba- 
bility of simultaneous switching opera- 
tions occurring in practice, it is apparent 
that voltage surges from this cause are un- 
likely to be of practical importance with 
ignitrons. 

Another series of laboratory tests was 
made to determine whether abnormal 
operating conditions would cause the 
standard ignitron tank to show a tend- 
ency for the production of surges. Six 
short-circuit tests were made with a nor- 
mal 3,000-kw 600-volt rectifier starting 
with cooling water at the normal tempera- 
ture of 52 degrees centigrade. Three of 
these tests started from a load of 1,000 
amperes and three from no load. Of 
these, four were cleared on the d-c side 
by a semihigh-speed breaker and two by 
a high-speed breaker. No arc-backs were 
encountered during these tests. Eleven 
short-circuit tests then were made with 
the rectifier cooling water starting at the 
unusually low temperature of 19 degrees 
centigrade. Of these tests, four started 
from an initial load of 1,000 amperes and 
the remainder from no load. Because of 
the unusually low cooling-water tempera- 
ture the short circuits in many cases were 
accompanied by arc-backs, particularly 
when starting from no load. On none of 
these tests were any surges recorded by 
klydonographs connected to the low-volt- 
age side of the rectifier transformer in the 
manner previously described. 

Surge-voltage measurements were also 
made in the field and klydonographs were 
installed in two electrochemical plants to 
measure the transient voltages on the low- 
voltage side of one rectifier transformer 
in a manner similar to that previously 
described in connection with the labora- 
tory tests. In a plant equipped with 
anode-breaker switching, operated by the 
Aluminum Company of America at Alcoa, 
Tenn., no surges were recorded by the 
klydonographs during a month’s opera- 
ation in which two arc-backs, one miscel- 
laneous automatic operation, and nine 
energizing and de-energizing operations 

‘took place. In a plant equipped with 
cathode-breaker clearing operated by the 
Dow Chemical Company at Velasco, 
Tex., no surges were recorded by klydono- 
graphs during a period in which 15 
arc-backs and a corresponding number of 


energizing and de-energizing operations 
took place. 

This investigation of voltage surges on 
rectifier circuits has included voltage 
measurements during a large number of 
arc-backs accompanied by energizing and 
de-energizing operations. Innone of these 
tests were voltages greater than 3.3 times 
normal obtained on the low-voltage side. 
The highest transient voltages measured 
were 3.3 times normal measured with a 
cathode-ray oscillograph; the three next 
highest voltages of 3.1 times normal were 
measured with klydonographs. Only five 
tests gave transient voltages in excess of 
three times normal and none of the re- 
maining measurements exceeded either 
2.2 times normal or exceeded three kilo- 
volts (the minimum definitely measurable 
voltage of the klydonograph). Out of 
over 100 artificial arc-back tests; tran- 
sient voltages measured on the high-volt- 
age side of the rectifier transformer 
showed only one case with a voltage as 
high as 4.8 times normal and only 
five cases greater than 2.5 times normal. 

The switching surges on the high-volt- 
age side of the transformer are believed 
to have resulted from the disconnection of 
the circuit following the arc-back. This 
is shown from the character of the oscillo- 
grams. Additional evidence along this 
line is also given by one switching opera- 
tion separate from an arc-back test 
which caused a surge of 2.55 times nor- 
mal. While a switching surge of 4.8 
times normal is relatively high, it is 
within the usual limits of four to six times 
normal to be expected occasionally on 
switching surges.*.? All these transient 
voltages are well below the basic insula- 
tion levels of normal transformer design. 

With phenomena that are believed to 
occur but seldom or never, it is, of course, 
difficult to reach conclusions from tests 
which give negative results. Neverthe- 
less, results of this investigation of recti- 
fier surges are reassuring. 


a 


Pa 


Conclusions 


This paper has presented the results of 
an extensive series of artificial arc-back 
tests that have provided additions of value 
to the published information on the magni- 
tude and character of arc-back currents. 
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The artificial arc-back tests have shown 
that the are drop in the ignitrons used in 
the larger electrochemical installations 
constitutes an important factor in limit- 
ing are-back currents. 

These artificial arc-back tests provided 
extensive measurements of transient volt- 
ages experienced on rectifier circuits with- 
out giving evidence of surge voltages 
other than those normally associated with 
the switching operations incident to the 
disconnection of the a-c supply to the 
transformer associated with a rectifier 
under are-back conditions. The results 
of this investigation for voltage surges 
while negative in character are, neverthe- 
less, reassuring from the standpoint of 
practical operating experience. 

The nature and cause of sympathetic 
arc-backs have been analyzed and shown 
to be dependent upon the previous mag- 
nitudes of forward-flow current. . Data 
are presented on this current limit for a 
standard ignitron tube. 
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Power Geometry of General Transmission 


Systems 


WM. ALTAR 


ASSOCIATE AIEE 


Nits present known form’—® the power- 

circle diagram of a transmission sys- 
tem applies to operating conditions where 
constant voltages are maintained at both 
the sender and the receiver. While this 
is by far the most frequent type of opera- 
tion, instances are numerous where the 
designer or analyst is confronted with 
conditions requiring only one of these two 
voltages to be constant. This is true 
particularly when the concept of a trans- 


_ mission system is taken in a broader sense 


as applied to a generator, motor, trans- 
mission line, or generally speaking, to any 
part of a composite transmission system. 
To mention but one example, the induc- 
tion motor may be considered a trans- 
mission system which supplies power in 
varying amounts to an equivalent electric 
load of unity power factor, and its circle 
diagram accordingly is of a different 
character. From a viewpoint which 
looks at all equipment having input and 
output terminals as general transmission 
systems, it seemed desirable to formulate 
on a broader basis the relations between 
sender and receiver power as exemplified 
by the constant-voltage circles of the con- 
ventional sender and receiver charts. 
Moreover, a more general relation will 
permit the translation from one chart to 
the other, not only of actual power loci of 


_ operation, but also of efficiency contours, 


contours of loss, power factor, receiver 
wattage and amperage, and other con- 
‘cepts of interest. As it happens, all these 
cases fall into the wider class where 


(a). 


The voltage is maintained constant at 


one terminal point of the system. 


(b). The operating locus or contour is a 
circle for this terminal point. 


For the sake of brevity, the sender end 
through most of the following will be con- 


sidered as the terminal point with con- 


stant voltage, a restriction which is 
merely one of nomenclature and sign con- 
vention. 

While the extension of the theory to 
this wider class of loci was being studied a 
simple geometrical relationship was estab- 
lished between coexisting diagrams in the 
two charts. Its existence is obscured in 


Paper 45-38, recommended by the AIEE com- 
- mittee on basic sciences for presentation at the 
_ AIEE winter technical meeting, New York, N. Y., 


January 22-26, 1945. Manuscript submitted 
November 8, 1944; made available for printing 
December 28, 1944. 
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the conventional presentation of power 
circles, because it is customary to plot 
sender and receiver charts either sepa- 
rately, orelse in one and the same reference 
frame. For the formulation of the new 
relation, on the other hand, it is obligatory 
that the charts be plotted in two different 
co-ordinate systems which are tilted and 
displaced against one another to an extent 
computable from the circuit properties of 
the system. We shall use the term 
“‘power-chart transformation’ for the 
geometrical procedure which carries 
points of the sender chart collectively into 
their coexisting points in the properly 
placed receiver chart. The transforma- 
tion is such as to transform circles into 
ellipses. Fortunately, these elliptical re- 
ceiver loci degenerate in all cases of prac- 
tical interest into a circle, a parabola, or a 
terminated straight line, all of which can 
be constructed easily because of the 
adopted choice of receiver chart axes. 
No equally simple and direct procedure 
exists when the two charts are plotted in 
the conventional manner. 

By resorting to a third dimension one 
can interpret the power-chart trans- 
formation as a projective relation, similar 
in character to the so-called stereographic 
projection which in a different way al- 
ready has proved useful in other branches 
of circuit theory.’ 
tionship between the charts exceedingly 
simple to visualize and at times points an 
easier way for graphical procedure in the 
chart plane. 

The proposed choice of receiver axes 
proves its advantage most strikingly when 
it enables us to trace an operating locus or 
contour on one, say the receiver. chart, 
with the help of points from the other 
chart. This may be illustrated by the so- 
called envelope which is the boundary on 
the receiver chart of the accessible load 
range.® As explained in the section on 
limiting parabola, the parabola has the 
open-circuit point as its focus and its 
directrix is the line which bisects the dis- 
tance between open- and short-circuit 
points. This statement involves two 
points of the sender chart and a curve on 
the receiver chart, and its meaning is 
clearly contingent upon the particular 
choice of reference frames. _ 

It is gratifying that the graphical pro- 


_cedure thus resolves itself into two dis- 


tinct steps, one exclusively concerned 
with the circuit properties of the system, 
the other exclusively with specified oper- 
ating conditions or contours. The cir- 
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This makes the rela-” 


cuit properties determine the manner in 
which the sender and receiver frame are 
laid out, but donotenterexplicitlyinto that 
part of the procedure where the sender 
or the receiver locus is found graphi- 
cally from the other. In fact, the second 
step follows a standard pattern no matter 
whether one deals with the simplest con- 
ceivable case of an impedance line in 
series with the load, or with the most 
elaborate four-terminal network. 

Before discussing the general procedure 
as applied to an arbitrary sender circle, 
contours of practical interest likely to 
occur in actual problems are discussed, 
beginning with the familiar power-circle 
diagram and its modification. All nu- 
merical illustrations are derived from a 
balanced three-phase transmission sys- 
tem, one phase of which is represented in 
Figure 1 by its equivalent 7-circuit. In 
assuming numerical values, the real part 
of Y; has been exaggerated in order to 
emphasize the asymmetry of the network. 
It is not actually a necessary part of the 
procedure to reduce a given system to its 
q-circuit because the characteristic chart 
points can be computed directly, or found 
by measurement. 

Points S and O, recurring in Figures 3 
to 9, are the end points of the two vectors 
of complex sender power (P+jQ) when 
rated voltage E,=240 kv line-to-line is 
applied to the sender terminals, and the 
receiver end is short-circuited or, respec- 
tively, open; thus 


2408 2402 
pU4iO), Ses ee ee 
(P +50) = 768 576) | 23.64 160) 
= (100—316.37) mva 
2402 240? a 
P i = (ee 
(P +30) = 768 — 576) | 23.6—1,440) 


= (54.5+76.07) mva 


Reversing the direction of transmission 
one obtains the receiver-end short-circuit 
power 


240? 2402 

PA 30) atl 

(P+IQ)9= Ty 600; + 23.6-+ 160) 
= (52.0—316.37) mva 


Point NV (Figure 4) is obtained by plotting 
in the sender chart the difference (P+ 
9Q)n —(P+3Q)2_ and, for symmetric sys- 


SENDER VOLTAGE 


240 KV. 
LINE TO LINE 


Z* 23.6+160J 


+ =768- 576J 


Figure 1. Equivalent circuit representing one 


phase of balanced transmission system 
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_ and constant receiver voltage E,= 


Figure 2. Radical and polar axes of a circle 
and a point O 


tems, coincides of course with the origin 
of the sender chart. 

With the help of these points the re- 
ceiver chart is laid out with its origin at O, 
and the orientation of its axes is obtained 
by rotating the sender axes through that 
angle 26, and in that sense, by which the 
vector SN would be tilted into the direc- 
tion SO (Figure 4), The axes so obtained 
are subdivided in divisions equal to the 
units of the sender scale. 

With the two frames thus laid out, it is 
quite generally true that all lines connect- 
ing a pair of coexisting points on the two 
charts are parallel to line SO; a rule 
which greatly simplifies the identification 
of such pairs. 

The only geometrical concept likely to 
strike the reader as unfamiliar is the so- 
called radical axis® of a circle and a point 
O. The radical axis is the straight line 7 
(Figure 2) which passes halfway between 
the point O and the polar axis of O and 
the circle. Figure 2 indicates how r may 
be determined graphically. Frequent 


reference will be made to the straight line. 


which perpendicularly bisects the distance 
SO, and for which we shall use the letter b. 
It sometimes is preferable to represent 
the system by its three characteristic 
points O, S, and M instead of O, S, and N. 
To find M (Figure 4) one draws a line 
through S, bisecting the angle between 
vectors SN and SO, thus obtaining the 
direction of vector SM. Its length is the 
geometrical mean of SN and SO. Or 
algebraically 


SM=*\/SOSN 


=/ (45.5—392.3)) (52—316.3)) (2) 
= 356. 3e—1820 2 


The Conventional Diagram and Its 
Modification 


For purposes of comparison, Figure 3 
shows the sender and receiver circle con- 
structed in the customary manner® for the 


- system of Figure 1, operated at constant 


sender voltage E,=240 kv line-to-line, 
200 kv. 


In the conventional procedure, provision 
is made for identifying pairs of coexisting 
points by locating the pair for which 6, is 
zero, that is, where sender and receiver 
a cuoitass are in ewe 


Other sbaiss then 


can be identified by laying off equal 
angles 9, on the two circles.? 

If we now move the receiver circle, to- 
gether with its reference frame, to their 
new positions as previously described, we 
have the following changes (Figure 4). 
Centers S and s fall on a straight line with 
point O; the radical axis 7 of the sender 
circle and O is an axis of symmetry for the 
two circles; coexisting point pairs lie on 
straight lines parallel to SO, so that the 
quantity ©,; and the construction of a 
reference pair is no longer needed. When 
needed, the reference pair with ©,=O can 
be found easily since the sender point is 
the intersection of the sender circle and 
line SM. More specifically, the vector 
SM may serve as a reference vector repre- 
senting Z;. For an arbitrary load condi- 
tion, represented by point P in the sender 
chart, the vector E, is then represented 
by vector SP both in magnitude and 
phase.* Consequently, for a receiver 
voltage #,=200 kv, both the sender and 
receiver circle have a radius 


SM a 206 © chivas 
240 1.20 

The center of the sender circle is S, while 
that of the receiver circle may be found 
graphically by drawing the radical axis r 
of the sender circle and 0, which one 
knows to be an axis of symmetry for 
points Sands. Comparing Figures 3 and 
4, it will be noted that vector SM is 
identical with £,?/Z of Figure 3. 


The Limiting Parabola 


In the manner of the preceding section, 
a number of receiver circles of different 
radii may be found, each representing a 
different value of H, The envelope of 
these circles, which is of occasional inter- 
est in connection with system stability, 
is a parabola. When plotted in the prop- 
erly placed receiver frame (Figure 5), 
the parabola has the point O as its focus, 
and the line b as its directrix, and thus 
may be traced easily as the locus of all 
points having equal distances from point 
Oand line b. Line b marks the coexisting 
locus on the sender chart, and transmis- 
sion systems operate exclusively above 
this line. Also shown on Figure 5 is the 
receiver circle of Figure 4, tangent to the 
parabola at two points. 


Contours of Load Power Factor 
Unlike the preceding cases, this requires 
the determination of the sender locus 
from the given receiver locus, which is a 
straight line g through the receiver origin. 
Consequently, ** the sender locus is a circle 
through O and S and tangent to g (Figure 
6). It is more accurate to describe the 
receiver locus g, not as a straight line, but 


* See Appendix I. The proof of the statement is 
contained in equation 8. 


** See Appendix II, case 3. 


Net 
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Figure 3. Conventional circle diagram for 
system of Figure 1, when receiver voltage is 
maintained at 200 kv line to line 


as an ellipse collapsed into a straight-line 
section, the terminating points being 
points of the parabola of Figure 5 or, 
alternatively, the extreme points on g to 
be reached by projecting points of the 
circle in the direction SO. From Figure 6 
it will be seen that any two points on the 
sender chart which are situated sym- 
metrically relative to line 6 give rise to 
the same receiver power, and so the two 
halves of the sender plane each equally 
are transformed by the power-chart 
transformation into the receiver-chart 
region which lies inside the parabola. 

In Figure 6 is shown the sender locus 
for a load power factor 0.90 lagging. Its 
center C is the intersection of b and a 


Figure 4. Modified form of circles for con- 
stant sender and receiver voltage 
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straight line drawn through O at right 
angles to g. To find the sender power 
when delivering 100,000 kva at 0.9 power 
factor, a distance OP;= 100,000 kva is 
taken along g, and a line PP, is drawn par- 
allel to OS, giving the intersection P. The 
second intersection with the sender circle 
has no practical significance. 


Contours of Receiver Wattage 


Generally, for any straight line in the 
receiver chart, the sender locus is a circle 
such that: 


1. Its center lies on line b. 


2. Its radical axis with respect to O is the 
receiver locus.* 


In the receiver chart, the contour line for 
a specified watt output is a straight line 
parallel to the reactive axis of the re- 
ceiver chart, the one for 100 megawatts 
being shown in Figure 7. Accordingly, 
all sender contours are concentric circles, 
their center C being the intersection of 
line b and the real axis of the receiver 
‘chart (not shown in Figure 7). To find 
the radius, draw a semicircle over OC, and 
a line parallel to the receiver locus r at 
twice the distance (200 megawatts) from 
O. Line p is the polar axis of O and the 
desired circle; its intersection with the 
semicircleis A. The radius of the wanted 
sender circle is CA. Shown in Figure 7 
is the pair of points which was used 
previously in different connection in 
Figure 4, The receiver locus is again an 
ellipse collapsed into a terminated straight 
line and extending across the inner region 
of the limiting parabola. 


Contours of Receiver Amperage 


In the sender chart the contours of con- 
stant receiver current J, are concentric 
circles with center at O, their radius being 
given by** 


50 [50 
Ss 7V/3 ( 2) S v3 SN ( ) 
For instance, a receiver current of 200 


amperes per line gives the radius (Figure 
8) 


‘ 356.3 
R=240-200-+/3 +5210" *=02.5 


megavolt-amperes 


When the sender circle is concentric with 


- ** See Appendix I. 


O, the receiver locus is a circle of equal 
radius, the center C of which may be 
located along line OS by the condition 
that the angle (SDC) is 90 degrees. It 
will be noted that these receiver circles 
are exactly the same as the ones previ- 
ously found for the contours of constant. 
receiver voltage. This is only as it must 
be, since it is not difficult to show that 
‘the sender locus for constant receiver 


* See Appendix II, case 2. 


The proof of the statement is 
contained in equations 8. 
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voltage V is the mirror image relative to 
line b, of the sender locus for constant 
receiver current J, when the latter, is 
numerically equal to the short-circuit cur- 
rent I; obtained when voltage V is 
placed at terminals 2 and terminals 1 are 
short circuited. 

The contours of receiver voltage and of 
receiver amperage are the only ones giving 
circles in both charts. 


The General Relation Between the 
Two Charts 


These illustrations will suffice to give 
an idea of the possible use of the pro- 
cedure for graphical analysis. It will not 
be necessary to produce individual proofs 
of the rules stated in foregoing sections, 
since they are all special cases, or corol- 
laries, of the general theorem which gives 
the receiver locus (an ellipse in general) 
for a sender circle of arbitrary position 
and radius (Figure 9). 

In order to determine the receiver 
ellipse, the radical axis 7 of the sender 
circle and point O is drawn, and point C 
is placed symmetrically to C with respect 
to line r. Next the center C’ of the 
ellipse is found by means of the require- 
ment that the two point triples (O, S, C) 
and (C, C, C’) form similar triangles. 
Inspection shows that points O, S, and C 
are respectively homologous to points C, 
C, and C’, and follow each other in 
opposite sense (that is, O, S, C clockwise; 
C, C, and C’ counterclockwise in Figure 
9). Other points P, on the ellipse can be 
found by a variety of methods, for in- 
stance, by choosing an arbitrary point G 
on r and using the similarity of triangles 
(G, C, C’) and (H, P, P;); homologous 
lines being parallel to each other. How- 
ever, the usefulness of Figure 9 lies princi- 
pally in its general validity which permits 
the derivation of the specific rules given 
in the preceding sections. This will be 
shown in the appendix. 

The general character of the power-chart 
transformation as applied to a sender 
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Figure 5. Limiting parabola 
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Figure 6. Sender contour of constant load 
power factor 0.9, lagging 


circle may be visualized by imagining 
that Figure 9 shows in perspective two 
boards in space, meeting at an angle along 
line ry. A circular hole in the lower — 
board, representing the sender circle, 
when illuminated by a distant source in 
the direction SO will throw an elliptical 
shadow of the kind shown in the figure. 
Another way of visualizing the relation- 
ship is preferable, because it represents at 
once the entire charts instead of just one 
circle atatime. In Figure 10 is shown the 
chart plane with its two reference sys- 
tems in perspective. A sphere of arbi- 
trary radius is placed in contact with the 
sender chart, point O being the point of 
tangency and the south pole of the sphere. 
Points of the sender chart then can be 
projected on the sphere in the direction 
toward the north pole A, thus represent- 
ing the sender chart on the sphere by what 
is known as stereographic projection. In 
particular, the image of the short-circuit 
point is thus obtained on the sphere, and 
through it and through point O a straight 
line is drawn up to point B, that is, to its 


intersection with another horizontal plane 


tangent to the sphere at its north pole A. 

Now, in order to determine the receiver 
point from the given sender point, it is 
only necessary to transfer the latter to the 
sphere by stereographic projection from 
A, and to project the obtained images 
back from the sphere into the receiver 
chart using point B as the center of pro-. 
jection, as shown in Figure 10. Proof that 


this procedure is mathematically equiva- 
hes lent to the two-dimensional procedure 


(as embodied in Figure 9) will be found 
in the last part of the appendix. Lacking 


__ a better name, it will be referred to as the 


/ 


wr 
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“modified stereographic projection.” A 
simple mechanical or optical device could 
be built on the basis of the projective 
relation, for example, one providing two 
arms hinged to A and B respectively, and 
so linked with each other that one arm 
automatically traces the receiver locus 
while the other is guided along any de- 
sired sender locus in the chart plane. 
More important, perhaps, the modified 
stereographic projection affords a concise 
formulation of the peculiarities of the 
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REAL POWER 
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REAL POWER 
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REACTIVE POWER 


SENDER REACTIVE POWER 


Figure 7. Sender contour of constant receiver 
wattage (200 megawatts) 


-power-chart transformation. For in- 
‘stance, we see why circular sender curves 
‘must give rise to ellipses in the receiver 
chart. This is so because sender circles 
are always stereographically represented 
as circles on the sphere which are then 
‘subjected to reprojection from the center 
B. Again, the general rule that the direc- 
‘tion sender-receiver point is always paral- 
lel to SO follows geometrically from the 
fact that corresponding point pairs lie in 
a plane with A and B, as do points S and 
-O. Line AB is parallel to SO and to PP,, 
‘thus proving our rule. 

The limiting parabola permits a neat 
‘visualization in terms of the modified 
-stereographic projection, being the border 
ine of the shadow which the sphere will 
-cast on the receiver chart when illumi- 
nated by a point source at B. The shadow 
clearly must be a conic section, and more 
‘specifically a parabola since the light 
source B is at the same height as the north 
-pole A. It becomes a simple problem in 
geometry to verify its exact location and 
the fact that the borderline of the illumi- 
-nated region on the sphere is the stereo- 
_graphic projection of line b. . 

It also will be seen that any straight 


“Yine in the sender chart gives a circle 


parabola by reprojection from B. Oc- 
casionally, it may be helpful to know that 
the radical axis of an arbitrary sender 
circle and O lies in the same plane as the 
stereographic image of the circle on the 
sphere. 


Operation With Constant Receiver, 
Variable Sender Voltage 


The power-chart transformation also 


can be established if the receiver ter-. 


minals instead of the sender terminals are 
operated at constant voltage. To re- 
formulate our statements for this case, it 
is merely necessary to interchange the 
words ‘‘sender’’ and “‘receiver’’ whenever 
they occur and to reverse the signs of all 
power vectors, for example, by rotating the 
diagram of sender and receiver chart as a 
whole through 180 degrees. The letters 
S and O now mean short-circuit and open- 
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Figure 8. Sender and receiver contours of 
receiver current (200 amperes per line) 


r 


circuit power measured ‘ooking back- 
ward,” that is, with rated voltage at re- 


ceiver terminals and the sender end short- 


circuited or, respectively, open. As an 
illustration, Figure 11 shows the diagram 
for the system of Figure 1, operating with 
constant receiver voltage of 240 kv line- 
to-line and constant real. power at the 
sender. (If the circuit of Figure 1 in- 
cluded the generator synchronous imped- 
ance, assumed constant for the sake of 


arguments, this would give the receiver . 
‘contours of prime-mover HP =2.0X10*.) 


Points S and O are determined by plotting 
on the receiver chart the two vectors 


—(P+jQ)s,and— (P+ 3Q) 0, respectively, 
the latter being 
240? 240? 


oe aa ga 91008. 
—1,600j | 791.6—416/ 


Point N has the same position on the re- . 


ceiver chart which it previously (Figure 4) 


had in the’sender chart. The angles 26’ 
and 26 are not equal. Otherwise, the 
construction is very much like the one 
outlined in Figure 7 except that the words 
“sender” and “‘receiver’’ are reversed; a 
circular receiver locus now corresponds to 
the sender locus g, the latter being the 
radical axis of the receiver locus relative 
to the point O. 


Appendix |. Power-Chart Trans- 


formation Applied to a General 
Sender Circle 


The construction embodied in Figure 9 
will be established by first deriving a gen- 
erally valid complex vector equation for 


sender and receiver power. The funda- 
mental line equations 
E,=E;(ZY¥,+1) -—1Z (4a) 


= —E,(Z VY, Yo+ ¥it+ Y2) +1(Z Yo+ 1) (4b) 


can be reduced to a form not involving the 
circuit elements Z, Y;, Ys. Thus, one 
avoids the need for representing given trans- 
mission systems by equivalent circuits. 
Setting E, in equation 4a and J, in equation 
4b alternatively zero, one finds the short- 


Figure 9. Receiver locus for an arbitrary 
sender circle 


circuit current and, respectively, the open- 
circuit current of the system 


ZY;:+1 Ye 
In =Es ZEN and I= Bi Vit gt) 


(5) 


To eliminate the circuit elements we intro- 
duce the quantity J,,, meaning the current 
which flows in the short-circuiting strap at 
short circuit. Thus ; 


Lsm =E,/Z as WV (Is1—Le1) 
=V7Ts1(Is2—Ion) (6) 
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n terms of which 


Z=E;/In, Es Yi=In—In, 
Es Y2=Is.—Im (7) 


Introducing equation 7 into equation 4 we 
have 


Taal 


aor 


(8) 
Isy —In 


and I,=Lm 


E,=Es 
™m 

from which the receiver power vector is 

obtained by complex multiplication 


_ 5 Gant) In 
(P+i0)1= El, =E, (Ia a1) | a 


Since the sender voltage is constant, each 
current vector on the right hand of equation 
9 is turned into a complex power vector by 
multiplication with E,. Using the short 
notation P for (P+/ ) =2£,], and similarly 
P,=(P+jQ)r, Pa= a, Pn=Eslm, and 
so forth, equation 9 is changed to 


3 _ (Pa—P)(P—Po) Pm 
(BaP) Pm 


Equation 10 could be interpreted as a com- 
plex equation between points P, P, if both 


(9) 


(10) 
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Figure 10. Power-chart transformation repre- 
sented as a projective relation in space 


were plotted as the end points of complex 
vectors in the same reference frame. How- 
ever, equation 10 can be reduced to a much 
simpler form by displacing the receiver 
frame against the sender frame in the man- 
ner described in the text, that is by moving 
its origin through a distance P,, and rotating 
the axes through an angle 25 such that the 
unit vector 


gv _(Pa= Pon) Pn 
(P a P. 01) P, ™ 


With reference to this new receiver frame, 
points which in the sender chart represent a 
power vector P are then represented by P’ 


P! =(P—Pq)e~™* (12) 
P,'=(Pu—Pa)e and Po,’=zero (12a) 


(11) 


while points representing receiver power are, — 


of course, still given by P,. Introducing 
equations 11, 12, and 12a, into equation 10 
changes this equation to 


(Bu—P)(P—Po) c-( ae) 
Pr 


P.= 
Gh (P— Pa) 
or 
; P” 
P’—P,=— 
¢ Pi,’ (13) 
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Equation 13 has formally the simplicity 
which equation 10 would have when applied 
to an impedance line. Omitting primes for 
this case, one finds equation 13 reduces to 


P—P,=I?(R—-jX) 


As equation 13 is quite general, one can 
borrow the circle diagrams of the impedance 
line for use in the general case. 

Proof of the geometrical relation embodied 
in Figure 9 rests 00 equation 13. We shall 
use the symbol OS to indicate the vector 
pointing from S to O and so forth, so that 
PP,=(P'—P,), OS=Ps' and so_ forth. 
Now it is a known property of the radical 
axis that its distance x from an arbitrary 
point P on the circle is proportional to the 


square of distance OP, thus 
OP?=2x0C 


or in complex notation, using vectors in the 
receiver chart 
P’P=2xc (14) 
where x is the vectorial distance from line r 
to P, and ¢ is the vector from O to center C 
(Figure 9). Combining this with equation 
13 one has a proportionality between com- 
plex vectors 
(P'’—P,):2=¢ : Ps’ (15) 
This can be interpreted as stating similarity 
of two triangles, one formed by the two vec- 
tors PP, and PP, and the others by the two 
vectors OC and OS. The conjugate signs 
on the right of equation 15 signify that it isa 
similarity, with inverted clock-sense as 
stated in the text. To find the center C’ of 
the ellipse, the construction by similar tri- 
angles may be used, identifying points P and 
P, with C and C’, respectively. (This not- 
withstanding, C’ is not the receiver point 
coexisting with sender point C.) 


Appendix Il. Proof of the 
Corollaries Used in This Paper 


Case 1. Contours of Constant Receiver 
Voltage. Since the sender circles have 
their center at S, points Sand Cin Figure 9, 
and consequently points P, and P, coincide. 
This means that sender and receiver points 
are symmetrically situated with respect to r. 


Case 2. Contours of Constant Receiver 
Wattage. The sender circle has its center 
on b, making the triangles (OSC) and 
(PP,P) of Figure 9 isosceles, so that point 
P, lies on a line which perpendicularly bi- 
sects PP, that is, on the radical axis r. 


-Conversely, whenever the receiver locus is a 
straight line, it is the radical axis of the 


sender circle and point O. 


Case 3. . Contours of Load Power Factor. 
The straight line of case 2 passes through O, 


' reducing the radical axis to the tangent at O. 


The sender circle passes through O and, 
having its center on b, through S also. 


Case 4. Contours of Receiver Amperage. 
The sender circle has its center at O so that 
the quantity P’ of equation 13 is of constant 
amount. The receiver locus is obtained by 
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Receiver circle for constant re- 


Figure 11. 
ceiver voltage (240 kv) and constant sender 
real power 


shifting the sender locus through the dis- 


tance 


P’ (radius)? 
PRTET TES 


and this is in accordance with the construc- 
tion of Figure 8. 


Appendix Ill. Proof of the 
Modified Stereographic Projection 


As shown in the text, the modified stereo- 
graphic projection gives correctly the direc- 
tion from sender to receiver point as parallel 
to SO. Since any arbitrary sender point 
can be defined as the intersection of one such 
line with a sender circle of constant load 
power factor, it will be sufficient to show 
that these sender circles are correctly given 
by the modified stereographic projection.* 
Now referring to Figure 10, if the receiver 
locus is a straight line g through O, the 
corresponding circle on the sphere lies on a 
plane through line g and point B, a plane 
which also contains the stereographic image 
of point S. It follows that the sender circle, 
obtained by projection from A, must pass 
through O and S, and be tangent to g, which 
was to be demonstrated. 
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The Next Step in Interrupting 
Capacity—5,000,000 Kva 
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Synopsis: Serious consideration is being 
given to large power-system interconnec- 
tions which could develop short circuits at 
certain locations in excess of 3,500,000 kva. 
High-voltage oil-circuit-breaker capabilities 
for such heavy duty are reviewed in this 
paper, the fundamental design requirements 
outlined, and results of high-power labora- 
tory tests presented which demonstrate that 
interrupting capacity ratings as high as 
5,000,000 kva are feasible. Laboratory test 
methods for demonstrating these extremely 
high are rupturing ratings are evaluated. 
The importance of verifying high-speed re- 
closing performance with high-power tests 
is emphasized, and on the basis of data al- 
ready obtained, standard reclosing time 
intervals considerably less than 20 cycles are 
foreseen. © 


HE interconnection of large electric- 

power systems has resulted in such 
heavy concentration of power at certain 
points that the possibility of short cir- 
cuits in excess of 3,500,000 kva must be 
considered. Whether advantages of sol- 
idly tied together ‘‘super-power’’ systems 
are to be fully realized may depend in 
considerable measure on the adequacy of 
the protective equipment.. This paper re- 
views the present status of high-voltage 
oil circuit-breaker design and develop- 
ment, with particular emphasis on the re- 
quirements for interrupting capacity 
ratings as high as 5,000,000 kva in the 
138-kv, 16l1-kv, and 230-kv voltage 
classes. 


Performance Requirements for 
5,000,000-Kva Oil Circuit 
Breakers 


In the rating of high-voltage oil cir- 
cuit breakers for 5,000,000 kva, the item 
which demands the most critical atten- 
tion is the interrupting capacity. Insula- 
tion tests, continuous and short-time 
current carrying ratings, and mechanical 
operating speeds need not involve any 
serious departure from conventional prac- 
tices. However, the arc-rupturing ability 
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cannot be predicted accurately, and as- 
surance of adequacy requires actual 
short-circuit testing along the following 
lines: 


1. Voltage interrupting ability should be 
demonstrated to at least 87 per cent of line- 
to-line voltage across a single pole at what- 
ever current values are available. For the 
138-, 161-, and 230-kv ratings under con- 
sideration, these minimum test voltages 
would be 115-, 140-, and 200-kv respec- 
tively. Interrupters which show very little 
increase in arcing time as the voltage is 
raised are particularly favorable to methods 
of extrapolation where full rated short-cir- 
cuit power is not available for testing. 


2. Voltage-recovery rate may be an im- 
portant consideration, depending on how 
sensitive the interrupting device is to the 
rate of rise of recovery voltage.! Most 
high-power laboratory circuits have a re- 
covery rate in excess of 1,000 volts per 
microsecond for the higher current range. 
However, it should be pointed out that veri- 
fication tests on a power system will have a 
very much lower rate because of the added 
capacitance of transmission lines and the 
overvoltage damping effect of parallel loads 
connected to the bus at the time of test. 


3. Current-interrupting ability should be 
shown by short-circuit tests up to the full 
current values of 21,000, 18,000, and 12,500 
amperes for 5,000,000-kva ratings at 138, 
161, and 230 kv respectively, using the high- 
est test voltages at which these currents 
may be obtained. Still better are tests in 
which the rated short-circuit currents are 
interrupted by a subdivision, such as a half 
pole of the breaker, across which normal 
voltage for that’ particular section can be 
applied, as discussed under test methods. 


4. High-speed reclosing of oil circuit break- 
ers is generally recognized as involving addi- 
tional severity in short-circuit interrupting 
duty when there must be a second interrup- 
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Hill, Leeds—Step in Interrupting Capacity 


tion after an interval of only a fraction of a 
second. For two operations in such close 
succession, it has been customary to use an 
interrupting rating factor of 75 per cent for 
ratings between 10,000 and 20,000 amperes, 
and 65 per cent for ratings between 20,000 
and 40,000 amperes. If these factors are 
applied to 5,000,000-kva breakers the inter- 
rupting capacity at 161 kv and 230 kv 
would be reduced to 3,750,000 kva for rapid 
reclosing duty, and at 138 kv to 3,250,000 
kva. Since intervals of 20 or 30 cycles.do 
not, in general, allow time for the gas .pro- 
duced by one operation to be completely re- 
placed by oil in the interrupting units before 
the next operation, it is essential that full 
voltage and current per unit be used in 
demonstrating the adequacy of the breaker 
for high-speed reclosing duty. 


High-Voltage Oil-Circuit-Breaker 
Design 


There are a nttmber of factors which 
affect the interrupting capacity of a high- 
voltage oil circuit breaker. It is taken 
for granted that modern oil circuit break- 
ers require some type of arc extinguishing 
device in order to provide sufficiently 
effective arc-rupturing action to meet 
present day high-speed interrupting time 
ratings. High effectiveness is indicated 
by low tank pressures and small quanti- 
ties of gas generated. For a given con- 
tact velocity and current to be inter- 
rupted, it is evident that the total amount 
of gas generated will be proportional to 
the arc energy, and in turn to the arc 
voltage per inch of contact separation 
and time of arcing. 


A number of arc-rupturing devices 
which use self-generated arc extinguishing 
power have the characteristic of reduced 
arcing time as the current increases. If 
the short-circuit current is raised higher 
and higher, eventually one of two things 
will result to set a limit on the inter- 
rupting capacity. In the first place, the 
interrupting effectiveness may be im- 
paired by insufficient oil supply in the 
arc chamber, or choking of the vent 
passages may leave too much ionized gas 
in the arc space with the result that the 
arc is not interrupted and failure eccurs. 
On the other hand, the internal pressure 
generated during the arcing period may 
reach values sufficient to rupture the arc 
chamber so that the ability to function on 
subsequent operations would be lost even 
if arc interruption should occur.on the 
operation during which damage occurred. 
If prompt back-up protection is not pro- 
vided, continued arcing may result” in 

splitting open the tank itself. 

It has been found experimentally ie 
not only is the internal pressure propor- 
tional to the total arc energy, but super- 
imposed high-pressure impulses are pres- 


ent which are a function of the rate of : arc’ 


energy liberation, in other words to, the 
instantaneous arc power. It is evident, 
therefore, that excessive speed ‘of. are 
eS ees either by magnetic looping 
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Figure 2. Cut-away view of 138-kv multiflow 
deion grid showing oil flow produced by 
upper pressure-generating arc 


Lower arc is subjected to deionizing flow 

from three pairs of converging oil jets. Gases 

are exhausted through two pairs of vents at 
intermediate levels 


of the arc, blasting of the arc through 
ports or around splitter plates, or by ex- 
tremely high contact velocities, will tend 
toward raising the pressure peak and, 
therefore, influence the ultimate short- 
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Figure 1. 115-kv oil 
circuit breaker rated 
1,500,000 kva with five- 
cycle interrupting time 


Oil volume reduced to 

only 60 per cent of super- 

seded eight-cycle breaker 

by using multiflow deion- 
grid interrupters 


circuit capacity. Those. are rupturing 
devices which are relatively freely vented, 
avoid unnecessary arc lengthening, and 
utilize moderate contact opening speeds, 


will be most suited to application in cir- 


cuit breakers of maximum interrupting 
rating. 

Although the effectiveness of modern 
circuit-interrupting devices has resulted 
in making the tank diameters of the high- 
voltage breakers more dependent on in- 
sulation clearances than on interrupting 
capacity, there are still certain considera- 
tions of physical dimensions which must 
not be neglected in the design of breakers 
having rupturing capacity as high as 
5,000,000 kva. In the first place, the 
gas vented from the arc-extinguishing 
structures momentarily substitutes a 
weaker dielectric for the oil usually main- 
tained between live parts and the 
grounded tank and also between the live 
parts on adjacent terminals. Insulating 
shields on the interrupting structures, 
and possibly insulating tank liners, can 
be used to maintain adequate dielectric 
strength, both by the introduction of the 
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solid dielectric and by the baffling effects 
which maintain a layer of relatively un- 
disturbed oil adjacent to the metal parts 
where the voltage gradient is a maximum. 
Well-rounded. metallic shields covering 
all live parts are of particular benefit in 
keeping down excessive localized voltage 
gradients from which breakdown stream- 
ers might start. 

Sufficient air space is usually provided 
above the oil level in the large breakers 
so that even if all exhaust pipe openings 
were closed the amount of gas generated 
during a maximum kilovolt-ampere in- 
terruption would raise the static pressure 
only a fraction of an atmosphere. How- 
ever, circuit-breaker tanks are known to 
have a tendency to jump during heavy 
short-circuit interruptions due to tran- 
sient pressure effects. These have been 
analyzed? and shown experimentally to 
be due to unbalanced vertical forces. As 
the gas is rapidly expelled from the arc- 
extinguishing structures, a considerable 
mass of oil must be lifted to make room 
for the expanding gases. A strong down- 
ward pressure impulse is transmitted 
to the bottom of the tank whereas the 
upward force is utilized in accelerating 
the moving oil mass and is not directly 
applied to the breaker structure. As a 
result, the entire breaker moves down- 
ward by elastic deformation of mounting 
supports, frame, and foundation, and 
then rebounds upward. 

It is doubtful whether in the larger 
circuit breakers the upward moving oil 
strikes the cover or dome with sufficient 
force to produce appreciable mechanical 
pressure. Pressure records taken at the 
bottom of the tank indicate repeated 
pressure impulses due to oscillations of 


Figure 3. Circuit-breaker test connections 
and equivalent three-phase interrupting capac- 
ity obtainable 


Half-pole test and three-phase test on single 

pole assumes equal division of voltage be- 

tween halves of pole unit under normal 
conditions 
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+ BASED ON SINGLE-PHASE LABORATORY CAPACITY, 60%. OF THREE-PHASE CAPACITY 


* BASED ON SIX TIMES MAXIMUM DUTY ON HALF POLE 


Hill, Leeds—Step in Interrupting Capacity 


ELECTRICAL ENGINEERING 


the oil mass continuing for an appreciable 
time following arc interruption. In fact, 
the collapse of the gas bubble due to 
cooling immediately after arc rupture 
often results in a pressure impulse to the 
bottom of the tank at the moment of 
downward return of the oil mass which is 
actually of greater magnitude than the 
initial rise of pressure during arcing. Be- 
cause of the pressure shocks on the 
breaker, it is well to have the tanks bolted 
firmly to the foundation. However, it 
has been found that the design of more 
effective arc-rupturing devices with re- 
sulting lower pressure impulses has more 
than kept up with the increase in breaker 
ratings so that stresses during the inter- 
ruption of 3,000,000 to 5,000,000 kva 
in modern breakers are actually less than 
when interrupting 1,000,000 to 2,500,000 
kva in the earlier designs. 

The multiflow deion grid for high-volt- 
age oil circuit breakers has been described 
before the Institute in previous papers.*-4 
The high degree of arce-rupturing effec- 
tiveness obtained with those interrupters 
has made possible a very substantial re- 
duction in tank diameter and oil volume 
for standard ratings. For instance, the 
1,500,000-kva breaker for 115-kv service 
shown in Figure 1 uses tanks only 50 
inches in diameter with an oil volume 60 
per cent of the breaker which it super- 
sedes. It may be well to review the 
features which make the multiflow grids 
particularly suitable for circuit breakers 
_ of high rupturing capacity. 

__A cross section of a 138-kv five-cycle 
grid assembly which has been tested to 
nearly 5,000,000 kva is shown in Figure 
2. The upper contact gap for producing 
oil-driving pressure is opened slightly in 
advance of the main contact gap by 
downward movement of the spring-biased 
intermediate contact and the main mov- 
ing contact and cross bar. The oil under 
pressure flows toward the main arc 
through three pairs of inlet, channels at 
different levels, passing through orifice 
openings in close proximity to the arc 
which is thereby cooled and deionized, 
The carbonized oil and arc products are 
then exhausted through two pairs of ports 
alternated between the inlet passages. 


Figure 4. Two 60,000-kva 

high-power laboratory gen- 

erators capable of pro- 

ducing three-phase short 

circuits of more than 

2,000,000 kva at 13,200 
volts 


Each rotor weighs approxi- 
mately 250 tons 


By this means, the complete length of arc 
is acted upon, and arc rupture is accom- 
plished without unnecessary lengthening 
and with surprisingly low pressure within 
the main body of oil, even at the highest 
short-circuit interrupting duty. 

Even for three-cycle interrupting time 
ratings it has been found necessary to 
provide only two interrupting units per 
pole, the additional speed being obtained 


state of high effectiveness would have 
been virtually impossible. In the labora- 
tory the voltage, current, and circuit 
conditions may be varied at will and re- 
peated as often as necessary to obtain 
the desired amount of design and per- 
formance data. 


Final verification of a new design by ' 
field tests on an actual power system has, 
of course, certain advantages both to the 
manufacturer and operating company, 
particularly where the short-circuit ca- 
pacity available is in excess of that pro- 
vided by the testing laboratory. Thus, 
a confirmation of the methods of extra- 
polation in laboratory testing is obtained 
while the operator gains assurance as to 
the operation he may expect on his par- 
ticular system. It should be recognized, 
however, that because of hazards in- 
volved in subjecting a power system to 
these heavy short circuits, the number of 
repeated tests necessarily is rather lim- 
ited. Also, the low recovery rate usually 
associated with an extensively intercon- 
nected system makes it unlikely that the 
most severe circuit conditions to which 
the breaker might be exposed, perhaps in 


Validity of single-phase 

testing demonstrated by 

same performance under 
two conditions 


ARCING TIME — CYCLES 
(eo) 


6 8 10 {2 14 16 18 


INTERRUPTED CURRENT — THOUSAND AMPERES 


Figure 5. Comparison of arcing time on 

single-phase 44-kvy tests and three-phase 

ungrounded 66-kyv tests verifying 1,500,000- 
kva rating on standard deion grids 


by faster tripping of the breaker mecha- 
nism and by increasing the speed of 
opening of the lower contact in the grid 
with a multiplying linkage. By eliminat- 
ing extra pairs of multibreaks within 
the breaker, the total arc length, are en- 
ergy, and resulting pressure are kept 
within reasonable limits. The arcing time 
is so short that the silver tungsten arcing 
tips show relatively small amount of 
wear and burning during even the heavi- 
est short circuit. Furthermore, the prin- 
ciple of bringing oil radially inward from 
opposite sides of the arc tends to center 
the arc in the orifices which are, there- 
fore, protected by flowing oil from burn- 
ing, and thus maintain their original di- 
mensions very closely for a large number 
of short-circuit interruptions. 


High-Power Laboratory Test 
Methods. 


Without a high-power testing labora- 
tory, the development of modern circuit- 
interrupting devices to their present 


other locations, will be obtained during 
the tests. 

Four methods of high-power laboratory 
testing applicable to high-voltage oil 
circuit breakers are illustrated in Figure - 
3. Method A is the standard three- 


‘ phase connection from the power trans- 


former bank to the test breaker with the 
fault ungrounded. This is rarely used 
for verifying the large outdoor floor- 
mounted oil circuit breakers which are 
tested more conveniently single phase, 
and which, in general, have ratings ex- 
ceeding the three-phase short-circuit 
capacity of the laboratory. For instance, 
the two 60,000-kva testing generators of 
the Westinghouse High-Power Labora- 
tory,> shown in Figure 4, will develop 
together a three-phase fitst-cycle sym- 
metrical short circuit of over 2,000,000 
kva at the generator voltage of 13,200 
volts. However, the impedance of the 
step-up transformers limits the maxi- 
mum three-phase short-circuit current at — 
these higher voltages to 1,600,000 kva. 


By pretripping the test breaker so that | 


the circuit breaker contacts will part in 
the first cycle of short circuit, the total 
rms current measured in the most asym- 
metrical phase will reach a value ap- 
proximately 50 per cent greater than the 
symmetrical value. Calculating the 
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Figure 6. 230-kv multiflow deion-grid short- 
circuit tests 


(a). Three-cycle grid, 198 ky single-phase 
equivalent to 2,500,000 kva at 230 ky three 
phase 
(b). Three-cycle grid, 132 kv single phase, 
equivalent to 4,300,000 kva at 230 kv three 
phase 
(c). Five-cycle grid, 132 ky single phase, 
equivalent to 3,700,000 kva at 230 kv three 
phase 
(d). Three-cycle grid, 66 kv across half 
pole, equivalent to 4,800,000 kva at 230 kv 
three phase 


three-phase kva on the basis of initial 
voltage and the maximum rms current 
in any one phase, the resulting short cir- 
cuit may be considered to demonstrate 


“an interrupting capacity of 2,400,000 
The shorter the arcing time, the _ 


kva. 
more valid this test becomes, since the 
current decrement during the arcing pe- 
riod will be somewhat greater than under 
average power-system short-circuit con- 
ditions. 


Method B of applying a single-phase: 


fault at- normal line-to-ground voltage to 
a single breaker pole is the most common 
method of laboratory testing of high- 
voltage breakers. With minimum trans- 


- former impedance obtained by paralleling 
all transformers, about 60 per cent of the 


three-phase capacity is developed in the 
single pole, the equivalent three-phase 
power, therefore, being 1.8 times the 
laboratory capacity. Thus, the two 
Westinghouse generators feeding six 


single-phase transformers in parallel will 


produce a first-cycle symmetrical single- 


phase short circuit of nearly 1,000,000 
_kva, corresponding to a_ three-phase 


grounded fault of 3,000,000 kva. Pre- 
tripping to obtain greater asymmetry 
during the arcing period will raise the 


- equivalent three-phase power to well 
over 4,000,000 kva. 


The question often is raised in con- 
nection with single-phase tests at line-to- 
ground voltage as to whether the ade- 
quacy of a breaker to interrupt a three- 
phase ungrounded fault has been dem- 
onstrated. In the latter case, the first 
pole to clear must interrupt 87 per cent of 
line voltage instead of 58 per cent, while 
the other two poles divide the duty in 
opening the line-to-line fault which re- 
mains. The discrepancy is not nearly so 
great as might be imagined, however, 
since, on a three-phase ungrounded test, 
each pole takes its turn in succession to 
try to be the first pole to clear the circuit. 
This follows from the fact that the cur- 
rents in each of the three phases do not 
go through zero value at the same time 
but at approximately 60 electrical degree 
intervals. Failure to perform satisfac- 
torily actually would mean that no one 
of the three poles had the ability to open 
the short-circuit current at 87 per cent of 


1,400 AMPERES i 


line voltage. It is not surprising, there- 
fore, that a test at this 87 per cent voltage 
applied directly to a single breaker pole, 
which has no choice but to clear or fail, 
should impose a more severe condition 
than a three-phase ungrounded fault 
on the full three-pole breaker. For this 
reason, a circuit breaker which has been 
demonstrated to have the ability to in- 
terrupt short circuits of at least moderate 
power at 87 to 100 per cent of line volt- 
age may be tested single phase at 58 per 
cent of line voltage up to its rated inter- 
rupting current with considerable as- 
surance of demonstrating the ability of 
the breaker to handle not only grounded 
short circuits but three-phase ungrounded 
short circuits as well. 

Confirmation of this analysis is given 
by the test data plotted in Figure 5 show- 
ing the arcing time in a 69-kv oil circuit 
breaker being tested for a 1,500,000-kva 
rating by both single-phase tests at 44 kv 
and three-phase ungrounded tests at 66 
kv. The average arcing time was almost 
identical under the two test conditions 
which were carried to short-circuit cur- 
rents well above the breaker rating. 

To demonstrate interrupting capacity 
at still higher kva, at least two other 
methods are available. By cutting out 
one half of the interrupting elements in 
a single pole as shown in method C of 
Figure 3, and testing at one-half line-to- 


Figure 7. 138-kv multiflow deion-grid short- 
. circuit tests 


(a) Five-cycle grid, 88-kv single phase, 
equivalent to 4,200,000 kva at 152 kv three 
phase 
(b) Five-cycle grid, 132-kv single phase, 
equivalent to 4,500,000 kva at 230 kv three 
phase 
(c) Five-cycle grid, 44 kv across each grid, 
equivalent to 4,800,000 kva at 152 kv three 
phase 
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Figure 8 (above left). 35-cycle reclosing duty on 161-kv multiflow 


deion grids 


Herein Interruption of 12,200 amperes at 88 kv to ground, equivalent to 
® pe ene . 3,200,000 kva three phase, reclosed in 29.5 cycles, second interrup- 
es tion of 9,500 amperes. Both operations within three cycles each 


Figure 9 (left). 20-cycle reclosing duty on 161-kv multiflow 
deion grids 


‘| Rectosing Time | | 
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Interruption of 11,100 amperes at 88 kv to ground, equivalent to 

2,900,000 kva three phase, reclosed in 20 cycles, second inter- 

ruption of 10,000 amperes. Both operations within four cycles 
each 


Figure 10 (above right). Eight-cyle double reclosing duty on 
161-kv multiflow deion grids 


Three interruptions averaging 7,500 amperes at 88 ky to ground, 
equivalent to 2,000,000 kva three phase, reclosed in 6.9 and 7.7 - 


ground voltage, it is theoretically pos- 
sible to subject the half pole to twice as 
much duty as would be the case when 
testing the complete pole unit. However, 
this test may be deficient in three re- 
spects. In the first place, the voltage dis- 
tribution at the time of interruption is 
such that more than half of the recovery 
voltage appears across one of two breaks 
- in a grounded steel-tank breaker. In the 
second place, the voltage between the 
energized terminal and the tank under 
this special test condition is only one half 
of normal and, therefore, the possibility 
of flashover through gas bubbles is not 
adequately checked. In the third place, 
the total stress on the pole unit with re- 
gard to physical shocks and total volume 
of gas produced is only one half the value 
to be expected with the whole pole unit 
functioning at full power. 

The question of voltage distribution 
can be minimized if ‘some controlling 
means stich as a suitable resistor is used 
across each of the interrupters so as to 
assure a substantially equal division of 
voltage between the two halves of the 
breaker. Then, insofar as the ability of 
- the half pole to interrupt its rated volt- 
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age and current is concerned, this type of 
test may be considered valid. 

The fourth test method, connection D 
of Figure 3, of applying a three-phase 
short circuit to the single-test pole unit 
has been used in European high-power 
laboratories for many years.6 Two 
phases from the power transformers are 
connected to the main terminals and the 
third phase grounded and connected by a 
flexible shunt inside the breaker to the 
moving contact cross arm. Line-to-line 
test voltage is thus applied to each half 
of the pole unit, although it should be 
recognized that the currents are out of 
phase and also that the first pole to clear 
only gets 87 per cent of the value which 
the second pole clears. Nevertheless, this 
test has the advantage of developing the 
full amount of arc energy in the single- 
pole unit. Also, the electromagnetic 
stresses and the expulsion effect on the 
tip of the moving contact are more 
equally balanced. Instead of calculating 
the equivalent three-phase short-circuit 
duty as three times the three-phase 
laboratory output, it seems reasonable to 
apply the same criterion used in method 
C of six times the maximum duty on the 
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All operations within five cycles each 


most highly stressed half of the pole unit 
which gives a three-phase equivalent 
factor of 64/3, or 3.46. 


Short-Circuit Tests Above 3,500,000 
Kva 


A number of very high power inter- 
ruptions have been made during the de- 
velopment and verification of high-volt- 
age breakers for 3,500,000 kva using the 
test methods outlined here. For in- ' 
stance, the three-cycle 230-kv breaker — 
for 3,500,000 kva was given a single- 
phase test at normal line-to-ground volt- 
age of 132 kv interrupting a total asym- 
metrical current of 10,900 amperes. 
This is a direct test of 1,440,000 kva on 
the single test pole, equivalent to4,300,000 
kva three phase. As a further check 
on the interrupting ability of this breaker, 
87 per cent of line voltage or 198 kv was 
applied to the single-pole unit, and a 
short-circuit current of 6,300 amperes 
cleared satisfactorily. This is equivalent 
to 2,500,000 kva on the basis of current 
alone, but if the 50 per cent additional 
voltage is included, the equivalent kva for 
a three-phase short circuit on a 345-kv _ 
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system may be considered to be 3,750,000 
kva. A still higher current of 12,200 
amperes was interrupted with one half 
of the pole unit shunted out and 66 kv 
applied to the other half. Assuming 
that all six similar units of the complete 
three-pole breaker were handling the 
same duty, this would be equivalent to 
4,800,000 three phase kva. 
A design of 230-kv five-cycle multi- 
flow grids was tested up to 9,400 amperes 
with 132 kv across the single pole, which 
is a direct test equivalent to 3,700,000 
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Figure 12. Arcing time in high-voltage 

multiflow deion grid fairly constant over wide 

range of voltage, interrupted current, and 
voltage recovery rate 
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Figure 11 (left). 


tion control 


kva. The oscillogram for this test and 
the three 230-kv tests mentioned in the 
previous paragraph are shown in Figure 6. 


Although 138-kv breakers could be 
tested at the line-to-ground voltage of 
76 kv, maximum power can be obtained 
at the standard laboratory test voltage of 
88 kv, and the slightly higher voltage 
demonstrates some additional factor 
of safety and voltage-interrupting ability. 


Three high-power tests are shown in 


Figure 7 on a 138-kv breaker. The 
maximum current of 15;800 amperes at 
88 kv corresponds to 3,800,000 kva at 
rated voltage and 4,200,000 kva at the 
actual test voltage. The exceptional in- 
terrupting ability of this particular multi- 
flow deion grid was demonstrated by in- 


_ terrupting the maximum capacity of the 


laboratory with full-line voltage across 
the single pole. This test of 11,400 am- 
peres with 132 kv on a single pole was 
interrupted satisfactorily, being actually 
equivalent to a 230-kv three-phase short 
circuit of 4,500,000 kva. A three-phase 
short-circuit test applied to the single 
pole with 44 kv across each grid also was 
obtained, clearing 18,300 and 15,500 am- 
peres in the two interrupters. For this 
test, the short-circuit power on a three- 
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5 ,000,000- 
kva multiflow deion grid design 
for five-cycle interrupting time 


Side operating rod A opens (a). 
upper contact B simultaneously 
with opening of main contact 
C. Large oil reserve in pressure 
chamber D; strong tie rods E; 
resistor F for voltage distribu- 
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Figure 13 (above). High-power inter- 
rupting tests on multiflow deion grids 
using half-pole test method 


930-kv interrupter, 18,700 am- 
peres at 66 kv across half pole, equiva- 

lent to 7,400,000 kva three phase 
(b). 161-kv interrupter, 25,200 
amperes at 44 ky across half 
pole, equivalent to 6,600,000 kva 
three phase 


phase basis at rated voltage corresponds 
to 4,800,000 kva. 


Ultrahigh-Speed Reclosing 


The value of high kilovolt-ampere labo- 
ratory interrupting capacity testsisunusu- 
ally important in the case of high-speed 
recfosing. Under these conditions, the gas 
generated from the first operation might 
be expected to produce conditions that 
would affect the interrupting ability on 
a succeeding operation after an interval 
as short as 20 or 30 cycles. It is, there- 
fore, very hazardous to extrapolate from 
low-kva tests on high-speed reclosing 
duty cycles to estimate the interrupting 
ability at high kva. It has been found 
that the multiflow deion grids are readily 
applied to wultrahigh-speed reclosing 
duty cycles, as illustrated in the follow- 
ing examples of tests made with a 161-kv 
five-cycle multiflow grid design. 

The first test illustrated in Figure 8 is 
an interruption of 12,200 amperes at 88 
kv across the single pole on a 35-cycle 
reclosure which corresponds to an inter- 
rupting duty of 3,200,000 kva. With the 
timing altered to give a 20-cycle reclosing 
operation, the next film in Figure 9 illus- 
trates the interruption of 11,100 amperes 
at 88 kv across a single pole. 

During an experimental test aimed at 
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approximately ten-cycle reclosing, a 
double reclosure was obtained with only 
seven to eight cycles for the reclosing 
intervals as shown in Figure 10. The 
current cleared was 7,900 amperes at 88 
kv, corresponding to a three-phase fault 
of 2,100,000 kva, and, in spite of the ex- 
traordinarily heavy duty of three opera- 
tions at such close intervals, every inter- 
ruption was accomplished within five 
cycles and the external demonstration 
on the breaker did not appear much 
greater than was to have been expected 
on a normal 20-cycle reclosing duty. 
This test gives evidence of a large factor 
of safety in interrupting ability of the 
multiflow deion grid, both for standard 
interrupting operations and for high- 
speed reclosing duty cycles. It has be- 
come evident that, while the interrupting 
capacity is reduced by very rapid reclos- 
ing operations, there is no inherent limi- 
tation on the rapidity with which a cir- 
cuit breaker can be reclosed and interrupt 
a second fault. With such an effective 
Circuit interrupter, the design problem 
becomes one of providing an adequate 
mechanism and control scheme for these 
rapid duty cycles. The real limit will be 
set by the minimum time which must 
elapse after the first interruption for 
deionization of the line flashover to avoid 
re-establishment of the fault when volt- 
age is reapplied, unless the fault is 
permanent. 


A 5,000,000-Kva Circuit-Breaker 
Design 


As aresult of confirmation gained from 
these and many hundreds of other high- 
power laboratory tests on a variety of 
high-voltage circuit interrupters, some 
showing good performance and others 
failing completely, the principal design 
features of a high-voltage oil circuit 
breaker capable of meeting an interrupt- 
ing capacity rating of 5,000,000 kva have 
become fairly clear. With substantially 
constant arcing time in the high short- 
circuit current range,*the gas generation 
and tank pressure become almost directly 
proportional to interrupting rating. This 
means that the tank volume should be 
increased in proportion to the rating in 
order to keep adequate electrical clear- 
ances during arc rupture. Other than 
an increase in the size and strength of 
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the steel tanks, there need be relatively 
few differences in the main structural 
features as compared to present day 
2,500,000- and 3,500,000-kva designs. 

The heart of the circuit breaker is, 
however, the arc-extinguishing device. 
Figure 11 shows a sectional view of a 
multiflow deion grid designed for a 
5,000,000-kva rating with five-cycle in- 
terrupting time. The four insulating tie 
rods have been increased in strength and 
the volume of the upper pressure chamber 
enlarged substantially. This assures a 
sufficient quantity of oil for high-speed 
reclosing where the interval between 
operations is too short to permit refilling. 
No appreciable change is required in the 
interrupting section other than a slight 
increase in size of the fibre plates to ‘ac- 
commodate the large tierods. The resistor 
of about 11/2 megohms connected be- 
tween the top and bottom of the stack 
assures approximately equal division of 
voltage between the pair of interrupting 
units in each pole of the breaker. 

The suitability of the multiflow deion 
grid interrupters for extrapolation to 
higher powers is shown by the charac- 
teristic curves of Figure 12. The arcing 
time, particularly at the higher currents, 
is very nearly the same for tests at volt- 
ages of either 88 kv and 132 kv. Also, a 
change in voltage-recovery rate of two to 
one made only a slight change in the arc- 
ing time, indicating positive arc-interrupt- 
ing action. ea 

In order to determine the arc-ruptur- 
ing performance at extremely high cur- 
rents, the half-pole test method was ap- 
plied to experimental units of a design 
similar to Figure 11, one built for a 230- 
kv five-cycle rating and one fora 161-kv 
five-cycle rating. Oscillograms of two 
tests are shown in Figure 13, the first 
being an interruption of 18,700 amperes 
with 66 kv across one grid unit, this 
being one half the normal line-to-ground 
voltage for a 230-kv system. The corre- 


sponding three-phase short-circuit power ~ 


is 7,400,000 kva. There was very little 
external evidence of this tremendous 
power being interrupted, the maximum 
impulse pressure being only 50 pounds per 
square inch. The laboratory circuit on 
which this test was made had the very 
high recovery rate of 3,100 volts per 
microsecond. Test B of Figure 12 was 
made with 44 kv across a single 161-kv 
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grid unit, corresponding to one half the 
line-to-ground voltage for a 154-kv sys- 
tem, the circuit-voltage recovery rate 
being 2,500 volts per microsecond. The 
interrupted current of 25,200 amperes 
amounts to 6,600,000 kva on a three- 
phase basis. 


These and other tests indicate that 
5,000,000-kva ratings for high-voltage 
oil circuit breakers equipped with multi- 
flow deion grids are entirely practical. 


Conclusion 


By utilizing special high-power labora- 
tory test methods such as the applica- 
tion of short circuits to only one half of a 
single breaker pole, sufficient information 
has been obtained concerning the per- 
formance of modern oil circuit breakers 
to indicate interrupting ability consid- 
erably above present ratings. Certain 
high-speed reclosing breakers have been 
shown apparently to have no inherent 
limitation in the shortness of the time 
interval between successive operations, 
although there is some reduction in in- 
terrupting capacity. The accumulation 
of considerable short-circuit test data at 
very high powers on high-voltage oil 
circuit breakers equipped with multiflow 
deion grids gives considerable assurance 
that, when needed, circuit breakers hav- 
ing ratings of 5,000,000 kva can be made 
available. 
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Vibration Insulation and Structural Rubber 


J. A. CONNON 


NONMEMBER AIEE 


ENSITIVE electric and electronic 

devices are what might be termed 
the ‘‘nerve centers’ of modern war 
equipment. The men in airplanes, ships, 
and tanks depend upon them for com- 
munication, for fire and direction control, 
and for the detection of enemy targets. 
The role of these devices in nonmilitary 
applications is familiar. 

To ensure accurate functioning and pro- 
longed life, these units must be pro- 
tected from damaging vibration and 
shock. It is the purpose of this paper to 
present to the engineer concerned with 
the protection of delicate equipments a 
compilation of information, on the funda- 
mentals of mechanical vibrations and the 
properties of structural rubber, which 
otherwise could be obtained only through 
critical study of a large volume of existing 
data. 

Vibration is, in general, a periodic 
motion essentially sinusoidal in character. 
It is practically always objectionable 
and its elimination or insulation is de- 
sirable. The term vibration elimination, 
it is to be borne in mind, is not synono- 


mous with vibration insulation. Vibra- 


tion elimination connotes correction of 
the condition causing vibration, whereas 
vibration insulation deals with diminish- 
ing the amount of transmitted vibrational 
energy. 

Vibration-insulation problems can be 
classified in two categories: 


1. Problems involving the insulation, from 
its surroundings, of a unit originating 
vibratory disturbances, for example, an 


airplane engine. 


2. Problems involving the protection of a 


delicate unit from external vibratory dis- ° 


turbances, for example, a radio set, an 
instrument panel. 


Problems in either category can be 
solved by supporting the unit on a 
correctly designed, resilient suspension. 


' Rubber mountings, or rubber springs as 
they are in reality, are used extensively 


for this purpose; they are both practical 
and economical. 

Requisite to the proper appraisal and 
solution of vibration-insulation problems 
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is an understanding of the fundamentals 
and theory of mechanical vibrations. 


Fundamentals of 
Mechanical Vibrations 


Consider a system consisting of a mass 
supported on a spring and constrained 
by guides so that only vertical movements 
are possible (Figure 1). A mechanical 
system of this sort, the geometrical 
position of which can be expressed at 
any instant by one number only, is said 
to have one degree of freedom. Assume 
that damping is absent and that the 
spring deflects according to Hooke’s Law 
(within the elastic limit of any body the 
ratio of the stress to the strain produced 
is constant). 

The deflection of the spring due to the 


weight of the mass is known as the static . 


deflection (d). If the force required to 
deflect the spring a given amount is 
relatively great, the spring is said to be 
“stiff.” Spring stiffness is denoted by 
the spring constant (k) defined as the 
number of pounds required to deflect the 
spring one linear inch. 

If the mass be displaced by a single 
push or pull and then released, it will 
oscillate in free vibration above and 


below its equilibrium .position (the 
sae He Figure1. A single- 
_ degree - of - freedom 

system 


original rest point) at a frequency known 
as the natural frequency. The natural 
frequency of a spring system is a function 
of the static deflection. 


(1) 


fn=natural frequency (cycles per minute) 
d=static deflection (inches) 


It can be seen immediately that high 
natural frequencies correspond with small 
deflections (refer ‘natural frequency 
versus static deflection” curve, Figure 2), 

Assume now that the mass in Figure 1 
is a machine in which a certain amount 
of unbalance exists. When the machine 
is running, it is acted upon by a vertical 
periodic force (deriving from the un- 


‘balance) which causes it to vibrate (a 
This impressed 


problem in category 1). 
force, one of three acting on the mass 


Cea Vibration Insulation 


(the others are inertia force of the mass 
and the spring force) has a maximum 
value F and a frequency f;. The vibration 
causes the already statically deflected 
spring alternately to be compressed and 
elongated a small amount below and 
above its equilibrium position, hence it 
exerts on, or transmits to, the supporting 
structure a force whose maximum value 
it can be shown is 


(2) 


X =transmitted force 
F=impressed force 
f;=impressed frequency 
fn=natural frequency 


The ratio of the transmitted force to 
the impressed force is known as trans- 
missibility. 
transmitted force _ x 


(3) 


Transmissibility = 
impressed force _ 


The ideal, of course, is to have trans- 
missibility equal to zero (the practical aim 
is to make it as small as possible). It is 
evident that the value of transmissibility 
depends solely upon the relative values 
of the impressed and natural frequencies, 


apt) 
PER CENT INSULATION 

99 (FORCED FREQUENCY 
VERSUS STATIC DE- 

FLECTION,SEE CURVES) 


~ 04070 90 95 


STATIC DEFLECTION — INCHES 


N 
VIBRATION FREQUENCY — 
CYCLES PER MINUTE 


Figure 2. The relationship between natural 
frequency and static deflection, and per-cent 
insulation for various combinations of forced 
frequency and static deflection in an un- 
damped, single-degree-of-freedom system 


Curve A—Forced frequency versus static 


deflection for 93-per-cent insulation | 
Curve B—Forced frequency versus static 

“deflection for 81-per-cent insulation 
Curve C—Forced frequency versus static 

deflection for O-per-cent insulation 
Curve D—Natural frequency versus static — 
deflection | 
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and that, fundamentally, vibration insu- 
lation does not entail ‘‘absorption” of 
vibratory energy in the spring but is 
achieved through the ‘“‘mismatching’’ of 
frequencies. 

A plot of transmissibility against fre- 
quency ratio (f;/fn) is given in Figure 3. 
Examination of this curve reveals that 
when (f;/fn)<+/2, the transmissibility 
is greater than unity. Theoretically, 
infinite transmitted forces (and displace- 
ment amplitudes) can occur at resonance 
(fr/fn=1). Insulation, or reduction of 
transferred vibration, prevails only when 
fy/. f x) > m/f De 

The value of per-cent insulation is 
given by the following expression: 


Per-cent insulation = 
(1—transmissibility)x100 (4) 


The 0-, 81-, and 93-per-cent insulation 
curves in Figure 2 are plots of arbitrarily 
selected solutions of equation 4. 

In the preceding section a system acted 
upon by a single external force and having 
only vertical motion was considered, 
The forces acting on, and the motions of, 
a real system are considerably more 
complex. A rubber mounting, too, is a 
more complex entity than a hypothetical 
spring chosen for the first illustration. 

Imagine a device, such as a radio set, 
that must be mounted protectively in an 
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Figure 3.’ Values of transmissibility for © 


_ various values of (f,/f,) in an undamped 
system (solid line); the effect of damping on 
transmissibility (dash line) 
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A—Diagrammatic representation of a mass 
mounted on springs 


B—Diagrammatic repre- 
sentation of a rubber 
spring 
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airplane (a problem in category 2). 
Assume, for the sake of simplicity, that 
it is a rectangular mass whose center of 
gravity is located at its geometric center. 
Assume, too, that identical resilient 
mountings are installed under the set, 
one at each of the four base corners 
(Figure 4A). A unit mounted in this 
manner has six degrees of freedom, that 
is, six motions are possible at any instant: 
translational motion along each of three 
mutually orthogonal axes (for con- 
venience these axes can be labelled X, 
Y, and Z, and considered to have their 
origin (O), at the neutral position of the 
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Figure 5. A record of the translational dis- 
placement components of a rigidly mounted 
unit 


Springs in series 


Springs in parallel 
“Figure 6 


“ 


center of gravity of the mass), and rota- 
‘tional motion around each of these axes. 
The motions of a mounted unit of 
given mass and moments of inertia are 
dependent upon: 


1. Character of the excitation. 


2. Elastic constants and damping of the 
mountings. 


3. Location of the mountings. . 


In general, the vibratory forces at any 
location in a structure occur in several 
directions at different frequencies and 
with different amplitudes. These forces 
are both translatory and rotary in nature. 
The curves shown in Figure 5 are illus- 
trative. They represent the transla- 
tional-displacement components (simul- 


_ taneously measured along three axes) 
of a rigidly mounted unit. (Displace- 
@? 
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Figure 7 (left). 
drical mounting 


Figure 8 (right). Cylin- 
mounting 
closed in safety cup 


Cylin- | 


en- | 


ments and accelerations rather than forces 
ordinarily are measured.) The data were 
taken from the study of a particular 
problem. It is to be noted that the 
vertical amplitude is considerably greater 
than either the athwartship or fore and 
aft amplitudes and that the fore and aft 
frequency differs considerably from the 
vertical and athwartship frequencies. 
A similar record (not shown) of the rota- 
tional displacements was made in this 
study. 

The characteristics of a structure have 
a great deal to do with determining the 
nature of the vibratory forces at any 
particular location. The principal fre- 
quencies usually are related, simply, to 


those of rotating or reciprocating mecha- » 


nisms installed elsewhere in the structure. 
The amplitudes of, and the directions in 
which the vibratory forces occur are, in 
the general case, not in accordance with 
any simple relationship and are no 
readily predictable. 
Attention now will be given to the 
elastic properties of rubber mofintings. 
A rubber mounting (Figure 4B) can be 
considered to have three mutually orthog- 


onal elastic axes, x, y, and z, the origin | 


located at the neutral position of the peint 
of application of the load. In the general 
case, the rectilinear elastic constants, or 
spring rates, along these axes are unequal. 


(The torsional constants around them, © 


ordinarily neglected, are also unequal.) 
The relationship among the constants is 


dependent primarily upon the design of. 


the mounting. 

Since the elastic constants differ, the 
deflections corresponding to a given load 
applied successively along each axis will 
differ. A rubber mounting, therefore, 
for any given loading has three different, 


rectilinear, natural frequencies, one along ~ 


each axes. 

In a normal installation the load on a 
mounting is applied in the direction of 
one axis; the x’ axis, for example. The 
natural or resonant frequency in this 
direction can be calculated’ from the 
observed deflection. The coexistent res- 
onant frequencies in each of the other 


directions can be computed by substitut-_ 
ing for d in equation 1 the amount the 
mounting would deflect if the load, 


actually applied along the x axis, were 


applied successively along the y and z 


axes. 


It is perhaps well to point out that if 


springs are combined in parallel (Figure 
6A), or in series (Figure 6B), the com- 
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_ closer to the value one (Figure 3). 


the mass. 


bined or over-all spring constants of the 
combinations are as follows: 
In a parallel system 


K=kh+hitks+...k 
In a series system 


1 
K= 


> ae : ia + rcs 
ov doeedye 2 
K =over-all spring constant 


ki, ko, k3,..-Rn=spring constants 
individual springs 


The deflections, hence the natural 
frequencies, of such combinations are 
functions of the over-all constant. 


of the 


a 
Figure 9. Safety channel mounting 


< 


Figure 10. Heavy-duty three-angle mounting 


In any rubber-suspension vibration 
system there is a damping force which 
originates in the mountings and acts on 
The effect of this damping 
force is to prevent the build-up of large 
forces and amplitudes at or near resonance 


_ and to decrease the efficiency of mount- 


ings at frequency ratios greater than +/2. 
‘Damping rounds off the peak of the trans- 
missibility curve and moves it everywhere 
The 
amount of damping, therefore, must be a 
compromise between the good low-fre- 
quency effects and the poor high-fre- 
quency effects. It is desirable ordinarily 
‘to have the minimum damping that 


_ satisfactorily will limit resonant vibration, 


s 


j 


a 
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It must be remembered that the 
rapidity with which a mechanism is 
brought through resonances as its speed 
is changed has an influence on the amount 
of build-up. Restricting the operation 
at or near resonances to a short-duration 
transient obviously is recommended. 

Several representative rubber mount- 
ings are shown in Figures 7 through 13. 
It will be observed that, to facilitate its 
application as an elastic support, rubber 
generally is adhered to metal. The 
mounting in Figure 7 is the simplest 
type; a cylinder of rubber with studs 
adhered to the ends. It can support 
a load in either compression, that is, 
normal to its ends, or in shear, parallel 
to the end planes. This type of mounting 
has relatively low spring rates in all di- 
rections parallel to the end planes. Figure 
8 illustrates a refinement of this type 
incorporating a safety cup; it is de- 
signed to support a load in compression. 
It is well in most cases to arrange the 
rubber supports so that in case of com- 
plete failure of the rubber, due to accident 
or fire, the mounted unit still will be 
supported by some sort of interlocking 
metal device. Figures 9 and 10 are, 
respectively, illustrations of channel, 
and three-angle-type mountings. These 
mountings have relatively low spring 
constants along their longitudinal and 
vertical axes. In either mounting, the 
longitudinal and vertical spring rates are 
equal. An unusual disk-type mounting 
which has low and substantially equal 
spring rates along all three elastic axes is 
shown in Figure 11. A special-purpose 
variant of this design is the meter mount- 
ing shown in Figure 12. Figure 13 
illustrates a nonadhered, ‘corrugated- 
disk mounting suited for relatively high 
frequencies. 

Since, as was stated, the translational 
vibratory forces in a structure may occur 
in several directions and at different 
frequencies, it is expedient: 


1. To use mountings which provide the 
greatest deflections commensurate with 
stability. 

2. To install mountings whose highest 
natural frequency is sufficiently far below 
the lowest expected impressed frequency, to 
ensure adequate insulation in all directions. 


3. To install the “‘softest”’ axis or axes of 
the mountings parallel to the direction or 
plane in which the greatest disturbance 
occurs. 


In a given excited system, the elastic 
constants of the springs, together with 
their disposition with respect to the 
neutral position. of the center of gravity 
of the mounted unit and the moments 
of inertia of the unit, determine the fre- 
quencies at which rotational, or rocking, 
resonances occur. The distances of the 


_ mounts from the axes of the unit are the 


arms of the moments tending to produce 
angular motion about them. The mo- 
ments of inertia of the unit express, of 
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course, the rotational properties of the 
mass. 

The calculation of the frequencies at 
which rocking resonances occur will not 
be dealt with in this paper. Suffice it 
to say that in most practical systems: 


1. The frequencies at which the three 
rotational resonances occur are in the 
neighborhood of the translational reso- 
nances. 


2. In general, their presence tends to ex- 
tend the range of frequencies over which 
transmissibility exceeds a value of one. 
The accelerations arising from them can be 
as destructive as those related to transla- 
tional resonances. Hence, their insulation 
or prevention is desirable. 


38. If rotary excitation is negligible, the 
rocking modes ordinarily can be prevented 
by means of a symmetrical center-of-gravity 
suspension, that is, one in which the mount- 


Figure 11. Disk mounting” 


Figure 12. Meter or instrument mounting 


ings are so chosen and so located in a plane ~ 
passing through the center of gravity of 


the mounted unit that the sum of the 
moments about the center of gravity, 
around the X, Y, and Z axes, equals zero. 
In such a system, translational excitation 
does not cause angular motion, and vice 
versa. A center-of-gravity suspension 
possesses, too, stability advantages, 


4. In a noncenter-of-gravity suspension, 
rotary excitation is not a eos condi- 
tion for rocking. 


5. In a noncenter-of- -gravity suspension 
in which the mountings are located beneath 
the unit, diminution of the range over which 
rocking resonances occur can be achieved 
through the use of mountings having sub- 
stantially lower elastic constants along 
horizontal axes. 


An indication of the effects some of the 
factors just discussed can have on a 
system may be obtained from an exami- 
nation of Figures 14, 15, and 16. The 
transmissibility curves in these figures 
were plotted from shake-table data. It 
can be seen that superior insulation was 
achieved in the case in which mountings 
having relatively-lower natural fre- 
quencies in the horizontal directions were 
used under the unit (Figure 15). Even 
more marked improvement in insulation 
was obtained when these same mountings 
were placed in a plane through the center 
of gravity of the unit (Figure 16). 

It may be concluded that the best 
method of vibration mounting any type 
of unit is a center of gravity suspension 
on mountings, of suitable capacity, hav- 
ing equal and low natural frequencies 
along all three elastic axes. 


Structural Rubber 


The word ‘‘rubber’’ when used in this 
section refers to natural rubber. 

The following information is primarily 
qualitative rather than quantitative. It 
is presented with the belief that famili- 
arity, in a general way, with the proper- 
ties of rubber compounds is helpful to the 
engineer concerned with the use of rubber 
mountings. 

Rubber, when used as mechanical build- 
ing material to support a load, is known as 
structural rubber. In this capacity it 
can be stressed in the following five 
ways: shear, compression, tension, tor- 
sion, and flexure. 

It is to be noted that rubber, like water, 
is practically incompressible (Figure 17). 
It is said to be stressed in compression 
when supporting a load which tends to 
squeeze it. 

Most vibration mountings are de- 
signed to be loaded in either compression 
or shear. Tension is not employed ex- 
tensively, because a slight tear or cut in 
rubber stressed in tension can produce 
rapid failure. Torsion may be con- 
sidered a special case of shear. Flexure 
can involve compression, shear, and 
tension. 

The stress-strain relationships for a 
rubber compound are given by the shear 
(Table I), compression, and tension 
moduli. These moduli are not, strictly, 
constants. Because of this fact, and 
because of other properties of rubber to 
be described, calculations in accordance 
with the theoretical formulas given in 


the first part of this paper will be slightly 


in error when rubber is the spring ma- 


terial under consideration. 


It is well to piers “durometer” and 


Figure 13. Cup mounting 


its significance with respect to modulus. 
The durometer values of compounds of 
the type used in mountings range nor- 
mally between 30 and 70. These values 
are ascertained by means of the Shore 
durometer (type A), an instrument which 
measures the hardness of a rubber surface 
in terms of the indentation produced in 
the surface by a small, flat-tipped, taper- 
ing needle subjected to a practically con- 
stant indenting force. The arbitrary scale 
of this instrument runs with increasing 
hardness from 0 to 100. The relation- 
ship connecting durometer hardness with 
modulus is at best only approximate. 
Although useful for roughly determining 
the modulus of a stock, durometer is 
strictly a measure of only local surface 
hardness. The moduli of a stock provide 
the more accurate statement of its load 
carrying, or structural characteristics. 
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Figure 14, Shake-table performance of a 

unit mounted on rubber springs installed 

underneath the unit, the ratio of the horizontal 

elastic constants to the vertical was approxi- 
mately 2:1 
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The shear deflection of rubber is in- 
versely proportional to the shear modulus. 

The compression deflection is a function 
of shape, expressed by area ratio, as well 
as of the compression modulus. The area 
ratio of a slab of rubber is the ratio of the 
load-bearing area to the area free to bulge. 
Slabs having high (2.50) area ratios de- 
flect a smaller percentage of their thick- 
ness than slabs of the same compound 
having low (0.25) area ratios. 

The moduli of rubber compounds vary 
small amounts with temperature and 
with the amplitude and frequency of 
impressed vibration as well as with the 
static strain to which the rubber is sub- 
jected. 

At low temperatures rubber stocks 
stiffen. For a given compound the 
temporary changes in moduli due to 
chilling depend upon the chill tempera- 
ture, the duration of the chill, and the 
strain during the chill. The temperature 
at which the moduli increase rather sud- 
denly is generally between —40 degrees 
Fahrenheit and —60 degrees Fahrenheit, 
depending upon the compound. 

At temperatures above 170 degrees 
Fahrenheit ordinary structural rubber 
compounds begin to soften. The effect 
of heat aging becomes pronounced and, 
under strain, rubber acquires a_per- 
manent set or deformation. 

The static moduli decrease with in- 
creased strain. 


TRANSMISSIBILITY- 


ieee 


20 ~ 50 
FREQUENCY (CYCLES PER SECOND) 


Figure 15. Shake-table performance of a 

unit mounted on rubber springs installed 

underneath the unit; the ratio of the horizontal 

elastic constants to the vertical was approxi- 
‘mately 1:1 4 
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dynamic moduli are more sensitive to 
temperature changes than are the static. 

For exact prediction of the natural 
frequency of a rubber mounting under 
load, the value calculated from the static 
deflection in equation 1 has to be ad- 
justed. The frequency-factor curves in 
Figure 18 show the factor by which the 
calculated natural frequency should be 
multiplied in order to obtain the actual 
natural frequency. In most calculations 
this refinement can be neglected, par- 
ticularly when dealing with the softer 
rubbers. 

Damping is usually expressed as the 
ratio of the actual damping force, C, to 
the critical damping force C,. The 
critical damping force is that force 
which is just sufficient to prevent oscilla- 
tory motion of a particular system when 
disturbed. The values of the ratio C/C, 


The moduli of rubber are greater for 
vibratory stress than for static (0 fre- 
quency stress). It is interesting to note 
that for mountings operating at low 
temperatures, the stiffness, and conse- 
quently the natural frequency, will be 
greater than that indicated by the in- 
creased static moduli alone, for the 
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Figure 17. Volume change of 30 to 80 du- 
rometer stocks, hydrostatic pressure (curve for 
water from International Critical Tables) 


Figure 18. Curves show factor by which 
calculated resonance frequency must be 
multiplied to determine actual resonance 
frequency (Permacell is a structural, cellular 


rubber) 


Table |. Physical Properties of Six Standard Structural Rubbers 


Temperature of Rubber, 70 Degrees Fahrenheit 


pu 


Structural Rubber Number 


5709 5133 5638 5255 5691 5623 
ee eS ee 
Shear modulus, pounds per square Sita: Gan ome OPO OLB 60... -ZOF.. “95... 14005. 195 
*Logarithmic decrement of amplitude (referred to base TO) .050412,.0)0552.0). £4. (052352 20.8504. OL47 

“*Successive amplitude ratio.......----.seeseeeeeeeeeees 0.91... 0.88...0.72...0.59...0.45...0.34 
Per-cent energy loss due to hysteresis, per cycle of vibration. Wes D2enigat Alden OSes ; “80. f : "89 
Specific heat..... seeees betes eect reese eeee see eeeetneenes 0.47... 0.48..:0.40...0.38...0.35, ..0.33 
Thermal conductivity in Btu, per square foot per hour <i 
' for he mee gradient of one degree Fahrenheit per 
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* The logarithmic decrement given here represents the negati i i 

I r gative of the power to which 10 must be raised in 
order to obtain the ratio of any two consecutive amplitudes (on the same side of zero deflection) as unexcited 
vibration dies out. For instance, if the logarithmic decrement is 0.2, the ratio of one amplitude to the 
preceding one is 10 °%?= ge Sed 
ne 10%2 1.585 

inarily logarithmic decrement is referred to Napierian log base e and, if i 

would be 2.30 times the values given here.) : elaine Crepes 
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for structural rubber compounds are in 
the neighborhood of 0.08. 

Damping ordinarily limits the build-up 
of displacement amplitude at resonance 
to eight or ten times that of the impressed 
amplitude; it is possible for magnifica- 
tions of from 15 to 20 to occur. 

The damping forces exerted by rubber 
mountings derive from a property of the 
material known as hysteresis or internal 
friction. When rubber is deformed and 
allowed to return to its original position 
the load—deflection curve is not strictly 
a single line but a loop similar in shape to 
that shown in Figure 19. The area 
within the loop represents energy trans- 
formed into heat; ‘absorbed’ by the 
mounting. This quantity is known as the 
hysteresis loss. Since rubber is a poor 
conductor of heat, its temperature will 
rise when it is excessively, repeatedly, and 
rapidly deformed. 

Because of hysteresis, the amplitude 
of vibration of a system set into free 
vibration will become less with each 
successive oscillation. It has been found 
that each successive amplitude, measured 
on the same side of the equilibrium posi- 
tion, will be less than the former by a 
factor which is approximately constant 


The quantity « is called the logarithmic 
decrement of amplitude. Values for 
logarithmic decrement, successive-ampli- 
tude ratio, and per-cent energy loss due 
to hysteresis are given in Table I for 
rubber at 70 degrees Fahrenheit. These 
quantities decrease at higher tempera- 
tures. 

When rubber is under load, there is a 
gradual increase in deflection which is 
referred to as drift. If the load is re- 
moved it is found that it has caused a 
permanent change in the unstressed 
dimensions of the rubber which is re- 
ferred to as permanent set. Drift in- 
creases rapidly for a short time (a matter 
of hours) after the load is first applied 
and then the curve levels off to prac- 
tically a horizontal line. The drift of 
rubber supporting’ a vibrating load will 
be greater than that for the same com- 
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Figure 19. VWlysteresis loop for a typical 
rubber compound 


0.24 


ELECTRICAL ENGINEERING 


Electrolysis and Corrosion of 


Underground Power-System Cables 


L. J. GORMAN 


MEMBER AIEE 


LECTROLYTIC CORROSION is 

recognized universally as a major 
problem in the maintenance of under- 
ground metallic structures. This is par- 
ticularly true in the case of underground 
cable and piping systems. The subject 
is of a primary interest to cable- and pipe- 
operating utilities, and a great deal of 
study and research is being devoted to 
electrolytic corrosion by utility engineers 
throughout the country. 

The following is a summary of the 
principles and methods which are the out- 
growth of long experience with the miti- 
gation of electrolysis and corrosion on the 
power-system cables of the Consolidated 
Edison Company of New York, Inc. 
This system comprises approximately 
22,000 miles of underground lead-covered 
cable operating under a wide variety of 
soil and duct conditions. Although sys- 
tem experience include both the cable 
and the gas-piping systems, this paper will 
deal more particularly with the conditions 
affecting the cable system. 

Practically all of the essential factors 
involved in present-day problems of elec- 
trolysis and corrosion were recognized in 


Paper 45-59, recommended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945. Manu- 
script submitted November 20, 1944; made avail- 
able for printing January 4, 1945. 
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the early work on this subject, and pre- 
sented in the 1921 “Report of the Ameri- 
can Committee on Electrolysis’ and in 
other publications of that period.1:2- In 
this earlier work emphasis was placed on 
electrolysis caused by stray electric cur- 
rents, and little attention was given to the 
other factors influencing corrosion. Dur- 
ing the past 15 or 20 years, the importance 
of these other factors, notably the influ- 
ence of various galvanic or electrolytic 
cells which originate on the metal surface 
or in its environment, has been more 
clearly realized. Furthermore, a great 
deal has been added to our knowledge of 
the various corrosion processes and their 
control. Consequently, there has been a 
considerable change in point of view with 
respect to electrolysis, particularly in the 
evaluation of the various factors involved. 
This has led to important changes in the 
procedures for electrolysis testing and in 
the methods used for the mitigation of 
corrosion. 


Electrolytic Corrosion 


It is well established that the corrosion 
of metal in the presence of moisture occurs 
extensively through electrochemical reac- 
tions which are essentially electrolytic 
processes occurring in various forms of 
the electrolytic cell. These processes are 
recognized as an important cause of wide- 
spread corrosion on underground struc- 
tures and as constituting, in many in- 
stances, more serious problems than stray 
electric current or other forms of corro- 
sion. The electrolytic-cell-corrosion proc- 
esses should be distinguished from stray- 


pound supporting a static load at the same 
temperature. Drift is greater for severe 
vibration than for mild vibration; it is 
greater at high temperatures than at low. 

The failure of a rubber mounting, in 
time, partly is due to the fact that the 
rubber member is under load during 
service and partly is due to the fact that 
it is fatigued by vibration. The dynamic- 
fatigue life of a rubber part, defined as 
‘the total number of repeated cycles of 
vibration required to rupture it, is de- 
pendent onthe initial strain, the ampli- 
tude of vibration, the temperature of the 
- rubber, the ingredients and state of cure 
: Ef the rubber, and external destructive 
a variables such as sunlight, ozone, and oil. 
Since, at sche ‘present: oa Se eUs. 


\ 


rubber compounds must be substituted for 
natural-rubber compounds in some 
mounting applications, their structural 
properties are being explored intensively. 
To date they have not exhibited the versa- 
tility of natural-rubber compounds as 
structural materials. 
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current electrolysis where the source of 
current is external to the system. In the 
electrolytic cell the corroding current re- 
sults from electrochemical reactions at the 
sutface of the metal or in its immediate 
environment and is frequently referred to 
as galvanic corrosion. Like stray cur- 
rent, the electrolytic-cell processes involve 
the flow of electric current through an 
electrolyte and may be treated under the 
general subject of electrolysis. 

The electrochemical theory of corrosion 
has been covered in detail in the numerous 
publications on that subject.*.4.5.67 It is 
desired, however, to call attention to cer- 
tain of the factors which relate more par- 
ticularly to electrolytic corrosion of under- 
ground cable systems and which appear 
to have the most influence on the corro- 
sion problems affecting the system under 
consideration, 


GALVANIC POTENTIAL AND CURRENT 


In general the rate of corrosion in an 
electrolytic process depends on the mag- 
nitude of the current and the electro- 
chemical equivalent of the metal. With 
the current densities and other conditions 
usually found in practice the rate of corro- 
sion of metal may be calculated approxi- 
mately by Faraday’s law. The voltage 
has no effect on the corrosion except inso- 
far as it determines the current strength. 
There is no minimum voltage below which 
electrolysis does not occur. Corrosion by 
electrolysis usually is localized and results 
in the characteristic pitting observed in 
the electrolysis of lead-cable sheath or 
iron pipe. The pitting is characteristic 
of both stray-current electrolysis and the 
electrolytic-cell type of corrosion, and the 
type of action cannot be distinguished by 
the appearance of the metallic surface. 

The potential and current involved in 
the corrosion process may originate ex- 
ternally as in the stray-current electroly- 
sis, or they may originate within an elec- 
trolytic cell. In the latter case, the cell 
potential is the algebraic sum of the volt- 
ages due to the electrode potentials which 
result from the relative anode and cathode 
reactions of the metal electrodes in the 
particular solution constituting the elec- 
trolyte. 

The standard electrode potentials for 
the various metals are given in the well- 
known electrochemical series. The order 
of nobility in which the metals appear 
in the series and their values of potential 
are determined in standard solutions and 
under standard conditions which are not 
usually obtainable in practice. Elec- 
trode potentials vary considerably in soil 
water and frequently the order of nobility _ 
is reversed. This is particularly true of 
metals which are near together in the | 
series. For this reason, the standard 
electromotive-force series is not directly 
applicable to the corrosion of metals in 
contact with soil moisture. The elec- 
trode potentials of various metals in sea 
water have been determined.® 
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The potential of an electrolytic cell 
occurring on the surface of a metal in con- 
tact with an electrolyte will vary, depend- 
ing on the condition of the surface, im- 
purities, mechanical strains, and so forth 
which result in the formation of local 
cells. If uniformly distributed and 
closely associated, these cells tend to 
neutralize each other. Furthermore, the 
potential of a given metal will vary in 
different solutions or with different ion 
concentrations in the same solution. 
Galvanic potentials also may be produced 
by differential aeration, that is, by varia- 
tions in the supply of oxygen to adjacent 
parts of the same metal surface. This 
type of cell may occur, for example, ina 
cable duct where the degree of aeration 
varies from point to point in the duct be- 
cause of the accumulation of mud or sedi- 
ment, or in a congested cable system 
where the supply of air to the cables in the 
bottom ducts is more or less restricted. 
Under these conditions the metal surfaces 
to which the oxygen supply is restricted 
will be anodic to the surfaces that are bet- 
ter aerated. Dissimilar metals and dis- 
stmilar soils are included as important 
sources of galvanic potential. 

The potentials resulting from such 
causes as differential aeration, concentra- 
tion cells, mechanical injuries, and so 
forth are local in character and usually 
small, ranging from a few hundredths of a 
volt to 0.1 volt or 0.2 volt in severe cases. 
These potentials do not cause serious 
corrosion under favorable duct conditions. 
However, severe corrosion has been ex- 
perienced in ducts where the resistance to 
the corroding current islow. These local 
cells may be expected in any duct. Their 
activity will depend on the duct condi- 
tions. 

The potentials caused by variations in 
the soil external to the duct bank may be 


- considerable, depending on the relative 
- characteristics of the soils concerned. 


For example, anodic potentials amounting 
to from 0.8 to 1.0 volt have been obtained 
between the cable sheath and the duct 
wall, where the duct bank passed through 
cinder-filled soil. These potentials may 
be local or extend over a considerable sec- 
tion of the duct bank and may cause 
severe corrosion in ducts where, other- 
wise, the conditions are favorable. It is 


important to distinguish between the 


purely local type of cell and the type of 
cell resulting from differences in the 


characteristics of relatively large masses 


of soil in which ducts are laid. 
Electrolytic cells of the dissimilar- 
metal type frequently occur between the 
cable sheath and copper bond wires or 
bronze splice filling nipples, phase tags, 
and so forth. Serious local corrosion of 
the lead sheath may occur where cables 


with these attachments are exposed to 


manhole water, or where the sheath and 
attachments are in contact with wet 


cement or other covering used to protect — 
_ the cables. Severe cases of galvanic 
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corrosion have been experienced in water- 
filled manholes between the lead sheath 
and zinc-coated oil reservoirs and galva- 
nized manhole hardware. The zinc is 
anodic to lead, and, when immersed in 
water with a large quantity of lead, the 
galvanic action removes the zinc, thus 
exposing the iron to natural corrosion. 
Numerous cases of galvanic corrosion of 
lead have been experienced in iron ducts 
because of galvanic potentials between 
the lead and rusted iron. In severe 
cases, potentials amounting to 0.4 volt 
have been measured between: lead and 
iron rust to which the lead is anodic under 
the conditions usually found on the sys- 
tem. 


CONTROLLING FACTORS 


In a corrosion cell of given open circuit, 
or static voltage, the current flow will 
depend upon a multitude of factors, such 
as polarization, relative anode and cath- 
ode areas, circuit resistance, film forma- 
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Figure 1. Method and equipment for survey- 


ing cable ducts 


tion, . passivity, hydrogen overvoltage, 
hydrogen-ion concentration (pH), oxida- 
tion, and other chemical reactions in the 
electrolyte. Some of the factors tend to 
retard the corrosion process and others 
tend to increase the corrosion cell 
activity. 

Of the several factors mentioned the 
most important in the control of under- 
ground corrosion appear to be polariza- 
tion, hydrogen-ion concentration, circuit 
resistance and the relative anode and 
cathode areas. The rate of corrosion 
under most soil conditions appears to be 
controlled chiefly by the resistivity of the 
environment in contact with the cable 
and the rate at which hydrogen is de- 
polarized or otherwise removed from the 
cathode areas. 

Polarization is a general term used to 
group the various factors which influence 
the potential of the electrolytic cell with 
the passage of current. Polarization may 
include such factors as the effects of ion 
concentration at the electrodes, resistance 
changes resulting from the electrolytic 
processes, and certain electrode effects 
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which depend ‘on the composition and 
character of the electrodes. Polarization 
occurs, in varying degree, at both the 
anode and the cathode but usually is 
most pronounced at the cathode. When 
cathode polarization is predominant, the 


' corrosion process is said to be cathode con- 


trolled, and, when anode polarization is 
predominant, the process is anode con- 
trolled. Hydrogen depolarization is 
effected by its combination with oxygen, 
or the hydrogen may be removed as a gas. 
Any agency tending to increase the oxy- 
gen available for depolarization will ac- 
celerate anode corrosion. Agitation of 
the electrolyte tends to increase the sup- 
ply of depolarizing oxygen as well as aids 
in the removal of hydrogen gas bubbles. 

The resistivity of the environment in 
immediate contact with the cable or pipe 
seems to be the principal factor in con- 
trolling cable-sheath and pipe corrosion. 
In the case of cable occupying ducts, the 
resistivity of the duct walls and any 
water or sediment contained in the duct 
will determine to a very large extent the 
amount of corrosion experienced on lead- 
covered cables. In practice, the contact 
resistance between the cable and its duct 
wall and through the duct wall may vary 
between wide limits in a single duct sec- 
tion, and the severity of the corrosion 
will be most pronounced at points of low 
resistance. In most cases a_ direct 
correlation has been found between this 
resistance and cable-sheath corrosion. 
The influence of duct resistance will be 
discussed further in another section of this 
paper. 

In the usual case of cable-sheath corro- 
sion, the major component of the resist- 
ance exists at the surface of the sheath, 
and any film formation that will increase 
this surface resistance is an important 
factor in controlling the corroding cur- 
rent. The use of certain chemical in- 
hibitors, such as silicates, phosphates, 
chromates, and so forth, in the formation 
of protective films on lead sheath has been 
discussed by Radley and Richards® and 
other investigators. The protective effect 
of chemical inhibitors artificially applied 
to cable sheaths and ducts has not been 
investigated on the system of the Con- 
solidated Edison Company. However, 
in the usual type of soil and duct water 
found on the system the natural forma- 
tion of films does not appear to have any 
important influence on corrosion. 

Wesley” has shown that the relative 
anode and cathode areas have an impor- 
tant influence on cathode polarization. 
If the cathode area be relatively large, the © 
hydrogen polarization will be correspond- 
ingly weak, and anode corrosion will occur 
at a higher rate than under conditions 
where the cathode area is equal to or less 
than the anode area. This factor is of 
particular importance in selecting metals 
to be used together in sea water or soil. 


For example, in the selection of bolts or — 


rivets the metal should be slightly ca- 
\ ‘ 
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thodic to that of the structure to which 
they are attached. Likewise, the solder 
used in cable splices should have as nearly 
as possible the same electrode potential 
as the lead sheath. The relative area 
effects are most pronounced where at- 
tempts are made to protect the cable 
sheath against dissimilar-metal corrosion 
by coating the sheath. Any imperfec- 
tions in the coating will restrict the area 
of lead exposed and concentrate the 
corrosion. Furthermore, cement or other 
coatings used to arcproof cables appear to 
limit the relative area effect and to con- 
centrate galvanic corrosion of the lead 
near the point of contact with the cathode 
metal. 

A considerable amount of cable-sheath 
corrosion has been associated with alka- 
line soil and duct water. In most cases, 
the alkalinity is due to the presence of 
green concrete and frequently occurs in 
poorly drained ducts in which the ac- 
cumulated duct water is evaporated 
slowly by the heat of the cables. This 
produces a concentration of the alkaline 
salts dissolved from the duct walls and 
surrounding soil, and pH values amount- 
ing to 11 or 12 have been obtained in se- 
vere cases. The action on the cable sheath 
appears to be chiefly chemical, producing 
the red or brown oxides of lead. In the 
usual case the action is aided by small 
positive potentials acting through a low- 
resistance electrolyte. In such cases the 
duct conditions can be improved by 
flushing the duct with fresh water. In 
manholes, the alkaline attack occurs most 
frequently under the cement arcproofing 
on the cables and splices where the pro- 
tection used under the arcproofing is in- 
adequate. 

In further reference to hydrogen-ion 
concentration (pH) laboratory experi- 


» ments indicate that soils having relatively 


high pH values are anodic to soils of 
lower pH and that cable passing from one 
type of soil to the other will tend to dis- 
charge current into the more alkaline soil. 
The potential differences appear to be ap- 
proximately 0.06 volt for a difference of 
one in pH value, and the variation with 
pH seems to be a straight line function. 
These laboratory tests have been con- 
firmed largely by field observations in 
which cables passing from a neutral or 


_ slightly acid soil into an alkaline soil have 
been found to be slightly negative with 


respect toe the duct wall in the neutral or 


‘acid soil and definitely positive in the 


alkaline soil. — 
Stray-Current Electrolysis 


The principles underlying stray-current 
electrolysis are too well known to require 
a further explanation at this time. The 
stray-current problem is mentioned, how- 


ever, to call attention to the status of 
stray current as a factor in cable-sheath 
=. corrosion, 

In Greater New York electrolysis from 


ee ? as Za y 


stray railway current has been reduced to 
minor proportions through the co-opera- 
tive efforts of the several electric transit 
systems and the cable- and pipe-operating 
utilities concerned. However, the prob- 
lem still exists, potentially, and to avoid 
serious consequences its control must be 
exercised through the continued supervi- 
sion and maintenance of the various 
measures that have been installed for 
electrolysis mitigation. On the Con- 
solidated Edison system this control is 
obtained through approximately 120 
drainage connections to the railway nega- 
tive returns at various locations through- 
out the area. 

In certain parts of the territory the 
trolley service virtually has been discon- 
tinued, and many of the elevated-railway 
structures have been removed. The out- 
standing effect has been the removal of 
cathodic protection in sections where the 
rails and structures normally were posi- 
tive with respect to the cable and piping 
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Figure 2. Cumulative percentage curves 
showing the results of duct-resistance surveys 


A—Plotted from 9,500 tests at random loca- 
tions on the system 
B—Duct resistance associated with 
corrosion 


sheath 


systems. In consequence, the electro- 
lytic-cell type of corrosion has appeared 
in many localities formerly protected 


_ through cathodic action by the railway 


structures. Moreover the removal of the 
elevated- and street-railway structures 
has upset, to a considerable extent, the 
balance that formerly existed and has 
necessitated a major readjustment in 
many of the drainage connections and 
other measures used for protection in the 


* anodic areas. 


Cathodic corrosion has not been serious 
on the power-cable system in this terri- 
tory. However, this type of corrosion is 
a matter of constant concern, and nega- 
tive potentials are limited as much as 
possible, particularly in areas where the 
decomposition of sodium chloride or other 
salt and the deposition of their hydroxides 
on the cable sheath is likely to occur. 
Two or three severe cases of this type of 
corrosion have been experienced. 

To date, there have been no cases of 
corrosion that could be identified with a-c 
electrolysis, although there are a number 
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of single-conductor cross-bonded feeders 
operating on the systems witheight-to ten- 
volts alternating current from sheath to 
ground and 12 to 15 volts between sheaths 
of the phases. In some instances, the 
cables occupy ducts considered unfavor- 
able, and some corrosion has been experi- 
enced. However, in all cases, this corro- 
sion could be accounted for by small direct 
potentials or other duct conditions. 


Electrolysis Surveys and Tests 


The protection of the cable system de- 
pends primarily on the adequate super- 
vision and control of all the factors in- 
volved and the maintenance of the meas- 
ures adopted for the mitigation of elec- 
trolysis and corrosion. This supervision 
and maintenance is accomplished through 
systematically planned electrolysis sur- 
veys and tests which can be conveniently 
divided into three general classifications, 
namely, 


1. Maintenance tests. 
2. General surveys. 
3. Special investigations. 


Maintenance Tests. They are scheduled 
on a periodic basis to cover the inspection 
ofexisting installations for electrolysis pro- 
tection and to check periodically the 
electrolysis conditions existing on the 
system. The installations include drain- 
age connections, insulating joints, ca- 
thodic protection installations, and any 
other measures installed for electrolysis 
protection on either the cable or piping 
system. Usually maintenance tests are 
scheduled on an annual basis. Some in- 
stallations such as those involving drain- 
age switches, rectifiers, and other special 
equipment are inspected more frequently. 
In other cases where the conditions are 
well stabilized an inspection every two or 
three years is sufficient. 


General Electrolysis Surveys. Made 
for the purpose of locating corrosion areas 
and obtaining general information on elec- 
trolysis conditions affecting the system, 
the general surveys may be supple- 
mented by special tests to determine the 
protective measures to be installed in 
areas subject to electrolysis and corro- 
sion. The general surveys are planned to 
cover systematically the various parts 
into which the system is divided for the | 
purpose of survey. Consideration is 
given in particular to the localities in 
which changes in the electrolysis condi- 
tions are likely as the result of changes in 
the electric transit lines or important 
modifications in the cable system. | 


Special Tests. Made in situations 
which require a more or less extended in- 
vestigation, frequently they involve 
the underground structures of other com- 
panies and may be initiated by either 
company depending on what structures 
are involved. The special work in- 
cludes the investigation of the conditions 
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incidental to corrosion failures and the 
surveys and tests made in connection 
with important new cable installations. 


Test Metuops: THE Duct SURVEY 


The test methods employed for stray- 
current-electrolysis surveys have been 
fairly well standardized, and the test pro- 
cedures are described in detail in the 
various publications on that subject.’? 
In situations involving only stray cur- 
rents, these procedures continue to give 
satisfactory results. However, the usual 
stray-current-electrolysis tests do not 
yield information on the local electro- 
lytic-cell conditions existing between the 
test points because of the wide variations 
in the soil and duct conditions from 
point to point along the cable ducts. 
For this reason, other test methods are 
required for the electrolytic-cell types of 
corrosion. Considerable experimental 
work has been done to develop a test 
method that would yield test data that 
could be correlated with actual cable- 
sheath corrosion. This work has re- 
sulted in the present duct survey. 

During the past ten years or more, the 
duct survey has been used on the cable 
system to explore the electrolysis condi- 
tions existing in duct sections between 
manholes, and particularly to investigate 
the duct conditions incidental to corrosion 
failures. The duct survey also is used to 
advantage where it is desired to explore 
the electrolysis conditions in ducts prior 
to the installation of new cable. Fur- 
thermore, statistical studies of a sufficient 
number of duct-survey data, obtained in 
connection with actual cable failures, will 
yield: information and criteria which can 
be used as a basis for estimating the 
severity of particular electrolysis situa- 
tions. 

The duct survey is made by pulling an 
electrode through a vacant duct which is 
adjacent to the ducts carrying cable. 
Instruments are connected between this 
electrode and the lead sheath of the adja- 
cent cables, and measurements of poten- 
tial, current, and resistance are made at 
frequent intervals (five to ten feet) 
throughout the duct. The arrangement 
and connections for the test are shown in 
Figure 1. The test electrode most 
generally used consists of a piece of cable 
12 inches long and 2.75 inches in diameter 
fitted with a pulling eye and test leads. A 
small galvanic potential may exist be- 
tween the cable sheath and the test elec- 
trode, although the material in both is 

the same. This difference, however, is 
~ small (0.01 volt or less) and does not 
affect seriously the results. The surface 
of the electrode should be maintained in 
good condition, and its electrode potential 
with respect to cable sheath should be 
- checked periodically using manhole or 
duct water as the electrolyte. Various 
nonpolarizing and other special types of 
electrode have been investigated. How- 
ever, the most satisfactory results under 
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sheaths. 


the usual field conditions have been ob- 


tained with the short length of lead cable 
sheath. An essential requirement is that 
the electrode be as simple and as rugged 
as possible. 

The potential existing between the 
duct wall and the adjacent cable sheath is 
measured by the voltmeter connection 
shown in Figure 1. A high-resistance 
voltmeter should be used to minimize the 
errors due to electrode-contact resistance. 
Voltmeters having a resistance of 400,000 
ohms per volt or more are satisfactory for 
this purpose. Because of the high re- 
sistance of the voltmeter circuit, the 
potential of the test electrode will be sub- 
stantially that of the duct wall, and the 
measurements thus obtained give an 
approximation of the potential of the 
cable sheath with respect to the duct wall 
from point to point through the duct. 
The potential survey is supplemented by 
a time record of potential taken at a 
selected point in the duct to determine 
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Figure 3. Age of cable versus average cur- 
rent discharged through test electrode 


Data obtained in connection with corrosion 
failures 


the characteristic of the potential. A 24- 
hour recorder, having a resistance of 
10,000 ohms per volt, is used for this pur- 
pose. The characteristic of the record 
will indicate whether the condition is 
caused by an external source of potential, 
such as in stray-current electrolysis or by 


electric-cell conditions set up by varia- . 


tions in the environment. 

To determine the magnitude and direc- 
tion of the current picked up from or dis- 
charged to the duct wall through the test 
electrode, a low resistance milliammeter is 
connected in place of the voltmeter. 
Since the resistance of the milliammeter 
circuit is relatively low, the potential of 


the test electrode will be substantially - 


that of the adjacent cables, and it may be 
assumed that the current discharge per 
foot of cable at the point of test is ap- 
proximately in the same order of magni- 
tude as that measured. This current, 
when flowing into the duct wall, will cause 


anodic corrosion, and it may, when flow- — 


ing to the cable sheath, result in cathodic 
corrosion. Ss 


In the measurement of potential or 


current at points within the duct it is im- 


portant to correct for the JR drop due to ~ 


any stray current flowing on the cable 
Where the cables are carrying 
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appreciable stray current, for example, 
from manhole A to manhole B in Figure 1, 
there will be a potential drop along the 
sheath, and a reading taken at some mid- 
position in the duct and referred to the 
sheath in manhole A will not give an 
accurate reading of the potential and 
current at the point of test. To correct 
for sheath current the usual practice is to 
record the magnitude and direction of the 
current flowing on the sheath and to com- 
pute the JR drop to the point of test. 
The appropriate correction then can be 
applied to the readings of potential and 
current measured between the cable 
sheath and the test electrode. In most 
cases the JR drop between A and B can 
be meastired directly by a recording 
millivoltmeter as shown in Figure 1. 

The resistance between the test elec- 
trode as one terminal and the adjacent 
cable as the other is measured at each 
test point as a part of the survey. The 
measurement can be made conveniently 
by connecting a low-voltage battery (1.5- 
volt dry cell) in series with a sensitive 
milliammeter between the cable sheath 
and the test electrode:~.The resistance is 


“computed from the battery voltage and 
The milliammeter 


the measured current. 
should have a sensitivity in the order of 
0.05 milliampere per division, and its re- 
sistance should not exceed two or three 
ohms. Suitable shunt resistances can be 
used to vary the range as required. The 
same instrument can be used for both the 
current and the resistance measurements. 
A reversing switch is required to reverse 
the potential on the test electrode to 
minimize any errors due to small d-c 
sheath potentials, polarization, or other 
effects. The battery current in this test 
is usually small and does not appreciably 
influence the battery voltage. However, 
it is a good practice to check this voltage 
from time to time during the progress of 
the survey. 

The resistance as measured in the fore- 
going is somewhat arbitrary and is mostly 
the contact resistance between the surface 
of the electrode in contact with the duct 
and the duct wall and represents, ap- 
proximately, the contact resistance per 
duct foot of ¢able. The area of contact 
will vary, depending on the duct condi- 
tions. In dry ducts the contact area 
will be small, whereas in ducts containing 


« 


mud and water the contact may be an | 
appreciable part of the total electrode 


area, 
and resistance and its influence on the 
interpretation of the test data is ex- 
plained in the following section. The 
resistance of the duct bank, the earth, and 
the contact resistance between the duct 


walls and the cable sheath in the occupied _ 


ducts also are included in the measure- 
ment. However, these resistances are 


relatively low compared with the elec-. 


trode resistance and apparently do not 


appreciably influence the results. 


The relation between contact area 
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to explore the duct conditions prior to in- 
stalling cable, or where cables ate not 
available in the duct bank under test, the 
adjacent water pipe or other pipe or cable 
system can be used for a resistance survey. 
However, in such cases, the potential and 
current measurements, if made, will have 
no very significant meaning. 

In any type of survey it must be real- 
ized that there are numerous points 
throughout the cable duct where the cable 
sheath is subject to small local potentials 
due to such causes as differential aeration, 
concentration cells, and so forth. With 
the cable in place these potentials are in- 
accessible for measurement, and, if the 
cable be removed, the original conditions 
no longer exist. The potential of these 
local cells are usually small but in aggra- 
vated cases may be in the order of 0.1 to 
0.2 volt. In general, it may be assumed 
that these small local potentials exist, to 
a greater or less extent, in all ducts con- 
taining cable. Their effectiveness in 
causing cable-sheath corrosion will de- 
pend upon the resistance of the environ- 
ment in immediate contact with the cable 
sheath and the polarizing effects due to 
the flow of current. This emphasizes the 
importance of duct resistance and its in- 
fluence on cable-sheath corrosion. 


ANALYSIS OF Duct-SURVEY DaTA 


An accurate evaluation of an electroly- 
sis condition can be obtained only 
through the proper analysis and inter- 
pretation of the test data. Readings of 
potential and current have no particular 


2. When properly classified and analyzed, 
together with other similar data taken 
systematically over the system, they con- 
stitute the basis for statistical studies of the 
conditions existing on the system as a 
whole. 


For these reasons, the systematic taking 
and recording of data by trained observ- 
ers in accordance with a well-developed 
plan is of first importance in making 
electrolysis surveys and in planning for 
over-all improvements on the system. 
The foregoing general principles have 
been applied to the analysis of the duct- 
survey data obtained over a period of 
years with a view to showing the relation- 
ship between the data and actual cable- 
sheath corrosion. The results of the 
duct-resistance surveys made uniformly 
over the system are given in Figure 2. 
Curve A shows the duct resistance 
plotted on a cumulative percentage basis 
for approximately 9,500 duct-resistance 
tests made at random but well-distributed 
points on the system. This curve shows, 
for example, that in 65 per cent of the 
tests the duct resistance was above 1,000 
ohms and less than 1,000 ohms in 35 per 
cent of the tests, curve B of the figure is a 
similar percentage curve of duct resist- 
ance obtained in connection with ap- 
proximately 200 cable failures. From 
this curve it will be noted that only five 
per cent of the corrosion failures occurred 
in ducts having resistance of 1,000 ohms 
or more. Further it will be noted that 70 
per cent of the corrosion failures occurred 
in ducts in which the resistance was 250 
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significance, unless they can be translated 
into terms of corrosion on the cable or 
piping system concerned. The desired 
interpretation of test data can be ob- 
tained best through the systematic in- 
vestigation of the conditions incidental 
to corrosion cases and through studying 


z the accummulated data in accordance 
with appropriate statistical methods. 


Electrolysis test data serve two general 
purposes: 


. 1. For individual cases, they serve to 


4 identify the cause and furnish the informa-- 
“$ tion required for the application of suitable 


medial measures to pee Sa case 
d 


Figure 4. Electrode current versus duct re- 
sistance for cable in five age groups 


The data are those used in Figure 3, but 
recognition is given to duct resistance 
a—Six years 
b—Eight years 
c—Nine and ten years 
d—11 and 12 years 
e—13 and 14 years 


ohms or less, whereas in curve A only six 


per cent of the total tests was under 250 


ohms. These results indicate that the 
greater portion of the corrosion is occur- 
ring on a relatively small part of the sys- 
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tem, that is, 70 per cent of the corrosion is 
occurring in approximately six per cent 
of the ducts. In general the curves show 
the importance of duct resistance as a 
factor in rating ducts with respect to 
corrosion. On the basis of the data, 
ducts in which resistances of 250 ohms or 
less are measured are rated unfavorably 
from the standpoint of corrosion. 

To relate test data with actual corro- 
sion and to establish a basis for the inter- 
pretation of the duct survey, studies were 
made of the potential, the current, and 
the resistance data obtained in the in- 
vestigation of approximately 100 corro- 
sion failures for which complete and con- 
sistent data were obtained. 

Figure 3 shows the distribution of cable 
life as related to the average current dis- 
charged from the test electrode to the 
duct wall at or near the point of failure. 
For this purpose the cable life, from the 
date of installation to the date of failure, 
was grouped into yearly periods, that is, 
all failures falling within V years minusfive 
months and JN years plus six months were 
grouped under N years. The vertical 
columns in the figure show the averages 
of the current measured for the failures in 
each of the yearly groups. The standard 
deviation from the mean value of current 
was computed and shown by the vertical 
line associated with each of the columns. 
The magnitude of the deviations and 
other elements in the data show that the 
variations for any period are more than 
can be attributed to chance and prohibit 
a correlation between corrosion and the 
average current as measured. Further- 
more, the lack of correlation is also evi- 
dent from the fact that the contact area of 
electrode varies considerably under differ- 
ent duct conditions, thus introducing the 
question of duct resistance. 

In order to incorporate duct resistance ’ 
as a factor in the analysis, the data were 
grouped, for convenience, into two-year ~ 
periods and the current plotted with re- 
spect to duct resistance on semilog paper 
as shown in Figures 4a to 4e. Straight 
lines were drawn to show the best aver- 
ages between current and duct resistance 
in each of the groups. From these 
figures curves were constructed showing 
the relations between cable life and cur- 
rent for four values of duct resistance as 
shown by the curves in Figure 5, In> 
comparing Figure 5 with Figure 3 it will 
be seen that the deviations from the aver- 
age in Figure 3 readily can be accounted 
for by variations in the duct resistance. 
Although there is some variation in the 
resistivity of the duct contents and the 


duct wall, it is believed that the duct re- . 


sistance depends primarily on the area of 
contact. Consequently, for a given total 
discharge per foot of cable, the current 
per unit area is relatively less in the low 
resistance ducts, that is, one milliampere 
measured in a 50-ohm duct represents a 
much lower current density than the same 
current measured in a 400-ohm duct. 
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The relationship shown in Figure 5 be- 
tween cable life, discharge current and 
duct resistance has been confirmed in 
numerous surveys. For example, in a 
recent case involving a 13.2-kv oil-filled 
tie feeder, the survey showed a duct re- 
sistance of approximately 500 ohms and a 
discharge of 0.9 milliampere at a point 
where corrosion had penetrated the cable 
sheath. By interpolation from Figure 
5, the probable life of the cable was esti- 
mated at four to five years. Corrosion 
also had penetrated the sheath at a second 
point in the same duct where the duct re- 
sistance amounted to 200 ohms, the cur- 
rent was 2.4 milliamperes, and the esti- 
mated cable life was slightly less than 
four years. The feeder had been in 
service four years and two months at the 
time of failure. The corrosion in this 
case was caused by soil potentials result- 
ing from the cinder-filled soil adjacent to 
the duct bank. Typical duct surveys are 
shown in Figure 6. 


Classification of Cable-Sheath 
Corrosion 


A consideration of the foregoing empha- 
sizes the necessity for a procedure to 
identify the various corrosion factors con- 
cerned and to permit their classification 
or grouping with respect to the various 
types of attack. For this purpose the 
corrosion on the underground cables of 
the Consolidated Edison system is divided 
for convenience into three general cate- 
gories: 


1. Direct chemical attack. 
2. Stray-current electrolysis. 
8. Electrolytic-cell (galvanic) corrosion. 


In the case of cables occupying a duct 
system, it is important to distinguish be- 
tween corrosion occurring in the ducts and 
corrosion occurring in manholes, pull 
boxes, service boxes, and so forth. Duct 
corrosion results from certain factors in 
the soil or duct over which the operating 
company has only partial control, whereas 
manhole corrosion usually occurs under 
the arcproofing or at bond wires, splice- 
filling nipples, and other dissimilar metal 

‘attachments where installation methods 
do not provide adequate protection. The 
importance of treating manhole and duct 
corrosion separately has been recognized 
on the Consolidated Edison system and 
the methods for protecting manhole 
cables and splices have been modified to 

_ insure adequate protection in the future. 

When the classification of corrosion 
is considered with a view to the 
identification of the various factors under 
field conditions and the practical applica- 
tion of protective measures, the following 
grouping of causes has been found con- 

_ venient and workable. 


1. Stray-Current Anodic Corrosion. The 
corrosion caused by the electrolytic action 
of direct current picked up from foreign 


sources and discharged into an environment 
which acts as an electrolyte. The action 
occurs at the anode or point from which the 
current is discharged. 


2. Stray-Current Cathodic Corrosion. This 


Aype of corrosion is caused by the secondary 


reactions of the cathodic products of elec- 
trolysis. The action occurs when direct 
ctirrent flows to the cable sheath from an 
environment containing dissolved salts, 
which are corrosive to lead. 


3. A-C Electrolysis. ‘The corrosion caused 
by alternating currents flowing between 
underground structures and earth is negli- 
gible at the usual current densities encoun- 
tered in practice. 


4. Soil Corrosion. (Electrolytic-Environment 
Type). Corrosion resulting from electro- 
lytic-cell potentials originating in the en- 
vironment due principally to differences in 
the characteristics of the soil external to the 
duct bank. 

5. Duct Corrosion (Electrolytic-Environ- 


ment Type). Corrosion due to conditions 
existing in the duct and usually associated 


Table | 
ee E 
Per Cent 
(Approximate) 


Duct Failures 
Stray current (anodic).........-. SOE) 
Stray current (cathodic).........+.+:. 1.0 
A-c electrolysis... ...5 sees cdoceeseees 0.0 
Soil corrosion’: +). seer ies 9 8 oe cl oivresoe oiei 6.0 
Duct CoProsion oe cjsle o elstels lade ea el= -) hee 24.0 
Self-corrosion (sheath scoring)......... 10.0 
Galvanic corrosion (iron-pipe ducts).... 7.9 
Chemical corrosion...,.......e+++++- 4.0 
Unclassified ss 4 aiicreetetsis adele ayeheiatyre 1 @ 6.0 


Subtotal......... ce eeeeeeeeeeeeee 65.0 


Manhole Failures 3 
Galvanic corrosion (filling nipples, 
bonds, and’so forth) -i ci. a el 23.0 
Chemical attack (under arcproof- 


ib t-4 Porc Se GEG ceo Caos Oks TUONS cho oer 9.0 

TWHClassied!.Gratclerisre' ost Meneiemeyeteeansia pers 3.0 

Subtotalaciccs.ovtatelevstere lores plsllels cnciete 35.0 
with low duct resistance. Differential- 


aeration, concentration cells, and so forth, 
when occurring in the duct, are included in 
this group. . 


6. Self-Corrosion (Electrolytic Metal-Sur- 
face Type). Resulting from conditions 
associated with the surface of the metal, 
such as scoring or other mechanical injuries 
which may set up local galvanic cells on the 
surface of the metal. 


7. Galvanic Corrosion (Dissimilar Metals). 
Resulting from the contact of dissimilar 
metals in the presence of an electrolyte in 
manholes and ducts. 


8. Chemical Corrosion. Corrosion which 
results from the direct chemical action of 
certain acids and alkalies on lead-cable 
sheath in manholes and ducts. 


The application of the foregoing classi- 
fication to the corrosion failures for a 
four-year period on the high-voltage 
cables of the Consolidated Edison system 
gives,, approximately, the percentages 
listed in Table I. 


The corrosion rate for 1943, per 100 
miles of occupied duct, amounted to 
approximately 0.82 for the high-voltage 
cable system. Furthermore, approxi- 
mately 30 per cent of the corrosion failures 
occurred in certain corrosive areas repre- 
senting less than 1.0 per cent of the duct 
system. Manhole corrosion failures are 
less restricted to areas and are distributed 
more widely than those occurring in ducts. 
The corrosion rate has been reduced from 
1.13 in 1940 to the present rate by the 
application of protective measures in the 
areas identified as corrosive. 


Mitigation of Cable-Sheath 
Corrosion 


ELECTROLYSIS DRAINAGE 


Electrolysis drainage is used exten- 
sively for the mitigation of stray-current 
electrolysis on the cable system. Drain- 
age consists essentially in providing a 
connection between the cable sheath and 
the negative bus or negative returns of the 
railway system involved. The object is 
to provide a metallic return for stray 
railway currents picked up by the cable 
system and thus to lower the potential of 
the sheath below that of the surrounding 
earth in the normally positive areas. 
Where the cables thus are maintained at a 
negative potential they also are protected 
by cathodic action against the galvanic 
types of corrosion. 

The drainage of a power system pre- 
sents more difficult problems than are en- 
countered in the drainage of communica- 
tion cables or railway cables which are not 
included in a distribution system. Inthe » 
power system the sheaths of the primary 
and secondary cables normally are bonded 
together and connected to the system 
neutral of the wye-connected transformer 
low-voltage windings. These transformer 
windings provide a low d-c resistance con- 
nection with the live copper of the second- 
ary cable. In the case of a 500-kva 
transformer this resistance amounts to 
approximately 0.00013 ohm and consti- 
tutes an effective bond between the cable 
sheaths and the low-voltage copper. 
Furthermore, the cable sheaths are 
grounded through the system neutral to 
the water system at customers’ services. 
Consequently, when an attempt is made 
to drain the power system, the drainage 
not only applies to the cable sheaths, but 
also includes the system neutral, the cop- 
per in the low-voltage cables, and the 
water system. This very greatly reduces 
the effectiveness of drainage, and in the 
average situation it is estimated that only 
30 to 40 per cent of the drainage current is 
effective in reducing the potential of the 
cable sheaths. 

Where the power-system cables closely 
parallel communication cables or a rail- 
way cable system, there may be a con- 


siderable difference of potential between _ 


the cable systems resulting from the 
difference in the effectiveness of drainage 
| / : \ 
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on the respective systems. This con- 
stitutes an important problem in reducing 
the effects of stray-current electrolysis on 
the power system. Where practical, con- 
trol drainage is used, that is, resistors are 
connected in the drainage cables and ad- 
justed to limit the current to that re- 
quired to maintain the cable sheaths con- 
cerned slightly negative with respect to 
the duct wall. In some cases the power 
cables are bonded to the communication 
or railway cables to reduce potential dif- 
ferences between the systems. 


CATHODIC PROTECTION 


In certain instances; where applicable, 
the cathodic scheme of protection is used. 
There are several of these installations in 
operation on the power cable system in 
New York City. The scheme is used 
principally, where the electrolytic-cell 
type of electrolysis is the influencing 
factor. 

Cathodic protection consists essentially 
in placing earth electrodes properly 
arranged with respect to the cable ducts 
concerned and in applying a positive po- 
tential for the purpose of raising the duct 
or earth potential sufficiently to render 
the cable sheath negative with respect to 
the earth. In this arrangement, current 
flowing through the earth to the cable 
sheath tends to neutralize any positive 
sheath potentials likely to cause corro- 
sion. Current at the required potential 
is supplied by motor generators or suit- 
able rectifiers. The principles underlying 
cathodic protection have been described 
in several papers on the subject.1!-12.18 

In some installations of cathodic pro- 
tection on the cable system, the anode 
consists of scrap cable installed in a va- 
cant duct with its sheath connected 
through a rectifier to the cables under pro- 
tection. Car rails buried adjacent to the 
duct bank have proved satisfactory in 
other installations where the current re- 
quirements are small. In cases where 
considerable current is required, the car 
rail should be imbedded in coke breeze, 
or specially designed carbon electrodes 
should be used. In one of our installa- 
tions plain car rail has been in service for 
approximately six years, discharging an 
average of ten milliamperes per foot of 
rail. 

The cathodic scheme of protection has 
met with considerable success on long 
pipe lines and cables where other struc- 
tures are not seriously involved, and 
where there is sufficient right of way for 


- the proper installation of the earth elec- 


trodes. Under the congested conditions 
found in New York City, the cathode 
method has but limited application. 
Where used, precautions must be taken to 


avoid discharging current to other struc- 
~ tures which are not included in the protec- 


tive scheme. Moreover, the current dis- 


charged from individual short electrodes 
or from sections of a long electrode laid 
_ parallel to the cables will vary between 
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wide limits from point to point, depending 
on the soil conditions. There is danger in 
supplying too much current in some sec- 
tions in order to obtain protection in 
others. In such cases there is grave dan- 
ger of cathodic corrosion in the sections 
receiving an excessive amount of current. 
To avoid the possibility of cathodic reac- 
tion, the current should be limited to only 
that required to give protection, and its 
uniformity over the duct section should 
be checked by a duct survey. 


PROTECTIVE COVERINGS 


Protective coverings are used on the 
cable sheaths in certain areas, where 
corrosion is caused by local soil and duct 
conditions and where drainage or other 
electrical methods for protection are im- 
practical. The protective covering which 
has been most generally used on the Con- 
solidated Edison system consists of coat- 
ing the cable sheath with an asphalt 
compound and applying two layers of 
canvas tape saturated with the com- 
pound. This covering has afforded ade- 
quate protection for ten years or more 
under the most severe corrosive condi- 
tions existing on the system. However, 
considerable difficulty has been experi- 
enced in pulling this type of cable into or 
out of the cable ducts, because of the in- 
creased over-all diameter of the cable and 
the tendency of the compound to cement 
to the duct walls. In some cases where 
an attempt was made to remove the ca- 
ble, it was found that the disintegrated 
fabric clogged the duct so as to make 
removal of the cable impossible. In such 
cases the ducts have to be abandoned. 

Because of these difficulties, a special 
rubber-faced tape has been used in some 
of the recent installations. The rubber 
tape is applied to the cable in two layers 
after which the tape is vulcanized and 
mica dust is applied. The surface has a 
smooth finish which is of considerable aid 
in pulling. A quantity of the rubber- 
covered cable was installed, on an experi- 
mental basis, in 1940 to determine its 
durability and characteristics as a protec- 
tive coating. To date there have been no 
failures in this type of coating. 


CABLE-GREASE PROTECTION 


A special cable grease is being used 
extensively on the cable system for pro- 
tection in areas subject to the environ- 
mental types of corrosion. This type of 
protection has been used on the power 
cables in New York City for the past four 
years. Another company has had ten to 
15 years of experience with grease-coated 
cable. The results reported to date have 
been generally satisfactory. 

The grease compound used is a heavy 


‘tacky petroleum grease very similar to 


axle grease. A little light oil is added by 
the manufacturer to make the grease 
workable. The grease is applied to the 
cable sheath by hand as it is pulled into 
the duct, care being taken to have the 
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grease rubbed on all parts of the cable. 
The quantity applied amounts to ap- 
proximately 25 pounds per 100 feet on 
cable having an outside diameter of three 
inches and proportionately less for 
smaller cable. In the use of grease for 
cable-sheath protection, it is important 
that the cable be installed in clean ducts. 
Any sand or mud in the duct will mix 
with the grease and leave a flaky coating 
without protective value. 


CLEANING AND FLUSHING CABLE Ducts 


In cases where the cable sheaths are 
subject to chemical corrosion, or in ducts 
in which alkaline or acid conditions exist, 
very beneficial results have been obtained 
by flushing the duct with hydrant water 
before installing the cable. Several cor- 
rosive conditions have been cleared up by 
this process. In one case, where ducts 
enter a substation through a massive con- 
crete envelope, the ducts were flushed 
every three months for approximately one 
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Figure 5. Age of cable versus current and 
duct resistance 


Curves derived from the current-resistance 
data given in Figure 4 


year before the recurrence of an alkaline 
condition finally was stopped. 


THE USE oF ZINC FOR CATHODIC 
PROTECTION 


Zinc electrodes are used in several sys- 
tem transformer manholes to provide 
cathodic protection to the transformer 
tanks, The electrodes, consisting of zinc 
bars 36 inches long and 1/2 inch x 4 inches 
cross section, are placed on the walls of 


‘the manholes, bonded together and con- 


nected to the transformer tanks. 

The zinc installations in question have 
not been in service for sufficient time to 
determine their effectiveness. The po- | 
tential between the electrodes and the 
steel tank amounts to approximately 0.45 
volt. The zine is anodic and there is a ~ 
definite flow of current from the electrodes 
to the tanks, which are painted so that 
this current reaches the metal through 
the pores and small defects in the paint 
coating. The current amounts to ap- 
proximately 0.4 ampere for each trans- 
former tank. 

In a recent paper on the use of zinc for 
cathodic protection Wahlquist' calls 
attention to the advantages of this type 
of protection. He also points out that 
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zinc may not be applicable for use in 
locations where high resistivity limits the 
current output. Attention also is called 
to the formation of high-resistance films 
on the surface of the zinc and the use of 
chemical treatment for the reduction of 
these films. 


Summary and Conclusion 


The corrosion of metal underground is, 
to a large extent, the product of electro- 
chemical processes. Electrolytic corro- 
sion may result from stray current or from 
electrolytic cells associated with the 
metal or with its environment. Electro- 
lytic corrosion may result from dissimilar 
metals in contact, or more usually from 
concentration cells set up in the environ- 
ment by such factors as differential aera- 
tion or dissimilarity in the soils in contact 
with the metal. 

Chemical corrosion is experienced most 
frequently under green concrete, in 
wooden ducts, and in service boxes or 
manholes on cable sheath buried under 
decomposing organic matter. 

Stray-current electrolysis has been re- 
duced to minor proportions by the 
measures installed for its mitigation and 
through the co-ordinated efforts of all the 
utilities concerned. Electrolysis drain- 
age is used extensively for stray-current- 
electrolysis mitigation on the cable sys- 
tem. Continued supervision and main- 
tenance are required for all measures in- 
stalled for stray-current-electrolysis pro- 
tection. 

Corrosion from environmental condi- 
tions has increased in certain sections 
where the operation of trolley lines has 
been discontinued and where the cathodic 
protection afforded by the rails has been 
removed. The environment types of 
corrosion occur most frequently in soils of 
a heterogeneous nature and under condi- 
tions where the resistivity of the environ- 
ment in contact with the cable is rela- 
tively low. Protection against environ- 
mental corrosion is obtained through the 
use of protective coatings or through the 
application of cathodic protection. 

Electrolysis surveys are conducted on 
schedules arranged to give the required 
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supervision and to detect, insofar as 
possible, new situations that may arise. 
The manhole tests usually made in con- 


nection with stray-current electrolysis do 


not give adequate information on the 
environmental types of corrosion. This 
has necessitated the development of a 
duct survey which will yield information 
on the conditions in the duct and furnish 
data by which the severity of corrosion 
conditions can be estimated. 

A large percentage of the corrosion 
failures on the cable system occur in a 
few more or less well-defined areas com- 
prising a small percentage of the total 
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Figure 6. Typical duct surveys showing 
corrosion failures at points of low duct re- 
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system. The failure rate has been re- 
duced appreciably in the past five years. 

The further mitigation of existing elec- 
trolysis conditions can be accomplished 
best by the application of corrective 
measures in the areas subject to environ- 
mental corrosion. In such areas the 
plans for new work should provide for 
the best possible duct construction and 
adequate manhole and duct drainage. 
In existing installations and in situations 
where it is impractical to control the 
environment, provisions should be made 
for the application of cathodic protection 
or the use of protective coatings. 
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Future development and research in 
electrolysis mitigation should include, as 
major projects, field studies of environ- 
mental conditions and the further de- 
velopment of existing and new types of 
protective coatings. Further study also 
should be given to the application of 
cathodic protection to both cable and 
piping systems in congested areas. 
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Anode-Circuit-Breaker Design and 


Performance Criteria 
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1 Fe rapidly expanding use of mercury- 
arc rectifiers, both as to total installed 
capacity and the relatively large number 
of units operating in parallel, emphasizes 
the importance of suitable switchgear to 
provide over-all satisfactory rectifier op- 
eration. The necessity for such switch- 
gear, particularly for a high-speed air 
circuit breaker in the rectifier anode cir- 
cuit, has been outlined in previous papers 
before the Institute.1* During the past 
several years, considerable progress has 
been made in the reduction of arc-backs in 
power rectifiers. Anode circuit breakers, 
although subject to less frequent duty as 
a result of this progress, are required to 
operate at higher voltages and interrupt 
greater arc-back currents as indicated by 
recorded rates of rise of current in excess 
of 11,000,000 amperes persecond. At this 
rate of rise in a large 650-volt (d-c) recti- 
fier installation, the anode-breaker inter- 
rupting duty is equivalent to that of the 
first phase to clear a 130,000-kva fault in 
a three-phase 1,400-volt a-c system. 
These power-duty requirements in the 
unique single-phase a-c—d-c circuit of the 
rectifier under arc-back dictate a further 
careful re-examination of the circuital re- 
quirements of the anode breaker which 
may assist in obtaining design and per- 
formance criteria. Such a study has 
been made and is presented herein, to- 
gether with the performance of the Gen- 
eral Electric Company’s six-pole 1,600- 
ampere 750-volt type-AG-2 air circuit 
breaker under such requirements. 


Summary : 


The arc voltage Eg developed by the 
anode-breaker, together with its early in- 


- troduction into the circuit following cur- 


rent reversal, constitute the most essen- 
tial performance criteria. It is shown that 
a current zero, the first prerequisite for 


interruption, can be created in the arc- 


back circuit only by developing a counter 
current (ig) which neutralizes the arc- 
back current (1). This helpful concept 
is developed in a rigorous quantitative 
manner. The electromotive force for this 


- counter current is the arc drop of the 


anode breaker (Ez). E 


Paper 45-52, recommended by the AIEE com- 


mittee on protective devices for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted No- 


_ “vember 27, 1944; made available for printing De- 
_ cember 16, 1944. ; 
zs . W. Borune and W. A. Atwoop are both with 


the General Electric Company, Philadelphia, Pa. 


“\ Li <eae>, © ay 


equation 6). The shaded 
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Contrary to general belief, the arc en- 
ergy (k) developed by the anode breaker 
does not necessarily decrease as the arc 
voltage is introduced earlier in the circuit 
For each arc-voltage characteristic there 
exists a particular time of introduction, 
(9.), which gives maximum arc energy. 
Neither can the point of minimum energy 
be accepted as the desirable objective 


' due to the relatively high initial recovery 


voltage (£,) associated with this point. 
Optimum anode-circuit-breaker perform- 
ance, in circuits having high rates of cur- 
rent rise, requires establishing the final 
current zero during the inverse-voltage 
period (£; negative) together with arc 


Figure 1 (above). Equiva- 
lent are-back circuit of 
rectifier which is useful in 
the study of the perform- 
ance of anode breakers 


Figure 2. Sample calcu- 
lation of the circuit of 
Figure 1 under practical 
condition of anode-breaker 
performance 


The arc voltage of the 
breaker (Eg) produces the 
current (ip) which neu- 
tralizes the arc-back cur- 
rent I, thus producing a 
current zero. The effect 
of rectifier arc drop has 
already been considered in 
the computation of | (see 


PER UNIT VOLTS , AMPERES AND WATTS 


area is the arc energy k- 0 
released by the anode fo) 60 


— breaker — 
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energies (k) which avoid the peak of the 
energy characteristic. 

The modification of these results as af- 
fected by the ratio of the reactive ohms 
(wL) to the resistance ohms (R) of the 
circuit is discussed on a quantitative basis. 
Quantitative variations in the various 
parameters are presented to study their 
effect. Certain unique characteristics of 
anode breakers are explained. An ex- 
ample of an anode-circuit-breaker malper- 
formance, observed when testing a de- 
velopmental breaker at elevated voltages, 
is presented with corrective measures 
indicated. 

The entire study is carried out on a 
clearly defined per unit basis which per- 
mits the numerical values on all the 
graphs to be applied to any voltage sys- 
tem at 25, 50, or 60 cycles. All are en- 
ergies (k) are given on a 60-cycle basis in 
watt hours per megavolt-ampere, the 
latter being the product of the kilovolts 
of the effective alternating voltage and the 
corresponding | symmetrical zero-power- 
factor kiloamperes produced in the in- 
ductive ohms of the equivalent circuit. 

The embodiment of these principles in 
the high-speed AG-2 air circuit breaker 
is demonstrated with numerous field os- 
cillograms. The new design features of 
this breaker are described. 


The Circuit 
The actual circuit of the arc-back cur- 


rent in a rectifier? is of an inherently 
complex nature which fortunately has 
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been reduced’ to the simple approximate 
and practical equivalent circuit shown 
in Figure 1. Here are found the well- 
known parameters of inductance (L) and 
resistance (R) both of which may be con- 
sidered linear. Under arc-back, the cur- 
rent (I) is supplied by two separate 
sources of voltage, namely, an a-c and a 
d-c source designated respectively as 
Ene and Eq. The analysis of this circuit 
is enhanced by considering each of the 
several voltages to act one at a time and 
to add the resulting currents to obtain 
the final result. 


The Currents 


The current produced by the direct 
voltage (Eq) acting alone is 


Janie Gi)at (1) 


The current produced by the alternating 
voltage acting alone is given by the general 
expression for the short-circuit current in 
the R, L circuit. Since the contribution 
of the direct voltage given by equation 1 is 
already defined in its simplest terms, it 
becomes profitable to express the d-c 
component of the alternating current in 
a similar form, giving for the total a-c 
contribution 


| 


Ig 2B [sin (4 )+ sit (wt 8-7) — 
= sin (y—B) {i Get (2) 


where 


Z= VJ R+e1?; Em=~V 2E ce 


fol 
=t =f {.— 
194 an (2) 


B =voltage angle of arc-back initiation 


In equation 2 when R is zero, y = 90 de- 
grees, and the undamped, fully displaced 
current results when 6 = 0, namely 


lene —cos wt] (3) 
oL 


Similarly, for R = 0 and 6 = 90 degrees 
the symmetrical short-circuit current re- 
sults, namely ) 


ac, sin w (4) 


The are drop of the rectifier, as well as 
that of the breaker, may be considered as 
additional circuit electromotive forces 
which in turn produce currents of their 
own. which oppose the currents of the 
source voltages.5 The arc drop produced 
by the rectifier is essentially a flat-top or 
direct voltage which remains practically 
constant in spite of the large fluctuation in 
circuit current. Even though this arc 
drop may fluctuate slightly or differ from 
this exact characteristic it may be faith- 
fully represented by a direct voltage 
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(—E,) of an average constant magnitude. 
On this basis, the rectifier drop may be 
considered to produce its own current, 
namely 


ig= sate Gi)et (5) 


The total arc-back current (J), includ- 
ing the effect of rectifier drop (—Ea), 
may now be written as the sum of equa- 
tions 1, 2, and 5 


af ( Banta\ «eet 
r-|( R ) zon B) x 
{.- Gio 
Em, . ; 
me (y—B) + sin (wt+8—-—vy)] (© 


or IT=IpcetT ss (see Figure 2) 


This grouping of all the transient com- 
ponents in one term (Ipc) simplifies the 
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Figure 3. Curves showing the effect of circuit 

resistance upon the relative magnitude of arc- 

back current at the initial peak and at the bot- 


tom of the first dip, and the ultimate current 


should no protective equipment be employed 


Rectifier drop is included 
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quantitative and graphical presentations 
and affords a clearer visualization of the 
effect of the various factors involved. 

The majority of arc-backs initiate in the 
inverse period and create arc-backs at the 
end of the conducting period with the 
failure, for one reason or another, of rec- 
tification. The instantaneous value of the 
alternating voltage at the time of current 
reversal determines the value of 8. Itisa 
function of the angle ‘of overlap of the 
rectifier which, in turn, is dependent upon 
the rectifier loading. For very light 
loading, including no load, the angle 6 
may be as lowas —30 degrees, or 30 de- 
grees prior toa normal alternating-voltage 
zero. This condition would give the 
maximum arc-back currents. As the 
loading is increased, however, the angle 
of overlap is increased and the point of 
current reversal occurs close to a normal 
alternating-voltage zero or when 6 is 
zero. Since arc-backs are more frequent 
under load, it will be found practical to 
consider values of 6 close to zero. A 
simplification in the final arc-back cur- 
rent of equation 6 of practical significance 
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(b). The corresponding currents 


Figure 4. The voltages and the corresponding 
currents which would flow in the circuit of 
Figure 1 when resistance is zero 
Each current is proportional to the area under — 
the corresponding voltage, the net current I, 
being proportional at all times to the net. 
shaded area as indicated in Figure 4a 
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results when the initiating angle 6 is made 
slightly negative so that (y—s)=90 
degrees. This results in a value of B= 
—14 degrees for a circuit whose ratio of 
wL/R is as low as 4; —7.1 degrees for a 
wL/R of 8; and fora ratio of wL/R of 15, 
the value of 8 to satisfy this condition 
is only —3.8 degrees. These values fall 
between the practical limits of arc-back 
initiation of —30 degrees and 0 degrees. 
When (y— 8). is made 90 degrees in 
equation 6, and the close approximation 
of wL to Z is absorbed, there results 


A(ea8) Sh} 


=i 
mL — coswt] (7) 


This practical division places all the varia- 
bles in the transient term and affords 
easy determination of the total current. 


Quantitative Values and the Per 
Unit System . 


The numerical work in this paper is 
presented on a per unit basis and there- 
fore is applicable to any system regard- 
less of voltage, kilowatt capacity, or 
frequency. 

Per unit voltage is E, =+/2E,, 

Per unit current is I, = Em,/oL 

Hence, wL is unity on the per unit system 
Per unit watts,W =En-In 

Per unit arc energy (Rk) is expressed as the 
watt hours per megavolt-ampere where the 
base megavolt-amperes is 0.5X10~° E,,-Im. 
All values of & are expressed on a 60-cycle 
basis. For 25-cycle systems all values of k 
should be multiplied by 2.4 and for 50-cycle 
systems the value of k should be multiplied 
by 1.20 to obtain true values. 

The ratio of the effective direct voltage 
(Eq) to alternating voltage (E,,) in the 
rectifier circuit under arc-back may vary 
from 0.90 to 1.17, depending upon the 
number of rectifiers on the bus* and to a 
smaller extent upon the regulation of the 
a-csystem. The value of 1.17 assumes an 
infinite d-c and a-c bus and is the upper 
limit. This condition is approached in 
large electrochemical installations where 
a large a-c source supplies the rectifier 
transformers. A value of 1.10 is chosen 
for this ratio for the numerical work in 
this paper. It is fairly indicative of large 
existing circuits in the electrochemical 
industry, Thus 


Eq=1.10E ge (8) 


Likewise the arc drop of the rectifier 
(E,) depends upon the type of rectifier 
employed. Expressing this direct voltage 
in per unit of the rms value of the alter- 
nating voltage facilitates the numerical 
presentations on a per unit basis. A 
rectifier drop under arc-back of ten per 


j _— cent of the alternating voltage is chosen 


as being indicative of the higher voltage 
This percentage is slightly 
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(a). The breaker generated current (ig) pro- 

duced by a linearly rising arc voltage, Ep 

(n=0.70), is introduced at 30-degree inter- 

vals, the corresponding arc currents (I,) being 
shown (I,=/—ip) 
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(b). The corresponding wattage curves of 


[210°15.61 I~. 
2 


Figure 5a. (W=Eg-l,). The erea under 
each curve is the arc energy and is tabulated 
on the figure and plotted in Figure 6 


Figure 5. Arc currents and their correspond- 

ing wattages for various contact parting times 

from 6,=0 degrees to 0,=210 degrees. The 

composite results of these values are plotted 
in Figure 6) 


= 


pessimistic and, if used, will be more 
pessimistic for the lower voltage systems. 
The equations and method of attack 
permit the use of any value of rectifier 


drop. For the numerical cases presented 


in this paper 
Ea =0. Tre (9) 
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@e ANGLE OF CONTACT PARTING 
Figure 6. Master arc-interruption criteria 
resulting as the time of introduction (0,) of 
the arc voltage (Ez) is varied from zero to 
210 degrees following the initiation of a high- 
capacity arc-back (8 =0) 


The composite data for these curves are pre- 
sented in Figure 5 


Adopting the ratios given in equations 8 
and 9 as being indicative of the large rec- 
tifier installations, equation 7 becomes | 


r=| o.707( )- i! ler Gi)oh 


{1—cos wt} (10) 
When the ratio wL/R is taken as eight 
(used on many of the curves) the numeri- 
cal equation for the arc-back current be- 
comes 
I =4.65{1—e-%-125 ©} + {1-cos wt} (11) 
This current has an initial peak of 3.6 
(Figure 10) and an ultimate peak of 6.65. 
When 8 is zero instead of —7.1 degrees, 
associated with an wL/R of eight, the ini- 
tial peak is reduced 2.5 per cent to a per 
unit current of 3.51. The total arc-back 
current for the case of B=0 is shown in 
Figure 2. The relative magnitude of the 
initial current peaks (I) and the magni- 
tude at the initial current dip (J,) for 
B=0 is described in Figure 3 as a function | 
of the ratio of wLZ/R. The top curve 
describes the relative magnitude of the 
ultimate current peak, Io. 


The Interrupter 


An inspection of the total arc-back 
current in Figure 2 reveals an inherently 
d-c characteristic in that no natural cur- 
rent zeros are present to afford an op- 
portunity for interruption. It is impera- 
tive that an interrupter be employed © 
which is capable of producing a current 
zero. This is only possible by producing 
an arc voltage in the interrupter which is 
capable of causing a current to flow which 
will neutralize the circuit current (J) of | 
the arc-back. This in turn demands a 
circuit breaker capable of developing 
sufficient arc drop and thus inherently 
avoids an oil breaker as the latter func- 
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tions on the low-are-voltage principle and 
is hence only adaptable to circuits which 
afford a natural current zero. 

The arc drop (Ez) of a self-contained 
air breaker of the magnetic type may be 
represented by a linearly rising voltage 
having an equation 


— Eg=n: Em: ot (12) 
where 1 is the slope of the linearly rising 
arc voltage in per unit of the maximum 
slope of the per unit a-c source. When 
n=1.0, Eg=Em at one radian (wt=1 or 
57.3 degrees). This is defined graphi- 
cally in the lower left-hand corner of 
Figure 7. 

The current produced by this linearly 
rising voltage in the L, R circuit is 


ip= al a2 (i-< Gz))] (13) 


This current is not admitted to the cir- 
cuit until the contacts of the breaker part 
6, degrees later and permit the rapidly 
expanding arc to develop the linearly 
rising arc voltage of equation 12. This 
current is shown in Figure 2, introduced 
by a breaker which parts its contacts in 
one third of a cycle (0,=120 degrees or 
wt=21r/3).and which develops an arc 
voltage which rises linearly at a rate of 
0.70 of the maximum slope of the a-c 
source (1=0.70). The actual net circuit 
current J, is the difference between 
these two currents and is also plotted in 
Figure 2 as the oscillograph would record 
this current. It follows that the peak 
available current will be lowered and will 
occur earlier as the arc voltage of the 
interrupter is introduced earlier in the 
circuit. 

A clearer visualization and working 
knowledge of these various relationships 

_which avoid the apparent complexity of 
the equations which appear above is to 
consider the same circuit without resist- 
ance (R=0). In this case, which is a close 
approximation for large rectifiers, each 
of the severa) currents will be propor- 
tional at all times to the volt-time area 
under the respective voltages. This 
comes about in any pure inductive 
circuit since 


jt 
i, 


_ which is merely another way of express- 
ing the fact that 


The currents in the pure inductive arc- 
back circuit [zero power factor, (R=0)] 
are shown in Figure 4b. Each in turn is 

_ proportional to the area under the corre- 
sponding voltage in Figure 4a. The net 
current is hence proportional to the net 
volt-time area acting on the inductance. 
It follows that from the initial current 


_ zero to the final current zero, the net area 


340 TRANSACTIONS 


under the voltage is zero® as indicated 
by the shaded portion of Figure 4a. 
The resulting current, J,, is shown in 
Figure 4b and at all times is proportional 
to the shaded area in Figure 4a. Peak 
current must occur as the sum of the 


Figure 7. The solid 


; Eg= VOLTAGE OF D-C BUS=I-I Eac 
lines portray the result- Eac=A-C VOLTAGE OF RECTIFIER TRANSFORMER = 0.707 


The exact interrelation between items 
2 and 3 above is complex and will vary 
depending upon the interrupter. Never- 
theless, it becomes obvious that low arc 
energy followed by a current zero which 
occurs at a time when the instantaneous 


5.18 


ing malperformance as- 
sociated with the fast 5 
introduction of an arc 
voltage which rises too 
slowly (n=0.2) to cre- 
ate acurrent zero before oA 
the arc-back current 
starts for the second 
major peak. The re- 
sulting current (/,) is 
double-humped and re- 
sults in the creation of 
excess energy 


Also indicated are the 
corresponding phe- 
nomena for different 
arc-voltage slopes vary- 
ing from n equal to 1.0 
to 0.10. The corre- ar 
sponding breaker ener- 
gies are tabulated on the 
figure. Figure 8 is a com- 
posite of these results. 
Figure 9 shows a typical 
case of the malperform- 
ance similar to n=0.20 
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arc-voltage drops equal the sum of the 
generated voltages. The above relation- 
ships are true for a purely inductive cir- 
cuit only. As resistance is added to the 
circuit these area relations do not hold, 
the departure depending upon the ratio 
of reactive to resistance ohms (wL/R). 
The true relations with resistance present 
are expressed by equations already given. 


The Effect of Interrupter 
Characteristics Upon the Over-All 
Interruption Problem 


The determination, of the total arc- 
back circuit current, by superimposing the 
separate contributions, enables the effect 
of variations of any particular voltage to 
be studied easily. Of particular interest 
is the examination of the effect of various 
anode-breaker arc-voltage characteristics 
upon the total current as well as other 
important circuit-breaker interruption 
criteria. 

The three primary considerations which 
have a direct bearing upon the successful 
interruption of the arc-back current are: 


1. Thecreation of a current zero. 


2. The instantaneous recovery voltage at 
current zero and the resulting recovery- 
voltage characteristic. 


3. The total arc energy liberated just prior 
to current zero and its distribution. 
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Eq=ARC DROP OF RECTIFIER=0.| Eac 
I= ARC BACK CURRENT (Ea=0.l Eac) 
Ip= ARC CURRENT = (I-iB) 
Ep= LINEARLY RISING ARC DROP 
OF ANODE BREAKER 
n=PER UNIT SLOPE OF EB 
ip=CANCELLATION CURRENT I 
PRODUCED BY Ep 
W=ANODE BREAKER ARC WATTS 
k= ANODE BREAKER ARC ENERGY 
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recovery voltage is low is a desirable 
combination for good interrupter per- 
formance. In Figure 2 is shown a com- 
plete sample calculation on a per unit 
basis which determines these factors for 
the following conditions: 


Eg=A-10E7. 
Ba—O; lites 

(Ea— Eq) = Enc 
B=0 

0,=120 degrees 
Egz=linearly rising 
n=0.70 

R=oL/8 

. y=82.9° 

10. Z=1.008#L 
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The maximum per unit value of the 
initial current peak is 3.51 which is 
limited to 3.17 by the arc voltage. The 
arc-wattage curve (W) is the product of 
the are voltage and the arc current. It 
is computed graphically. Its area is the 
arc energy (k) in watt hours per megavolt- 
ampere on the base previously defined. 
For example, in a 650 volt (d-c) rectifier 
installation (alternating voltage 590) hav- 
ing a ratio of wLZ to R of eight, which ini- 


tiates an arc-back as the alternating volt- 


age passes through zero (8=0) and pro- 
duces an initial rate of rise of current of 
11,000,000 amperes per second to an ini- 
tial crest of 90,000 amperes, the value of 
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n= PER UNIT SLOPE OF LINEARLY 
RISING ARC VOLTAGE 
Figure 10. Arc currents 
and wattages resulting from 
three separate shapes of 
are voltages, all of which 
are initiated at the same 
time (0,=120 degrees) and 
which produce current zeros E 1.0 
simultaneously. Arc ener- 
gies are tabulated on the 
figure 


the per unit current would be 90,000/- 
3.51=25,600 amperes=J,, maximum. 
Thesymmetrical alternatingcurrent would 
then be 18,100 and produced by an al- 
ternating voltage of 590 volts or a mega- 
volt-ampere of 10.7 on a single-phase 
basis. Hence, the total arc energy hav- 
ing these values, developed as described 
by Figure 2, would be: 8.1X10.7 or 
86.5 watt-hours. This is approximately 
the energy released by the anode Note for this case the 
breaker in clearing such arc-backs which value of 6 is chosen as 


take place following the conducting pe- —7-1 degrees which per- 
riod. During such an interruption, the mits | to be expressed by On 
peak circuit current of 90,000 amperes equation 7 of the text 


would be limited to only 81,000 amperes, 

which occurs at 0.46 cycle, and current 

zero would take place during the inverse- resulting eutrent-limiting action as the 
_-- voltage period as desired and indicated by angle , is taken to zero in 30-degree- 
Z Figure 2. An oscillogram closely ap- steps (the latter case would require in- 

proaching these conditions is shown in stantaneous tripping of an anode breaker 


Figure 14. having no mechanical time). In Figure 
5b are shown the corresponding arc- 
Effect of Breaker Speed wattage curves together with their areas 


; tabulated on a per unit energy basis on 

It is of interest now to examine the the figure. These characteristics are 
corresponding results of Figure 2 when plotted in Figure 6 and show the in- 
the arc voltage is initiated at various in- teresting fact that, for the particular 
tervals, 0,, following the current reversal. representative arc-voltage characteristic 
The results of this variation are presented chosen, the arc energy reaches a crest 
in Figure 5. In Figure 5a are shown the when 6. is about 75 degrees. The current 
breaker-generated currents (7g) and the zero, however, occurs at a very favorable 


Figure 9.  Oscillogram showing a malperformance 

which occurs should the developed arc voltage of the 

breaker rise too slowly to create a current zero during the 
dip in arc-back current following the initial peak 


See Figure 7 (n=0.2) for a graphical interpretation of 
this phenomenon. This record was obtained by testing 
-: a 650-volt developmental anode breaker at 1,030 volts 


y; Curve A. Sixty-cycle timing wave 

‘ - Curve B. Anode-breaker voltage (Es) and recovery 
e voltage (Ege+Ea) 

4 Curve C. Anode current of faulted pole as limited by 
: é anode breaker (/,) (see Figure 7) 

; ) Curve D. Anode-breaker watts (W) 


Curve E. Forward current of anode circuit of another 
‘ pole on same wye 


Curve F.. Forward current of anode circuit of remaining 
d > 
i pole on same wye 


Curve G. Voltage across the MC-5 air circuit breaker used. to short-circuit the recti- 
ca fier to create the.simulated arc-back current 
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point to assist the interruption, and the 
external circuit is benefited by additional 
current-limiting action. When the same 
arc voltage is admitted at 150 degrees, 
however, the energy is reduced to 82 per 
cent of the maximum value and current 
zero is still in a favorable region. The 
peak current on the other hand is 19 per 
cent in excess of the peak current at the 
maximum energy point. 


Effect of Rate of Rise of Anode- 
Breaker Voltage 


In a similar manner, it is of interest to 
vary the slope (z) of the linearly rising 
anode-breaker arc voltage (Hg), keeping 
a fixed value of its point of initiation (6). 
Such a study is sketched in Figure 7 by 
indicating the performance for values of 
n of 1.0, 0.7, 0.5, 0.3, 0.2, and 0.1 and all 
for a value of 0, of 90 degrees. The case 
of n=0.2 is shown in detail to exhibit the 
phenomena resulting when the arc volt- 
age is so low that its cancellation current 
(ig) does not neutralize the arc-back 
current before the latter rises toward the 
second current peak. Note the double- _ 
peaked current J,. Figure 9 exhibits an — 
oscillogram of such an occurrence. This 
was obtained when a 650-volt develop- | 
mental anode breaker was tested at 1,030 


. volts. 


In spite of the large increase in arc 
energy associated with this case (n=0.2) 
an opportunity to clear is presented by the 
fact that the ultimate current zero at 570 
degrees occurs at a low value of recovery 
voltage (E,) and is followed by a relatively 
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long interval before the recovery voltage 
rises to a threatening magnitude. The 
arc voltage which rises at half this rate 
(n=0.1) produces still more energy and 
the current zero is located at 692 degrees 
which suggests the possibility of failure. 
When 7=0.3, on the other hand, the arc 
energy is less than half the energy at n= 
0.1, although the initial recovery voltage 
is in the same relative position. The 
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master characteristics for this variation 
in 2 are presented in Figure 8. This study 
reveals that, for a given time of introduc- 
tion of the arc voltage of the anode 
breaker, the energy characteristic in- 
creases as the slope of the linearly rising 
voltage is increased. The current zeros, 
however, are more desirably located in 
the inverse-voltage period for the higher 
. values of n. 


( 


Effect of Arc-Voltage Shape 


Although a linearly rising arc voltage 
of the anode breaker was chosen to dem- 
onstrate the various performance char- 

acteristics, the method is applicable to 

any type of arc-voltage wave shape. In 

Figure 10, for example, are shown three 

are-voltage characteristics which start 

simultaneously and produce current zeros 
simultaneously in a circuit having a ratio 
of wL/R of eight. The flat-top arc volt- 

_- age is particularly easy to analyze since 

it produces a current (7g) of the form (1— 

e—(R/eL)#t) as shown. The special trape- 
- zoidal arc voltage (Ez2 of Figure 10) hav- 


ing the equation 

a gat \ R\ | 
et n= nl 14-( — oo 

; be Ba rf +(2 a bem : (14) 
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produces a linearly rising current (¢g2) in 
the R, L circuit. This current reaches a 
per unit value of m in one radian (wt=1 
or 57.3 degrees) and hence crosses the 
rectangular portion of the trapezoidal 
voltage at that point. It is also particu- 
larly easy to consider. The peak arc 
currents are merely indicated in Figure 
10. It is particularly significant that, in 
spite of the difference in arc-voltage 
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Figure 11a (above). Type AG-2 
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the optimum characteristics will not hold 
the same interrelationship for circuits 
which differ widely in rates of rise of arc- 
back current or for circuits differing 
widely in the ratio of wL/R. In general, 
the field may be divided into two general 
classifications: 


1. Systems having high rates of rise of arc- 
back current (above 8,000,000 amperes per 
second) which in turn are associated with 
large rectifier installations having high 
ratios of wL/R, requiring large kilovolt-am- 
pere interrupting capacity breakers. 


2. Systems having low rates of rise of arc- 
back current (below 8,000,000 amperes per 
second) which in turn are associated with 
smaller rectifier installations having lower 
ratios of wL/R and requiring breakers of 
smaller kilovolt-ampere interrupting capa- 
city. 


Two breaker characteristics are thus indi- 
cated. 


It is the purpose now to describe 
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Figure 11b (right). Motor-operated closing mechanism for type AG-2 anode circuit breaker 


shape, the are energies (k), as shown in 
Figure 10, differ by only two per cent. 
Space does not permit the modulation of 
these other arc-voltage characteristics 
with respect to magnitude and point of ini- 
tiation. 


Conclusions From Analytical Study 


It follows from the foregoing that the 
anode-circuit-breaker designer has the 
opportunity of selecting the most de- 
sirable combination of the three primary 
characteristics: 


(a). Point of introduction of arc voltage. 
(b). Arc-voltage shape. 
(c). Arc-voltage magnitude which will best 


fulfill -the requirements for satisfactory 
anode-breaker performance. 


. 


There are numerous combinations of these 
variables which will achieve comparable 
performance. It also can be shown that 
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a breaker developed for the higher-duty 
requirements. 


A High-Capacity Anode Circuit 
Breaker 


The General Electric Company’s six- 
pole 1,600-ampere 750-volt type AG-2 
air circuit breaker is quite similar in gen- 
eral appearance and much of the detail 
structure remains as it was in the breaker 
described in the Seaman-Morton paper! 
presented in November 1942. 

To meet the increased interrupting ca- 
pacity at the higher rates of rise-of cur- 
rent, changes have been incorporated in 
the latest anode breaker to achieve im- 
proved operating characteristics, per- 
formance, and life. Advantage has been 
taken of the trends indicated by the’ 
analytical study presented in the early 
portions of this paper. 

The most noticeable changes lie in the 
upper stud, contacts, and interrupter 
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unit construction (see Figure 11). Field 
tests with this open-chute construction 
have demonstrated that blowout coils 
contributed little to the over-all perform- 
ance and as a result have been eliminated. 
Rapid are motion following contact 
separation is enhanced by the hairpin 
loop in the current path to the arcing 
tips, the use of silver-molybdenum arcing 
tips, and steel arc runners. The back 
steel runner is mounted directly on the 
breaker upper stud and the stationary sil- 
ver-molybdenum arcing tip is secured 
directly on the runner. The front runner 
is connected from its lower end to the 
lower stud of the breaker. 


The arc chute has been somewhat in- 
creased in size and better insulation has 
been provided between the two arc run- 
ners in the chute by using Mycalex insu- 
lation and bushings to separate the front 
runner from the sides of the arc chute. 
Inside the arc chute there is practically 
no material to carbonize (see Figure 12). 
Only the steel runners, a small area of 
Mycalex, and the treated asbestos-board 
sides are exposed to the arc. The steel 
arc runners, because of the blowout effect 
established by the arc current which 
causes the arc to travel very rapidly along 
the runners, remain relatively cool and 
give up a minimum of metal to find its 
way into the arc stream. The minimizing 
of metal vapor in the arc stream works 
toward the establishment of an arc path 
of high resistance which is capable of 
creating and maintaining the arc-voltage 
characteristic required for optimum per- 
formance. 


Curved ends on the arc runners are an 
aid in keeping metal vapor out of the arc 
stream because the point of arc contact 
on the runner does not hold to any one 
spot until interruption occurs. In a 
straight runner ending abruptly, an arc 
generally plays off one point until inter- 
ruption, thereby raising the temperature 
of the runner to the melting point and 
feeding metal into the arc until the arc is 
broken. The arc-chute materials have 
been given standard treatments used on 
arc chutes of 15-kv air circuit breakers.‘ 
These treatments improve the arc-voltage 
characteristics of the chute and afford 
an increase in the dielectric strength of 
the open breaker. 


The upper studs are redesigned so that 
the front portion carrying the back arc 
runner with its attached silver—molyb- 
denum arcing tip may be removed as a 
unit to permit ready access to the primary 
contact fingers. The upper studs may 
have either vertical or horizontal bars 
extending through the panel to the rear 
for ease in making main connections. 
Each primary contact finger, of which 
there are three, has pivoted therein a 
spring guide through which a strong com- 


‘pression spring acts on the contact finger 


rather.than seating the stiff spring di- 
Vv 


i 
ts | ie ve" Er) 


tly on the finger, as was done formerly. © 


ARMATURE 


VER 


Figure 13. Directional-trip magnet structure 
showing dustproofing cover over armature 


This permits the fingers to adjust them- 
selves more readily in positions to give 
low contact drop. Primary contact 
fingers now may be removed for in- 
spection, if necessary, or replaced from 
the front without removing the whole 
stud, thus leaving main connections 
undisturbed, an improvement over the 
original construction. ' 
From the primary fingers, main current 
is carried through silver contacts to the 
bridge to the lower stud. Advantage is 
taken of the magnetic forces set up by 
the current being carried through the 
breaker to increase pressure at all con- 
tacts, but as further insurance against 
pitting at the lower contact, the bridge 
is connected by a flexible copper braid 
to the lower stud. The pivot in the 
bridge carrier which supports the bridge 
is also the pivot for a new arcing tip 
arm with a silver-molybdenum tip. This 
arcing tip is connected directly to the 
lower stud by an extension of the copper 


braid, previously mentioned, which con- 


nects the main bridge and lower stud. 
The arcing tip arm is adjustable for posi- 
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Figure 2a(left). One 
pole of AG-2 anode 
circuit breaker with 
new open-type arc 
chute with side plate 
removed. The curved 
steel runners permit 
rapid arc motion and 
keep metal vapor to 
a minimum 


Figure 12b (right). 
End pole of type 
AG-2 anode circuit 


breaker. End and 
front barriers re- 
moved 


tion, to secure proper operating sequence 
of main and arcing contacts. A strong 
spring biases the arcing tip toward the 
contact making position. 

Certain additional improvements have 
been made in breaker-pole mechanism 
which are the result of excellent field ex- 
perience. Notable among these is the 
addition of a dustproofing cover (Figure 
13) which protects the armature and pole 
faces of the directional trip device. 


Field Tests 


When anode-circuit-breaker tests are 
made at the site of a rectifier installation, 
arc-back currents are created by short-cir- 
cuiting the rectifier by a suitable short- 
circuiting breaker; namely, one free from 
arcing during the closing stroke. The 
drop created by such a breaker is small 
and cannot be considered as representing 
the arc drop in the rectifier during actual _ 
arc-back. Asa result, the simulated arc- 
back current is increased and rises at a 
higher rate than the natural arc-back. 
But more important, the rectifier’s in- 
terrupting capacity is not made available 
to divide the resulting recovery voltage _ 
with the anode breaker. In other words, 
the entire burden of interruption, under 
slightly more severe conditions, is placed 
squarely upon the anode breaker under 
test. The ability of the anode breaker 
consequently is tested under quite pessi- 
mistic conditions. 

A typical test made at a large 650-volt 
(d-c) rectifier installation is shown in 
Figure 14. Curve F is the arc-back cur- 
rent of full magnitude which rises to 
79,000 amperes at a rate of 11,400,000 
amperes per second. The arc voltage is 
shown in curve B while the arc wattage 
is recorded in curve E which, measured, 
represents 82 watt-hours of energy. The: 
crest current of the test circuit is 88,000. 
amperes. The per unit megavolt-ampere 
of the circuit as described in the early 
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Figure 14. Typical simulated arc-back test of 
the type AG-2 anode breaker on a large 
650-volt rectifier installation 


Curve A. Sixty-cycle timing wave 
Curve B. Anode-breaker voltage which 
shows the arc voltage (Eg) and the recovery 
voltage (Eqe+Ea) 
Curves C and D. Forward currents in the 
other anodes on the same wye 
Curve E. Anode-breaker watts. The peak 
wattage of this curve is 80,000 kw. 
The area under this curve represents 82 watt- 
hours (k=7.5) 
Curve F. Simulated arc-back current as 


limited by anode breaker. This current has a_ 


crest of 79,000 amperes in a circuit capable 
of 88,000 amperes at the initial peak 
Curve G. Voltage across the MC-5 air 
circuit breaker used to short the rectifier to 
create the simulated arc-back current. Same 
scale as curve B. 


part of the paper is 10.9. The energy con- 
stant k for the test is 82/10.9 or 7.5 
which may be compared with computed 
values of k shown on the figures. 

A simulated arc-back is shown in Fig- 
ure 15 where the value of 6 was deter- 
mined by the random closing of the rec- 
tifier short-circuiting breaker. Here B= 
75 degrees. Interruption occurs promptly. 
Note the low arc wattage represented by 
trace E. Curve F exhibits a sympathetic 
are-back on another phase of the same 
wye with maximum current of 75,500. 

A case not uncommon during such a 
series of tests is shown in Figure 16. 
Here the arc-back is simulated by the ran- 
dom closing of the rectifier short-circuit- 
ing breaker at @= 153 degrees, thus giving 
rise to a small current peak which is suffi- 
cient to trip the breaker. Prior to con- 
tact parting, however, the current has 
started for the first major peak where it is 
throttled by the action of the are voltage 
to an early current zero, Peak current= 


-- 42,700. Arc energy =67 watt-hours. 


’ During such tests, simulated arc-backs 


~ are sometimes initiated later than 170 de- 
grees thus causing only a small reverse 


current to flow which trips the breaker 
3844 TRANSACTIONS 
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Performance of the AG-2 anode 
circuit breaker under simulated arc-back test 
when the short-circuiting breaker is closed 75 
degrees following the conducting period. (8 
close to 75 degrees) 


Figure 15. 


Same circuit conditions as in Figure 14 except 
different pole under test. Same calibrations 
as in Figures 14 and 16 


Curve A.  Sixty-cycle timing wave 

Curve B. Anode-breaker voltage which 

shows the arc voltage (Eg) and the recovery 
voltage (Ege+Ea) 

Curve C. Simulated arc-back current as 
limited by anode breaker. This current has a 
crest of 51,700 amperes 
Curve D. Forward current in another pole 
of the same wye 
Curve E. Anode-breaker watts on the same 
scale as Figure 14 
Curve F. Forward current in another pole 
of the same wye which developed into a 
sympathetic arc-back of 75,500-ampere peak 
which was cleared by the same pole tested 
in Figure 14. Effect of rectifier drop is 
present in this curve 
Curve G. Voltage across the MC-5 air cir- 
cuit breaker used to short-circuit the rectifier 
to create the simulated arc-back current. Same 
scale as curve B. The 75-degree delay is 
measured easily from this trace 


producing only the smallest spark. Such 
cases are recorded under actual arc-back 
conditions. Frequently on test, because 
of the absence of the rectifier in the cir- 
cuit, such breaker trippings are followed 
by simulated arc-back currents after the 
intervening conducting period which are 
interrupted by the ‘“‘pretripped” breaker 
under conditions representing a breaker 
having zero mechanical time. Such con- 
ditions are believed to be improbable 
during normal operation because of the 
healing provided by the rectifier during 
the intervening conducting period which 
prevents such ‘‘hyphenated” arc-backs. 


Conclusions From Tests 
A six-pole 750-volt anode breaker of 


simplified construction, embodying im- 
proved chutes of open construction, has 
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Figure 16. Simulated arc-back test in which 

the short-circuiting breaker closed 153 degrees 

following conduction resulting in a small 

initial current which tripped the breaker prior 
to the major rise of current 


The rapid introduction of the arc voltage 

throttled this current to a 42,700-ampere 

peak. Arc energy, 67 watt-hours. All cali- 
brations same as Figures 14 and 15 


Curve A. Sixty-cycle timing wave 

Curve B. Anode-breaker voltage which 

shows the arc voltage (Eg) and the recovery 
voltage (Eae+ Ea) 

Curves C and F. Forward current in other 

poles on the same wye 
Curve D. Simulated arc-back current in pole 
under test 

Curve E. Anode-breaker watts 

Curve G. Voltage across the MC-5 air cir- 

cuit breaker used to short-circuit the rectifier 

to create the simulated arc-back current. Same 
scale as curve B 


demonstrated its ability to interrupt 
safely, repeated arc-back currents rising 
to 90,000 amperes at rates of rise in ex- 
cess of 11,000,000 amperes per second. 
Peak currents in all cases have occurred 
in less than one-half cycle. After more 
than 100 tests at such currents, the con- 
tacts have been found in relatively good 
condition and the breaker required no im- 
perative maintenance. 

A contact of simple sturdy construc- 
tion, employing no blowout coils, and 
assisted by a streamlined arc chute of 
high dielectric strength, enabled the 
development of a rapidly rising arc-volt- 
age characteristic of high magnitude 
which is extremely stable. 
troduced into the circuit by the action of 
a magnetic trip and a high-speed mecha- 
nism, thisarc-voltagecharacteristic creates 
an over-all performance having optimum 


qualities with respect to established 


criteria of circuit interruption. A new 
and fundamental approach to the anode- 


breaker problem has been presented — 


which enables the effect of controllable 
factors to be visualized and weighed with 
respect to over-all performance. In each 


ELECTRICAL ENGINEERING 


Properly in-. 


ee 


The Tapered Transmission Line 


J. W. MILNOR 
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EVERAL general mathematical solu- 

tions have been published dealing 
with the tapered transmission line as ap- 
plied to communication service. These 
solutions !~§ are in the form of a series or 
in Bessel functions, and are rather un- 
wieldy for purposes of design. 

Certain special plans of tapering, of 
which the exponential® is one, permit rela- 
tively simple solutions. It is the purpose 
of this paper to illustrate the applica- 
bility of such plans to practical wire-line 
tapering and to provide working formulas 
for design. 

The tapering of loaded-wire lines and 
of lines for radio frequencies is useful, be- 
cause of its transformer properties, in 
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Figure 1. 


coupling points in a circuit which have 
different impedances. _In submarine 
cable telegraph practice tapering has been 
applied as an aid to duplex balancing to 
obtain two-way working.” For this pur- 
pose the central portion of the cable is 


heavily loaded, with the portion near each 


Paper 45-70, recommended by the AIEE committee 
on communication for presentation at the AIEE 


winter technical meeting, New York, N. Y., Jan- 


uary 22-26, 1945. Manuscript submitted Novem- 
ber 11, 1944; made available for printing January 
4, 1945. 


J. W. MILNor is a consulting engineer, Maplewood, 
N.J. 


Inasmuch as standard definitions applicable to 
tapered lines have not been established, the author 
has used the term ‘‘characteristic impedance’”’ as a 
general expression to indicate the impedance of a 
line of infinite length, whether the elements of the 
line are smooth or lumped. 


end nonloaded and the intermediate cable 
taper-loaded. 


Exponential Tapering 


The subject of tapering may be de- 
veloped most simply by first presenting 
the solutions for the exponential plan. 
It is assumed here that the line parame- 
ters, for sinusoidal currents, follow: 


Line series impedance per unit 
of length = Z,=R,+jwL,=Z e™ (1) 
Line shunt admittance per unit 

of length = Y,=G,+jwC,= Ye ™ 


(1) 


in which x is the distance along the line, 
and a, Yo, and Z) are constants; a may be 
positive or negative, corresponding to 
impedance which increases or decreases 
with distance from the origin. 

At any point along the line, the voltage 
and the current bear the relation 


dE 


dI 
eae =Zner and ——= Yoe “E (2) 
dx dx 
The solution of these is 
b, (6 2) ¢(—9+a/2)x 
pepe ate I - + 
e (3) 


ba(—0-.a/2)¢(0+a/2)2 
Yo 


I=), ef —O—a/2)z 4 bye —a/2)2 


in which 0; and be are constants, and 


0=V VoZo+a?/4 
From these the next expressions fol- 
low directly: The characteristic im- 


. pedance at any point x, looking away 


from the origin, is 


6+a/2 er 


Z.= (4) 
In a line of length x terminated in its 
characteristic impedance, the ratios of 
received to sent voltages and currents are 
E, 


—=>€ 


(—0+0/2)2 and I, = ¢(—9-a/2)z 
Es; 5 


(5) 


case it enables the designer as well as 
the industrial engineer to interpret oscil- 
lograph records properly and to under- 
stand with greater assurance the per- 
formance of this important protective 
equipment. — 5 
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Milnor—T he T apered Transmission Line 


If the line be terminated by an im- 
pedance Z, at the distance x, with sending 
from the origin, the line impedance look- 
ing from the origin is 


Zo+Z,€ “(6 coth éx+a/2) 


Z;= 
*” @ coth 6x—a/2+ VoZ,€-% 


(6) 


The ratio of received to sent voltages is 


E, 0Z ,€02/? 
12% ers cosh 0x-+ (Zoe** +aZ,/2) sinh ox 
(7) 


Application to Wire-Line Tapering 


Since the exponential tapering consists 
of a specified changing with distance of 
both the series impedance and the shunt 
admittance, it is not directly applicable 
to the usual wire line. However, com- 
plete freedom may be obtained as to the 
manner in which either the shunt adimit- 
tance or the series impedance (but not 
both) vary along the line, while retaining 
the advantages of exponential tapering, 
by the expedient of assigning x to repre- 
sent a suitable function of the distance 
along the line rather than the distance 
itself. If the function be analytical, the 
resulting differential equations are capable 
of solution, or in any case the performance 
may be determined by proper substitu- 
tions in the results given for the expo- 
nential tapering. The determination of 
the proper function is facilitated by 
noting, by integration of equations 1, 


Total series impedance from origin to 
Zz 

point x=— (7 — 1) 
a 


(8) 


Total shunt admittance from origin 


Y, 
to point x =— (1—-*) 
a 


Tapering of Line-Series 
Impedance Only 


In wire-line or submarine-cable com-— 
munication the most usual requirement is 
that in which the shunt admittance is’ 
unvarying with distance. This condition 
is met by equating the second of equa 
tions 8 to YJ=Yol. Then 


or é7= 


1 1 
=-1 9 
c or 1—al (9) 
in which / now represents the distance 
along the line, and a@ may be positive or 
negative. The line parameters follow the 


tule: 
Z1=Z/(1—al)? and Y= Yo (10) 


The characteristic impedance at a 
point /, looking away from the origin, is 


6+a/2 1 
"ee Vs L=al (12) 
where 


0=V VoZo+a?/4 
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Figure 2. Characteristic impedance of 
smooth-taper-loaded line ignoring losses 


A—l\maginary component 
B—Real component 


In a line of length / terminated in its 
characteristic impedance, the ratios of 
received to sent voltages and currents are 
E; Lee The payee 
—=(1—al)¢ 2 and—-=(l1—al 2 
z (1—al) an I, (1—al) 4 


(12) 


Values of the sending-end impedance 
and of the ratio of received to sent volt- 
age, when a line of length / is terminated 
in an impedance Z,, may be obtained by 
inserting in equations 6 and 7 the value of 
x obtained from equation 9. 


Lumped-Tapered Line 


The foregoing equations developed for 
the smooth-tapered transmission line, are 
applicable also to the lumped-tapered line 
at the lower frequencies, if the line is 
loaded. Such a line exhibits the usual 
cutoff at a higher frequency. To obtain 
the complete solution of the lumped- 
tapered line it is necessary to follow a dif- 
ferent method. 

A lumped-tapered line which permits 
ready mathematical solution may be 
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built up of a succession of units in which 
the impedances increase in geometric 
progression. Such a line made up of T 
units is shown in Figure 1. The perform- 
ance is determined by solving the first 
unit only, which for the purpose is con- 
sidered to be terminated in an impedance 
equal to (1+a)Z,. The coefficient of 
tapering a of the lumped line may take 
any value between —1 and +. The 
resulting characteristic impedance at the 
head of the line is 


Z.= 
a YZ 
(ort) 

VZ\ a*(_, YZ\? 
vaio 142 )42(1+—2 ) 
Y(1+a) 

(13) 


The ratios of received to sent voltages 
and currents across each unit in a long 
line are 


EP eset: 
rae i (14) 


1 


2 
varo(1+72)+2(14%2) 


Properties of the Tapered Line 


The plans of tapering described herein, 
as well as others which may be derived 
from the exponential taper, are preferred 
forms. Aside from the comparative ease 
of mathematical analysis, they have the 


Milnor—The Tapered Transmission Line 


hy a YZ 
(142)(14+2)+ 


advantage that the tapering does not 
cause reflections of energy from points 
within the section, and the transfer of 
energy is therefore relatively efficient. 

The tapering results in a transformer 
action which may step up or down, as is 
evident from equations 5, 12, 14, and 15. 

A long taper-loaded line does not trans- 
mit frequencies below that where 
w= +a/(2\/L,C). This condition may 
set a limit to the permissible rate of taper. 
The characteristic impedance is largely 
capactitive or inductive, depending upon 
the sign of a, near and below the cutoff. 
This is illustrated in Figure 2. 

Where the tapered line is lump loaded, 
the line, if long, behaves like a band-pass 
filter. The lower frequencies are lost be- 
cause of the tapering; the higher fre- 
quencies because of the lumping. 


References 


1. PROPAGATION DES COURANTS SINUSOIDAUX SUR 
pES LIGNES QUELCONQUES, C. Ravut. Revue Géné- 
rale del’ Electricité, volume 7, May 8, 1920, number 
19, page 611. 


2. PROPAGATION OF PERIODIC CURRENTS OVER 
Nonvunirorm Lines, J. R. Carson. The Elec- 
trician, volume 86, March 4, 1921, number 10, 
page 272. 


3.- NonunrrorM LuMPED Evzectric Lings, S. Bal- 
lantine. Journal of the Franklin Institute, volume 
203, April 1927, page 561. 


4, SINUSOIDAL CURRENTS IN LINEARLY TAPERED 
LoapEp TRANSMISSION LINES, J. W. Arnold, P. F. 
Bechberger. Proceedings of the Institute of Radio 
Engineers, volume 19, February 1931. - 


5. THe NoNuNIFORM TRANSMISSION Linz, A. T. 
Starr. Proceedings of the Institute of Radio Engi- 
neers, volume 20, June 1932. 


6. TRANSMISSION LINES WITH EXPONENTIAL 
Taper, H. A. Wheeler. Proceedings of the Institute 
of Radio Engineers, volume 27, January 1939. A 
useful bibliography is included. 


7. THe NEwFOUNDLAND-AzoRES HIGH-SPEED 
DuPpLtex CABLE, J. W. Milnor, G. A. Randall. 
AIEE Transactions, volume 50, 1931, pages 
389-96. 


! 


ELECTRICAL ENGINEERING _ 
bry Ll 


3 


4 


Nees ee N. 


nn 


Insulation Resistance and Dielectric- 


Absorption Characteristics of Large 
A-C Stator Windings 


J.9, ASKEY 


MEMBER AIEE 


HERE HAS BEEN considerable 
discussion and differences of opinion 
relative to the significance of insulation- 
Tesistance measurements. Numerous in- 
vestigations have been made and investi- 
gators have placed varying degrees of im- 
portance on their findings.!:2.3.4 Never- 
theless, insulation-resistance measure- 
ments are used widely as a nondestructive 
insulation test to aid in judging the suit- 
ability of machine windings for proof test 
or for service. Therefore, data on average 
values‘and normal spread of the insulation 
resistance of new insulation are of general 
interest. It is the belief of the authors 
that in order to interpret properly insula- 
tion-resistance data, a sufficiently large 
number of machines must be examined to 
permit statistical analysis.5* Further- 
more, insulation studied must be segre- 
gated according to detailed construction 
since broad insulation classifications such 
as AIEE class A or class B do not specify 
necessarily the order of insulation resis- 
tivity. Also, the effect of other important 
factors such as temperature and physical- 
design characteristics must be considered. 
Many of the data that have been pre- 
sented heretofore have been obtained from 
machines in service. Many of these ma- 
chines were of older vintage and the in- 
sulation-resistance data thus obtained 
therefore have been on older-type insula- 
tions at an advanced stage of the insula- 
tion life expectancy. Although these data 
are of value, they cannot be used properly 
as a basis for arriving-at conclusions rela- 
tive to newer-type insulation, particularly 
on such insulation in the earlier stages of 
its operating life. A need was felt, there- 
fore, for an investigation of the insulation- 
resistance characteristics of new machines 
before leaving factory. Accordingly, data 
are given on approximately 1,000 new 
a-c synchronous and induction machines 
of ratings 1,000 horsepower and above. 
Insulation resistance of rotating ma- 
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chines is known to vary over what appears 
to be relatively wide limits and depends 
on a number of factors. Certain of these 
factors are related to the manner in which 
the measurements are made, and others 
depend upon the nature of the insulation 
material and its structure. The absorp- 
tive nature of machine insulation, the 
effects of temperature and moisture gen- 
erally are recognized. Attempts have 
been made to standardize testing tech- 
nique, to take into account the nature of 
the insulating material and design char- 
acteristics of machines. This was done 
with the hope that when correction was 
made for these variables, other factors 
which might give a clue to insulation con- 
dition would be apparent. The ultimate 
aim of work of this kind is to enable one 
to obtain by measurements of insulation 
resistance and study of dielectric-absorp- 
tion characteristics usefulinformationrela- 
tive to the possible existence of condi- 
tions in the insulation which might lead to 
eventual failure in service. Present indi- 
cations are that insulation-resistance 
measurements are useful principally for 
determining moisture condition of the in- 
sulation. 


Scope of Work 


As a necessary preliminary to such an 
effort it is essential to analyze insulation- 
resistance data on a large number of ma- 
chines to determine normal variations. 
These data must be taken in a consistent 
manner and an attempt should be made 
to correct for known factors which affect 
the insulation resistance. The scope of 
this work has been to obtain and analyze 
such data on a large number of stator 
windings, all of the same general class. 

The slot or ground insulation of all the 
machines studied was mica. It was, how- 
ever, applied in such a manner as to pre- 
sent four types of insulation as: 


1. Paper-backed sheet-form mica slot in- 
sulation, with end turns insulated with 
treated cloth tapes. 

2. Glass-backed sheet-form mica slot in- 
sulation, with end turns neuiaied with mica 
tapes. 


8. Mica tape applied continuously over all 


portions of coils, impregnated in synthetic 
varnish. 


4. Asphaltum-bonded mica tape applied 
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continuously over all portions of coils, im- 
pregnated with an asphaltum compound. 


In the foregoing grouping, number 1 
represents class A insulation for which 
cotton tape is used for a coil binder. The 
other groups, 2, 3, and 4, are class B in- 
sulation for which coil binding tape is of 
fiber glass. 


Temperature Corrections 


There is a need for more insulation re- 
sistance-temperature data since measure- 
ments in general may be made over a wide 
range of temperatures and for purposes of 
comparison, must be referred to a common 
temperature. Also, present standards do 
not specify how insulation temperature 
shall be determined. Insulation-resist- 
ance measurements with insulation at a 
uniform temperature of 75 degrees centi- 
grade would not be expected to be the 
same as measurements made with ma- 
chine at an operating temperature of 75 
degrees centigrade because of temperature 
gradient existing in the insulation. Either 
some uniform method of determining in- 
sulation temperature applicable to all 
machines or the practice of making meas- 
urements at ambient temperature condi- 
tions and correcting to a base temperature 
seems desirable. Examination of ma- 
chine temperature-insulation resistance 


data available shows an approximate 


logarithmic variation of resistance with 
temperature. Synthetic varnish-impreg- 


nated mica insulation shows a change in > 
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Figure 1. Temperature-insulation resistance 


characteristics of asphalt-bonded mica-tape — 


insulation 


Volume resistivity at 25 degrees centigrade 


after one minute of voltage application equals 


1.7109 megohm inches 
Ratio-volume resistivity after ten and one 


centigrade equals five 
. 4: 29 
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NUMBER OF MACHINES 


0 4 8 12 16 20 24 28 32 36 40 
RESISTIVITY — MEGOHM-INCHES 
(MULTIPLY BY 107) 

Figure 2. Frequency distribution of volume 
resistivity measured after one minute of voltage 
application; groups 1, 2, 3, and 4 
Average volume resistivity equals 10.610? 
megohm-inches 


Standard deviation is 7.4107 
inches 


megohm- 


resistance from 25 degrees centigrade to 
75 degrees centigrade of approximately ten 
to one. Asphalt-bonded continuous mica 
tape has a ratio of approximately 14 to 1. 
Since all insulation-resistance data re- 
ported here were obtained at or close to 
room conditions, temperature corrections 
were made to 25 degrees centigrade. This 
temperature was chosen because the tem- 
perature differences for which correction 
was necessary would then be small and 
chances of error due to inexact correction 
factors were minimized. 

Of interest in connection with tempera- 
ture-insulation resistance data are results 
of tests made on some asphalt-bonded 
mica coils. These coils had been condi- 
tioned in an oven for several months at 
approximately 100 degrees centigrade be- 
fore temperature-insulation resistance 
data were obtained. Insulation resistance 

was measured at 500 volts direct current 
and a microammeter with a stabilized 
. negative feed-back amplifier was used for 
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Figure 3. te Frequency distribution‘ of volume 
resistivity (one-minute value); group 1—class 
A with mica slot insulation 


_ Average volume resistivity equals 6.0107 
ae ach cs * megohm-inches eS 
— Standard deviation is 3.310? meghom- 
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current measurement. As shown in 
Figure 1, instead of straight logarithmic 
variation with temperature, a changing 
slope with a double inflection in the range 
of 40 to 80 degrees centigrade is obtained 
on measurements made after one to ten 
minutes of voltage application. Tempera- 
ture—insulation resistance slope at steady- 
state conditions (after 15 hours of voltage 
application) is a straight logarithmic 
function as shown. Hill-and Berberich 
reported that the ratio of ten-minute 
to one-minute resistivity on this type 
of insulation increases with temperature 
reaching a maximum in the range of 60 to 
80 degrees centigrade and then decreases 
with further increase in temperature.’ 


Effects of Machine Size 


In order to put insulation-resistance 
measurements of all machines on*a com- 
parable basis, effective insulation area and 
thickness data were obtained from the de- 
sign information. Based on the effective 
area and thickness data, the insulation 


resistance of all the stator windings was 


expressed on a resistivity per megohm 
inch of insulation basis. In making the 
corrections for physical size, effect of 
leakage over end windings was neglected. 
All measurements were from three phases 
in parallel to ground. 


Analysis of Data 


Frequency-distribution curves of in- 
sulation resistance as measured after one 
minute of voltage application for all 
machines surveyed and groups 1, 2 3, 
and 4 separately are represented in Figures 
2,3, 4,5, and 6. All resistance measure- 
ments were made at 500 volts direct cur- 
rent using an electronic-type megohm 
bridge. Distributions obtained are ap- 
proximately normal. 

Average resistivity and standard devia- 
tion for above groups are as follows: 


Average : 
Volume Standard 
Resistivity, Deviation, 
Megohms Megohms Per-Cent 
Groups xX 107 x 107 Dispersion 
1,,2,.3, 
anda. nis 10). G53 ciate hee See i etc 70 
Boe Bons CaO sy. cette oO aoascwme eater OD 
VR SRC ones LS. Beiiere = sin a6 5. Gs carer Sate Ae 42 
Siena ma oee AN ete ohne Dike oreieter eee 64 
Ass PLS OLB a tema oe he Ce Sera 56 


Groups 2 and 3 both represent data on 
a large number of identical machines, 
whereas group 4 represents machines of 
widely different physical size and voltage 
rating. Whether the relatively larger 
standard deviation of resistivity values of 
group 4 results from this fact or is natu- 
rally inherent in the type of insulation it 
represents is not obvious. In any event, 
it is evident that even after corrections are 
made for temperature and physical-design 
characteristics there is a considerable 
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Figure 4. Frequency distribution of volume 
resistivity (one-minute value); group 2— 
class B with glass-reinforced slot insulation 


Average volume resistivity equals 13.5 X10" 
megohm-inches 


Standard deviation is 5.6 by 10? megohm- 
inches 


spread in the insulation resistivity. 
Furthermore, the average resistivities of 
mica insulations having somewhat dif- 
ferent form or treated differently vary by 
as much as 2.5 to 1. Identical machines 
built in the same factory have a range of 
20 to 1. The machines of group 2 were 
segregated into two groups according to 
their season of manufacture (Figure 7). 
This segregation narrows the dispersion 
somewhat but it is still relatively broad. 
As shown, the ratio between winter- and 
summer-built average is approximately 
two to one. That a considerable part of 
this spread is due to small amounts of 
moisture in the insulation is evident from 
the fact that during the summer months 
when moisture conditions are more severe, 
resistivities are appreciably lower. 


Dielectric-Absorption Characteristics 


As is generally recognized, the insula- 
tion resistance of a stator winding will in- 
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Figure 5. Frequency distribution of volume 


resistivity (one-minute value); group 3—class — 


B, continuous mica tape with synthetic-varnish 
impregnation ’ 
Average volume resistivity equals 5.8107 
; megohm-inches 
Standard deviation is 3.710? megohm- 
inches 


ELECTRICAL ENGINEERING | 


5 yea’ ri 
d \ 5 ; 7 sa 
“ * nn, ie ar ats Je %.4 > 2) ee age 


20 mr 


~ NUMBER OF MACHINES 


0 4 8 12 16 20 24 28 32 36 40 
RESISTIVITY — MEGOHM- INCHES 
(MULTIPLY BY 107) 
Figure 6. Frequency distribution of volume 
resistivity (one-minute value); group 4— 
class B, asphalt-bonded continuous mica tape 
with asphalt impregnation 


Average volume resistivity equals 15.0107 
megohm-inches 


Standard deviation is 8.410? megohm- 


inches 


crease with time of application of voltage. 
This variation is caused by the electri- 
fication or ‘‘dielectric-absorption” effect 
in the insulation and is a function of the 
nature and condition of the insulation. 

The shape of this absorption curve was 
studied on the machines surveyed and it 
was found that in general the first part of 
the curve plots as an approximate straight 
line on log-log paper and would therefore 
have an equation of the form: 


Ri = Rit 
where 


R,=insulation resistance after t minutes of 
voltage application 
R,=insulation resistance after one minute of 
voltage application. 
_t=time in minutes 
n=slope of curve on log-log paper 


i 5 Rio 
If tis taken as ten minutes, n=log R 
1 


or the logarithm of the ratio of the ten 
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[Figure 7. Frequency distribution of insulation 
resistance (one minute); group 2 


A—Summer-built machines 

Average is 146 megohms 

Standard deviation is 42 megohms 
B—W inter-built machines 
Average is 265 megohms 

Standard deviation is 80 megohms 


Gy ‘UNE 1945, VoLuME 64 


Cs ge et. 
} +4 


ha eal ue — e F. 7 
a ire a ee Ait olay 


and one minute readings of insulation re- 
sistance. The insulation resistance finally 
becomes constant and the slope of the ab- 
sorption curve then is, of course, zero. 

The ratio of the ten to the one minute 
insulation-resistance values at 25 degrees 
centigrade was obtained. Figures 8, 9, 
and 10 show the frequency distribution 
of the ratio Rio/R;. Figures 2, 3, 4, 5, 
and 6 previously referred to give the fre- 
quency distribution of R,;. As shown in 
Table I, the dispersion of this ratio is 
considerably less than the dispersion in 
the value of R. 

It is thought generally that the steep- 
ness of the slope of the absorption curve 
as well as the magnitude of the one-minute 
resistance is an indication of the dryness 
of a winding and that the steeper the 
slope the drier the insulation. Figure 11 
shows the variation of the average ratio 
Rio/ Ri with insulation resistivity for ma- 
chines of group 2. This group consisted 
of approximately 120 3,300-horsepower 
2,400-volt synchronous machines having 
fiber-glass-reinforced mica slot insulation 
with impregnation in synthetic varnish. 
The ratio Rio/ Ri is seen to increase steeply 
at first and then flatten out and remain 
substantially constant over a wide range 
of insulation resistivity. This sort of 
variation seems to be characteristic at 
least of the insulations studied. Even 
coils of Figure 1 which were extremely 
dry, having an insulation resistivity of 
approximately 2109 megohms, have 
a ratio of five at 25 degrees centigrade. 
Although it is true that average values of 
Rio/R, are constant over a wide range in 
resistivity, individual values vary from 
approximately two to six over the whole 
range. Figure 12 shows average absorp- 
tion curves at 25 degrees centigrade 
plotted on logarithmic paper for ratios 
Ryo/R; of 2, 4, and 6. 

In general, study of absorption charac- 
teristics shows that new machines as built 
with mica ground insulation have: 


1. Insulation resistivities at 25 degrees 
centigrade of the order of 10’ to approxi- 
mately 4X10* megohms. 


2. Insulation resistivities in the range of 
one to ten minutes which vary approxi- 
mately as a power function of time having an 
equation of the form R,;=R,t”. 


3. Ratios of Rip/R, at 25 degrees centigrade 
vary from one to six over the complete range 
of resistivity. 


4. Average values of the ratio Rio/Ri are 


Volume Resistivity After One Minute of 
Voltage Application—Megohms X107 at 
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substantially constant over a wide range in 
resistivity and decrease rather sharply for 
lower values of resistivity. 


Minimum Insulation Resistance 


Insulation-resistance measurements are 
used widely and are considered necessary 
to give assurance that the condition of 
insulation is such that proof voltage test 
can be made, to determine relative dry- 
ness of the insulation and to locate possible 
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Figure 8. Frequency distribution; ratio of 
insulation resistance as measured after ten and 
one minutes of voltage application (group 2) 


Average ratio is 4.0 
Standard deviation is 1.0 


weak spots resulting from operation or 
from application of proof voltage test. 
Insulation resistance-time curves or, 
correlated periodic one-minute readings 
on a given machine, have more signifi- 
cance in judging suitability of the insula- 
tion for test or operation. At the present 
time, the specification of precise safe 
minimum values of insulation resistance 
does not appear possible, particularly on 
broad general classes of insulation. As is 
evident from data presented here, which 
involves only one general class of ma- 
chines and one general type of insulation 
(mica), there is not only a wide spread in 
individual values of insulation resistance 
but also a spread of as much as two to one 
in the average resistivity, depending upon 
the specific type of mica insulation used. 
In addition to these factors, the specifica- 
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tion of a safe minimum is further com- 
plicated by the following factors: 


1. Even assuming the dielectric strength of 
an insulating material generally decreases 
with decrease in resistivity, the voltage 
breakdown-resistivity relation is not the 
same for all materials and even for the same 
material is subject to rather wide variation. 


2. It cannot be assumed safely that the in- 
sulation resistivity of a machine is uniform 
so that in setting up safe minimums, an 
allowance must be made for possible non- 
uniform distribution of resistivity. 


The present AIEE formula which 
gives the order of insulation resistance to 
be expected is:°.° 

_ rated voltage 

~ rated kva 

100 
where 


+1,000 


1 


‘R;=insulation resistance ' at 75 degrees 


centigrade 


Other formulas have been proposed by 
Wieseman which attempt to take into 
account type of insulation, average phys- 
ical-design factors, and which give in- 


sulation resistance in terms of voltage, 


RR, =0 


_ ical-design factors. 
_ into account in general the type of insula- 


kilovolt-ampere rating, and speed of ma- 
chines. The formula suggested for class B 
synchronous and induction machines over 
1,000 kva is as follows: 


, Woltage+3, 600) (rpm)‘/s 
kva’/ 


_ These formulas have a more logical basis 


than the present AIEE formula and in a 
general way do take into account phys- 
They do not take 


tion, since class A or class B does not 
define necessarily the insulation with 


reference to insulation-resistivity charac- 


_ teristics. 


Various types of class B insula- 
tions can have different resistivities and, 
as is shown in this paper, even mica in- 


- sulations with different fabrication as re- 
_ gards physical reinforcing material and 
_ treatment have different resistivities. 
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INSULATION RESISTANCE AFTER ONE MINUTE 


These formulas, however, do give a better 
picture of the order of insulation resist- 
ance to be expected. One criticism which 
has been made is that the formulas are 
more complicated involving fractional 
powers, and that this would necessitate 
in general the reference to charts or 
nomographs for the calculation of resist- 
ance. For the average maintenance man, 


this appears to be a valid criticism. 


co) 5 10 15 20. 25 
RESISTIVITY — MEGOHM-INCHES 

(MULTIPLY BY 107) 
Figure 11. Average ratio of insulation resist- 
ance (ten-minute value/one-minute value) as 
a function of insulation resistance measured 
one minute after voltage application; group 2 


10 


OF VOLTAGE APPLICATION EQUALS UNITY 


TIME — MINUTES 


Figure 12. Average insulation-resistance— 

time curves as a function of ratio of insulation 

resistance measured after ten and one minutes 
of voltage application; group 2 


Askey, Johnson—A-C Stator Windings 


Examination of insulation-resistance 
data such as is presented here leads to the 
conclusion that for large a-c machines 
there is merit in a formula which takes 
into account, at least in a general way, 
type of insulation and physical-design 
characteristics. However, normal varia- 
tions existing in insulation resistivities, 
physical-design factors, and other uncer- 
tainties are such that a simpler linear 
approximation is completely adequate and 
is actually as descriptive of the order of 
insulation resistance to be expected, as 
more complicated formula. For class B 
synchronous and induction machines over 
1,000 kva, the following formula is sug- 
gested: 


(E+3,600) (rpm+1,400) 


R;=0.006 
be (kva+5,000) 


Figure 13 gives a comparison of the 
Wieseman formula and the suggested 
linear approximation. 


Summary 


Insulation-resistance._ and _ dielectric- 
absorption data have been presented 
which give a comprehensive picture of 
average and normal spread in insulation 
characteristics of new large a-c synchro- 
nous and induction machines having mica 
insulation. Dielectric-absorption char- 
acteristics have been analyzed. Average 
curves and normal variations are given. 
Ratio of insulation resistance at 25 degrees 
centigrade as measured after ten minutes 
and after one minute of voltage applica- 
tion has been found to increase from one, 
for relatively moist windings, to approxi- 
mately four, for moderately dry windings, 
and then to remain substantially constant 
over a wide range in insulation resistivity. 
Ratio for well-dried insulation is of the 
same order. 

Average temperature-insulation  re- 
sistance characteristics for machines based 
on data available are given. Tempera- 
ture-insulation resistance characteristics 
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Figure 13. Comparison of Wieseman formula 
and suggested linear approximation 


Ratio of proposed linear approximation to 
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Frequency Changers—Characteristics, 


Applications, and Economics 


S. B. CRARY 


MEMBER AIEE 


REQUENCY CHANGERS have 

been discussed at various times during 
the past 20 years.1.2 At the 1944 AIEE 
summer technical meeting there was pre- 
sented a thorough analysis of the design 
and operating characteristics of a new 
20,000-kw electronic frequency changer. wy 
Its installation, together with i increasing 
interest in railroad electrification for the 
immediate postwar period, has resulted 
in a renewed interest in frequency chang- 
ers. 

A survey® of a-c public-utility gener- 
ating capacity as of January 1, 1941 in- 
dicates that there exist in the United 
States 3,250,000 kw at other than 60 cy- 
cles or about eight per cent of the 
40,000,000 kw of total installed generating 
capacity. Of this odd-frequency capacity 


Paper 45-34, recommended by the AIEE committee 
on power generation for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
November 25, 1944; made available for printing 
December 13, 1944. Presented originally at a 
meeting of the AIEE New York Section, New 
York, N. Y., October 18,1944. 


S. B. Crary is in the central station engineering 
divisions and R. M. EAstey is in the central station 
divisions, General Riserric Company, Schenectady, 
NY. 


of well-dried asphalt-bonded mica insula- 
tion are given as a function of various 
times of voltage applications. Indications 
are that variation of absorptive current 
with temperature for asphaltic-bonded 
mica insulation does not even approxi- 
mate a simple logarithmic function. 
Considerations involved in the proper 
selection of a safe minimum value of in- 
sulation resistance are discussed. A 
linear formula which takes into account 
effects of speed, kilovolt-ampere rating, 


‘and voltage rating, with adequate pre- 


cision when consideration is given to other 
variations involved, is suggested for large 
class B a-c induction and synchronous 
machines. 

Work is being continued on the study 
of variations involved and significance 
which may be attached to insulation- 
resistance measurements. Others should 
be encouraged to engage in similar activity 


with emphasis on obtaining a sufficient 
amount of data to permit statistical evalu- - 


ation of results since spot readings have 
proved of little value in the past. Such 


data, obtained from a number of manu- 


facturers and correlated with periodic 


_ data obtained on machines during service 


ya 


ne 1945, Votur 64 


Inc, R. W. Wieseman. 
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NONMEMBER AIEE 


(other than 60 cycles) about 70 per cent is 
at 25 cycles. Thére also exist in this 
country 4,000,000 kw of public-utility- 
owned frequency-changer capacity of 
which about 80 per cent is 25-cycle. 
These odd-frequency systems are in 


. general decreasing in size except for ad- 


ditions to large existing industrial 25- 
cycle systems, particularly steel mills, and 
for new capacity for a-c railroad electri- 
fication. The steel mills and railroad 
electrifications represent the greatest po- 
tential users of large frequency-changer 
equipment. 

Frequency-changing equipment falls 
into two general classifications as shown 
by Table I, synchronous tie and nonsyn- 
chronous tie. The general classification, 
synchronous or nonsynchronous, deter- 
mines the essential system power-flow 
characteristics. As shown, there are 
available different types of frequency- 
changer equipment for obtaining either 
type of system performance. It then be- 
comes a matter of engineering, amenable 
to analysis, as to which is the best type of 
frequency changer to use for a given ap- 
plication. ,It is the purpose of this paper 
to outline the important features of the 


life, would aid in a better understanding 
of the nature and significance of insulation 
resistance measurements. 
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different types including relative costs 
and losses. 


Synchronous Tie 


The synchronous-tie type of equipment 
provides a link between the two systems 
which responds to kilowatt load changes 
on either system similar to that of a 
transmission tie line. That is, if a load 
change occurs on one system, a kilowatt 
change occurs through the frequency- 
changer set which is dependent upon the 
relative governor and supplementary- 
governor control regulation of both sys- 
tems. For example, if two systems of 
equal size are tied together by a synchro- 
nous-synchronous tie and each system 
has the same capacity in generation under 
governor control with equal governor 
regulation and load characteristics, a load 


AP, eI4A-t 


Characteristic of a syn- 
chronous tie 


Gi 
a 
CG C. 
(2 * an 
ay a2 
a, =system speed regulation of system 1 
a2 =system speed regulation of system 2 


C,= generating capacity of system 1 in kilo- 
watts 


Figure 1. 


AP, = AP 


where 


C,= generating capacity of system 2 in kilo- ~ 


watts 


Figure 2. Characteristic of a non- 
synchronous tie , 
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where 


a, =system speed regulation of system 1 
a2=system speed regulation of system 2 
a,=speed regulation of tie 

C:= generating capacity of system 1 in kilo- 


watts 
C.=generating capacity of system Q in kilo- 
watts 
C,=tie capacity in kilowatts ’ 
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Figure 3. Synchronous-synchronous 


increase on one of the systems will result 
in about 50 per cent of the load increase 
being transferred through the synchro- 
nous tie. If the load change is relatively 
slow, automatic or manual supplemen- 
tary control of the governors of both sys- 
tems—one system holding frequency, 
the other holding tie load—may be used 
to control the amount of load change 
through the synchronous tie. This is no 
different from the present use of fre- 
quency and tie line load controllers for 
transmission lines. If the ratio of the 
system sizes is, for example, ten to one 
with the same percentage system speed 
regulation for each system, the smaller 
system representing the 25-cycle system, 
and the larger system the 60-cycle system, 
a load change on the 25-cycle system will 
result in about nine-tenths of the load 
change being transferred through the 
synchronous frequency-changer set to 
the 60-cycle system. However, if there is 
in the smaller system sufficient generating 
capacity provided with adequate supple- 
mentary control, the load change through 
the synchronous-tie frequency-changer 
set may be limited. ; 
The general power-flow characteristic 
of a synchronous tie is shown in Figure 1. 
The system speed regulation (a: and a) 


Figure 4. A 20,000-kw 60/25-cycle hy- 
drogen-cooled synchronous-synchronous 
frequency changer used to interconnect a 
25-cycle steel-mill system with a 60-cycle 
, power system 


may be taken as either the inherent gov- 
ernor regulation or the governor supple- 
mentary control regulation depending 
upon the time after the load change has 
occurred. If the change is relatively 
rapid, the power flow before the governors 
have had time to effect a change can be 
determined simply by 


when the same effective inertia per kilo- 
watt of generating capacity is assumed. 

The control of power through the syn- 
chronous tie is determined by the rela- 
tive generating capacity under governor 
control of the two systems, the size and 
rate of application of a load change, and 
whether or not supplementary control is 
used for control of the frequency-changer 
load. 

Where the loads are not highly variable, 
it has been found possible to use syn- 
chronous-tie frequency-changer capacity 
of only ten per cent of the smaller system 
and to obtain satisfactory operation by 
manual control or load dispatching of the 
governors of the smaller system. How- 
ever, when the loads are large and vary 


rapidly, it becomes more difficult to keep - 


a synchronous tie in synchronism, par- 
ticularly one whose capacity is small rela- 
tive to the magnitude of the suddenly ap- 
plied load change. For any given case, 
performance may be predetermined with 
good engineering accuracy by analysis. 


Nonsynchronous Tie 

The nonsynchronous tie is one which is 
capable of confining large and rapid load 
changes to one system. If the load varia- 
tions are large so that they would be ob- 
jectionable, for example, to the larger sys- 
tem, they may be confined to the smaller 
system by a nonsynchronous tie. On the 
other hand, the smaller system which has 
the objectionable load is subjected to a 
considerably larger frequency deviation 
and greater change in its generator load- 
ing than if the tie were synchronous. 
Although operating companies object to 
large rapidly varying loads, the design of 
interconnected systems has progressed so 
as to permit taking on these varying loads 
with less and less difficulty. 


The characteristic of an asynchronous 
tie is shown in Figure 2. The different 
types of frequency changers are charac- 
terized by a different speed regulation a. 
The synchronous tie can be represented 
as a special case with a; = 0. 

Summarizing, there are these essential 
and important differences between the 
synchronous and the nonsynchronous ties: 


(a). With the synchronous tie, the rapidly 
varying load changes are shared by both 
systems, the larger system taking the greater 
part of the variation. 


(b). With the nonsynchronous tie, the 
rapidly varying load changes can be con- 
fined to where they originate. The type of 
nonsynchronous tie determines the degree 
of this isolation for different rates of load 
application. 


An essential characteristic to keep in 
mind is that it is simpler to parallel syn- 
chronous-tie equipment with the same 
type of tie capacity. Similarly, the use 
of nonsynchronous tie equipment tends 
to perpetuate the use of this equipment 
when additional tie capacity is needed at 
a future time, since itis desirable to keep 
the inherent speed regulation of the par- 
alleled ties similar. This is particularly 
true for rapidly varying loads. 


Essential Features 


The essential features of the five types 
of frequency changers listed in Table I 
are as follows: 

Synchronous-synchronous® © (synchro- 
nous tie), Figure 3. 


(a). This type consists of a synchronous 
motor and synchronous generator with their 
individual exciters. It may be provided 
with a pilot exciter in the larger sizes and 
may have a starting motor. For 60 to 25 
cycles the speed is 300 rpm, while for 60 to 
50 cycles the speed may be 600 or 300 rpm. 


(b). A frame shifter is usually provided on 
the 60-cycle end for parallel load division 
between frequency-changer sets. Frame 


Figure 5. A 30,000-kw 60-cycle three-phase 
to 25-cycle single-phase air-cooled syn- 
chronous-synchronous frequency changer used 
to supply a single-phase 25-cycle railroad 
system from a 60-cycle power system 
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Figure 6. Induction frequency converter 


shifters can be provided which-allow for a 
shift of 16 to 24 mechanical degrees for a 
300-rpm set. This is sufficient range for 
synchronizing and paralleling. The angle 
can be changed over its complete range at 
a rate of one mechanical degree (12 elec- 
trical degrees) in nine seconds. 


(c). Voltage regulators and _ excitation 
systems are usually provided so as to obtain 
sufficient pull-out torque and kilovars to 
meet normal and emergency system re- 
quirements for the maintenance of system 
voltages. Under regulator control the pull- 
out power exceeds considerably the nominal 
synchronous-machine pull-out power, ap- 
proaching 200 to 300 per cent of normal 
depending on system conditions. 


(d). Sufficient kilovar capacity can be 
provided to meet the load and system re- 
quirements at a relatively low cost per 
kilovar. 

(e). A single-phase generator may be pro- 
vided at one end to supply single-phase 
load. In this case the stator of the single- 
phase generator is spring-mounted to reduce 
the transmission of vibration to the founda- 
tion and to reduce the magnitude of the 
alternating component of _ stator-bolt 
stresses. 


Figure 4 shows a 20,000-kw 60/25- 
cycle hydrogen-cooled synchronous-syn- 
chronous frequency changer used to inter- 
connect a‘25-cycle steel-mill system with 
a 60-cycle power system. 

Figure 5 shows a 30,000-kw 60- cycle 
three-phase to 25-cycle single-phase air- 
cooled synchronous-synchronous  fre- 


quency changer used to supply a single- 


phase 25-cycle railroad system from a 


_60-cycle power system. 


Induction frequency converter—synchro- 


_ nous (synchronous tie). Figure 6. 


(a). This type consists of an induction 
machine for the 60-cycle end and a syn- 
chronous machine for the 25-cycle end 
which has 35/60 of the kilowatt capacity 
of the 60-cycle induction machine. The 
rotor of the induction machine is connected 
by slip rings through a transformer to the 


; 25-cycle system. (This provides an elec- 
trical as well as mechanical tie between the 
-- 60- and 25-cycle systems. 


A direct-con- 
nected exciter is usually provided for the 


The 60-2 Sorel 


Figure 7. A 40,000- 
kw 60/25-cycle air- 
cooled induction fre- 
quency converter used 
to interconnect 60- 
and 25-cycle three- 
phase _— metropolitan 
systems 


used to provide kilovars and regulate the 
voltage at the 25-cycle end. A tap-changing 
transformer may be used for a limited 
amount of regulation of the 60-cycle bus 
voltage. 


(c). The kilovar capacity of this set is 
limited compared with the synchronous— 
synchronous set. Under fault or emer- 
gency conditions, however, this set is able 
to transfer kilovars from one system to 
another. It is, therefore, well suited for 
connecting together closely coupled systems 
so that one system can support the other 
in case of a fault or overload. This type of 
frequency changer found application in the 
days of synchronous converters and before 


Table |. Classification of Important Types of 


Frequency Changers 


== = 


a 


Approximate 
Kilowatt 
Capacity 

Installed in 

United States 


Type Since 1928 
Synchronous tie 
Synchronous-synchronous........... 585,000 
Induction frequency converter—syn- 
EE ONO S eters sO stoi. oseipiesteiausy srs iste: 15,000 
Nonsynchronous tie 
Induction—synchronous load-regu- 
Peat eI a ere oy Rha ees, ede sniei oseve elie wehorePe:aete 110,000 
Electronic load-regulating,.......... 26,600 


Induction ~syuchronous.,........... Negligible 


generator voltage regulators were so gener- 
ally used. 


(d). This took of set may be provided 
with a frame shifter for parallel load divi- 
sion. 


(e). It is not well suited for supplying - 


single-phase loads as a phase unbalance 


- would be reflected into the three-phase 


system. { 


Figure 7 shows a 40,000-kw 60/25- 
cycle air-cooled induction frequency con- 
verter used to interconnect 60- and 25-cy- 


_ cle three-phase metropolitan systems. 


Induction-synchronous load-regulat- 
ing11,12,13 (nonsynchronous tie). Figure 8. 


(a). This type of set consists of a syn- 
chronous machine connected to one system 
with an induction machine connected to the 
other system. The induction machine re- 


ceives slip-frequency excitation from a 
- regulating exciter which is in turn excited 
from a frequency-changing exciter. 
induction end may be at either frequency. 


The 


This type of set has, in general, the same 
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sets for a given frequency ratio, although it 
is not as rigidly limited in possible speeds. 
Installations up to 10,000 kw capacity have 
been made with rated speeds in the range 
of 500 to 514 rpm. 


(b). Control of voltage and kilovar supply 
can be obtained at either end. It is some- 
what easier to obtain low power factor at 
the synchronous end. 


(c). Load control can be made sufficiently 
fast to meet the most severe requirements 
usually met in practice. 


(d). It can be used to supply single-phase 
load from the synchronous end. 


(e). Controlled frequency range is usually 
about plus or minus two per cent. 


Figure 9 shows a 10,000-kw induction 


synchronous load-regulating air-cooled — 


60/25-cycle frequency changer set used 
for supplying an industrial 25-cycle sys- 
tem. 

Electronic load-regulating’-7 (nonsyn- 
chronous tie). Figure 10. 


(a). This type of frequency changer con- 
sists of rectifier and inverter elements with 
transformers, switches, and control. 


(b). Load through the frequency changer 
can be controlled-so as to hold power 
through the frequency changer with rapid 
changes in system frequency and therefore 
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Induction-synchronous load-regu- 
lating : 


Figure 8. 


this equipment is capable of isolating load 


changes of one system from another. 


(c). System kilovar requirements as well 


as the excitation kilovar requirements of | 


the frequency changer set must be supplied 
by synchronous condensers or from system 
sources. 

(d). Because this set is excited from a 


system it requires system synchronous 
capacity to maintain the voltage and fre- 


quency within limits for proper rectifier 


and inverter excitation. 


(e). Recent improvements include use of ‘3 


\ 
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high-voltage pentode ignitrons® with auto- 
matic clearing and re-energization following 
inverter ‘‘shoot throughs.” 


(f). In case of power failure on one or both 
systems, the service may be quickly re- 
established by reclosing the line circuit 
breakers, provided the system voltages 
have returned to the range required for 
commutation. No resynchronization is 
needed as with many types of rotating 
equipment. 

(g).. This type of frequency changer, 


being a static equipment, is well suited to a 
design of an unattended station. 


Figure 12.of reference 3 shows a cross- 
section elevation af a 20,000-kw electronic 
load-regulating frequency changer. 


Induction-synchronous  (nonsynchro- 


nous tie). Figure 11. 


(a). Consists of induction motor with a 
synchronous generator and exciter. 


(b). Allows for a departure in frequency 
from one system to another with change in 


_ loading. Load transfer depends on de- 


parture from synchronous-frequency ratio 
and is not independent as in case of II-l 
and II-2 types. 


(c). Induction motor 
kilovars for excitation. 


requires system 


Important Applications 


It so happens that the most important 
future fields for the use of frequency- 
changer equipment, steel mills, and rail- 
road electrification, probably represent 
the most severe rapidly fluctuating loads 
to be encountered. 

Present railroad electrifications are 


characterized by large capacity in fre- - 


quency changers relative to the generating 


capacity at the lower frequency. On the 


other hand, the steel-mill 25-cycle system 


“may be relatively large compared to the 


frequency-changer capacity. This may 
be said to be the essential difference be- 
tween these two types of frequency- 


changer applications aside from the dis- 


tinction that the railroad electrification is 
usually single-phase. The distance tra- 
versed by railroad as compared with the 


_ concentration of load and availability of 


waste heat energy in the steel mill is one 
of the essential reasons why it becomes 


‘more economical in the former case to 


use a large capacity in frequency-changer 
. sets relative to generating capacity at the 


_ lower frequency. In the case of the rail- 
__ road this allows a better utilization of the 
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Figure 9. A 10,000- 
kw induction—syn= 
chronous load-regula- 
ting air-cooled60/25- 
cycle frequency 
changer set used for 
supplying an indus- 
trial 25-cycle system 
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railroad kilowatt diversity by high-voltage 


transmission of the power with the loca- ~ 


tion of the 25-cycle supply not being de- 
pendent on sites having generating plant 
facilities. : 

In the case of railroad electrification 
which uses a large frequency-changer ca- 
pacity relative to the generation at the 
lower frequency, there is no particular 
problem in keeping the sets in synchro- 
nism in spite of the severe railroad load 
changes provided the 60-cycle supply sys- 
tem has adequate transmission-line ca- 
pacity. The synchronous-synchronous set 
has the advantage of being separately 
excited by direct-connected exciters. 
This provides better voltage conditions 
along the 25-cycle transmission system 
following load changes than can be pro- 
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vided by a frequency changer receiving 
its excitation from the alternating volt- 
age, such as the electronic type. In case 
the railroad electrification interconnects 
two areas which’ are independently oper- 
ated, without adequate interconnections 
to keep them in synchronism, it probably 
will be necessary to provide a nonsyn- 
chronous tie between the two systems 
either at the lower or higher frequency. 
However this case will be more unlikely 
in the future as the development of the 
interconnected systems in the United 
States continues. 


On the other hand, the steel-mill 25- 
cycle system may be relatively large com- 
pared with the magnitude of the load 
change that is suddenly applied which in 
turn may be large compared with the 
frequency-changer capacity, particularly 
if there is a large strip mill. This case 
represents the most severe type for the 
use of a synchronous tie, since the total 
load change, if the 60-cycle system is 
large, will be practically all transmitted 
through the synchronous tie. In the 
case of a steel mill this load may be sud- 
denly applied and removed in a few sec- 
onds (20,000 to 30,000 kw may be applied 
in 8 to 12 seconds), so that supplemen- 
tary control of the 25-cycle steel-mill gen- 
eration would, only with difficulty, regu- 
late the flow of power through the tie. 
This is an ideal case for making use of the 
rotating energy of the system if a rela- 
tively large frequency change can be 
tolerated on the 25-cycle system. Also, 
a small amount of the total load may be 
controlled by allowing the frequency to 
change within the control limits of the 
nonsynchronous tie, when the 25-cycle 
system includes a large rotating load. 
This case represents, therefore, an ideal 
situation for the use of a nonsynchronous 
tie. Either the induction synchronous 
load-regulating or electronic type may be 
used, whichever most satisfactorily meets 
the requirements of the particular case. 
The electronic frequency changer’s re- 
quirement of receiving its excitation from 
the a-c supply system need not be a limi- 
tation in this case, although it would be in 
the case of railroad electrification where 
there does not exist a relatively cheap 
source of kilovar capacity. 

For conditions as outlined the large 
strip-mill load of a steel mill because of its 
character may be interconnected with a 
large system by a nonsynchronous tie 
with the principal advantage of insulat- 
ing the 60-cycle system from the load 
changes of the steel mill. On the other 
hand, the railroad electrification can be 
supplied through a synchronous tie pro- 
vided, of course, that the 60-cycle sup- 
plying systems are sufficiently well inter- 
connected so as to remain in synchronism. 


Economic Discussion 


It seems in order to consider these 


same classes of equipment from an eco- — 
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Induction-synchronous 


nomic standpoint and an attempt is made 
herein to cover such factors as relative 
first costs and losses. Such factors as 
costs of foundations, costs of buildings, 
and the amount of first cost to be con- 
sidered as offset by evaluated loss savings 
may vary within rather wide limits, de- 
pending on local conditions, customer’s 
ideas as to types of structures, load fac- 
tors, and so forth. Therefore, any figures 
set up by a manufacturer are open to 
question and can be right only for one set 
of conditions. 

It is expected that the cost of installa- 
tion and foundation should favor the 
electronic equipment. If, however, the 
latter requires the use of synchronous 
condensers for system excitation the total 
installation cost with the electronic fre- 
quency changer may be higher than with 
a rotating equipment. 

Since it is felt that the difference in 
switchgear will not decisively affect the 
comparisons, it will be left out of this 
discussion for the sake of simplifying the 
picture. 

It is further recognized that within the 
scope of this paper it is impossible to cover 
completely all variations which may be 
encountered in actual practice. This re- 
fers to cases where excess kilovars may 
be available, where various types of 
starting are required for rotating equip- 


Table Il. 


ment, and so forth. Such data as are 
given hereafter will be given in such detail 
as to permit considerable flexibility in 
applying them to individual cases in order 
to make them most useful. 

Figure 12 has been prepared to show 
the relative costs of the various types of 
frequency-changer sets at 20,000 kw for 
operation between 13,800-volt three- 
phase 60-cycle bus and 13,800-volt three- 
phase 25-cycle bus. It is assumed that 
power flow in either direction will be 
required with full set kilowatt output, 
but that the generators of rotating equip- 
ments will be permitted to operate at in- 
creased power factor when motoring in 
order to stay within rated kilovolt-am- 
peres. In representing the various pieces 
of equipment going into the makeup of the 
rotating sets, the percentage is shown ad- 
jacent thereto in order to give a compari- 
son. Similar percentages are not shown 
for the electronic set because it is expected 
that these may change appreciably rela- 
tive to the rotating sets. Such figures, 
however, can be made available by the 
manufacturers when needed on a current 
basis. Thus itis possible from the figures 
to arrive at different combinations more 
applicable to individual problems. It 
will be noted that the synchronous-syn- 
chronous set has been chosen as 100 per 
cent (this without the starting motor in- 
cluded) and all other equipment is shown 
on this same base. A starting motor can 
be added to this set as shown in part A 
of Figure 12 at 3.4 per cent, or the cool- 
ers, exciters, and frame-shifting device 
may be omitted at the figures indicated. 

Transformers for stepping up from 13.8 
kv can be added directly to the rotating 
equipment at either end. At a capacity 
of 20,000 kw for the electronic equipment 
and below high-voltage values of 138 kv, 
it will be somewhat cheaper to combine 
these step-up transformers with the 
transformer reactor combination already 
included for 13.8 kv. At this kilowatt 
capacity the net effect of requiring trans- 
formers on the 60-cycle end of the rotat- 
ing equipment will be to increase its cost 


relative to that of the electronic equip- 
ment approximately ten per cent at 23 
kv and 1.0 per cent at 115 kv. Adding 
transformers to the 25-cycle end will re- 
sult in differences about 50 per cent more 
than these. Larger sets will be slightly 
more favorable than this to the rotating 
equipment and smaller ones to the elec- 
tronic. 


SYNCHRONOUS-SYNCHRONOUS 
(Arr-CooLep) 


The synchronous-synchronous _ set 
shown in Figure 12A consists of the fol- 
lowing: 


One 25,000-kva 0.8-power-factor 13,800- 
volt three-phase 25-cycle synchronous gen- 
erator. 


One 28,500-kva 0.9-power-factor 13,800- 
volt three-phase 60-cycle synchronous 
motor. 


One generator exciter with motor-operated 
rheostat. 


One motor exciter with motor-operated 
rheostat. 


One common pilot exciter with manually 
operated rheostat. 


Surface air coolers (no duct work) and 
frame-shifting device for the 60-cycle unit. 


This represents 100 per cent. 

The starting motor shown as an added 
item at 3.4 per cent is a low-voltage ma- 
chine (2,200 volts or less). 


SYNCHRONOUS-SYNCHRONOUS 
(HyDROGEN-COOLED) 


The hydrogen unit shown in Figure 
12B has main machines of the same rating 
as the air-cooled unit (although of smaller 
physical dimensions in order to take ad- 
vantage of improved cooling with hydro- 
gen as the cooling medium), does not have 
a frame-shifting device, but does have 
built-in surface gas coolers. It will be 
minus direct-connected exciters but it will 
be noted that an induction-motor-driven. 
exciter set is shown separately, consisting 
of driving motor, two main exciters, and 


Summary of Frequency-Changer Characteristics 


EEE Te 
Type of Frequency Changer 


: Lf: Without supplementary governor control of system prime movers. 
{With supplementary governor control of system prime movers. 


* Greater than Sone ee plus transformers. 
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pilot exciter suitable for supplying both 
main exciters. It will be noted that the 
total for frequency changer set and exciter 
set is 108.2 per cent. 

Since a starting motor would unduly 
complicate the hydrogen enclosure a 
starting autotransformer is shown on the 
chart at 2.6 per cent as a separate item. 
It will be noted that this has a price of 
the same order of magnitude as the start- 
ing motor. 


SyNCHRONOUS-SYNCHRONOUS (AIR- 
CooLepD SINGLE-PHASE) 


Figure 12C shows a synchronous-syn- 
chronous set rated and furnished same as 
the unit shown in A except that the 25- 
cycle generator is a single-phase unit hav- 
ing special amortisseur winding and 
spring mounting to damp out mechanical 
vibrations due to the pulsations of the 
single-phase current. The third leg of the 
winding is omitted as is usual. It will be 
noted that this equipment has a price of 
120.5 percent. A starting motor or auto- 
transformer may be added. 


INDUCTION-SYNCHRONOUS LOAD- 
REGULATING 


Figure 12D shows the variable-ratio 
rotating equipment and again the kilo- 
volt-amperes, voltage, and power-factor 
ratings are the same as for Figure 12A, 
the a-c excitation equipment being de- 
signed to give 0.8 power factor overex- 
cited. This equipment also provides for a 
limiting relative spread between 25- and 
60-cyele system frequencies of plus or 
minus one per cent. Additional spread 
will increase the cost. Blowers are re- 
quired for properly ventilating the induc- 
tion machine and these are included. 

The equipment has a price of 129.7 per 
cent. A starting motor or autotrans- 

_ former may be added. 


INDUCTION FREQUENCY CONVERTER— 
SYNCHRONOUS 


Figure 12E shows the induction fre- 
quency converter-synchronous set. The 
60-cycle induction unit is designed for 
unity power factor but there is included a 
synchronous condenser to bring this to 
“ 0.9 power factor. Therefore the over-all 
equipment is again comparable with 
Figure 12A since the 25-cycle generator 
is made 0.52 power factor to bring this 
end of the equipment to 0.8 power factor 
over-all. 

The total is 135.4 per cent. A starting 
motor or autotransformer may be added. 


ELECTRONIC LOAD-REGULATING 


Figure 12F shows the electronic equip- 
‘ment consisting of the necessary 25- and 
60-cycle transformers, the electronic con- 
verter, or rectifier, and the inverter, to- 
gether with synchronous-condenser equip- 
ment to correct the 60-cycle power factor 
to approximately 0.9 overexcited and the 
_ 25-cycle power factor to approximately 
0.8 overexcited. (There is in addition 
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sufficient kilovar capacity to allow for ap- 
proximately a five per cent drop in volt- 
age on either system.) This equipment is 
actually two 10,000-kw units and there- 
fore for some installations may have defi- 
nite operating advantages in that either 


‘half may be shut down and the other 


operated independently, 
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Figure 12 


It is recognized that the power factor 
correction as provided may not be re- 
quired but this is included to bring all 
equipments to a comparable basis. At 
the present time, if it is assumed that the 
necessary 25- and 60-cycle reactive kilo- 
volt-amperes is available and need not be 
charged against the electronic equipment, 
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the cost of the electronic equipment and 
transformers is greater than that of the 
rotating variable-ratio equipment plus its 


transformers. 
A It might be noted that if reverse flow of 
; power is not required a saving in the con- 
verter equipment is possible. Such a 


condition is rarely visualized in system in- 
terconnection but might be reasonable in 
_ supplying an isolated load. 
a alt should be kept in mind that the en- 
gi "gineering problems involved in design and 
manufacture of rotating equipment have 
had the benefit of many years of study so 
‘i om ae ; ' 
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that the probabilities of substantial cost 
improvements are not very great. On the 
contrary, the electronic equipment is at a 
much earlier stage of development. 
Therefore, it is fair to assume that sub- 
stantial improvements and cost reduc- 
tions may be possible in this type of 
equipment in the near future. 


CoMPARATIVE CosTs AND LOSSES 
VERSUS CAPACITY 


At the present it is believed that rotat- 
ing equipment will be even more advan- 
tageous in sizes above 20,000 kw and 
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“RATIO OF PER CENT LOSSES (FULL LOAD) 
TO PER CENT FULL LOAD LOSSES OF 20,000-KW 
SYNCHRONOUS AIR-COOLED SET 


somewhat less so in the smaller sizes, with 
electronic most competitive at about 


5,000-kw sets. 


Figure 13 is largely self-explanatory. 
Again the three-phase to three-phase air- 
cooled synchronous-synchronous set is 
considered 100 per cent. Shown thereon 
are relative per cent full load losses over 
the range of 5,000 kw to 35,000 kw for 
synchronous-synchronous, synchronous- 
synchronous hydrogen-cooled, rotating 
variable-ratio, and electronic frequency- 
changerequipment. It will be noted that 
for the electronic a curve is shown for the 
equipment itself exclusive of condenser 
losses and at 20,000 kw a higher point 
which includes losses in condensers used to 
correct power factor to overexcited values 
comparable to those of the rotating sets. 

Figure 14 shows relative per cent no- 
load losses for the same sets. 

If it is assumed that 23-kv transformers 
are required on both ends of a 20,000-kw 
rotating variable-ratio frequency-changer 
set the relative per cent full-load losses 
including transformer losses would in- 
crease to 1.79 and the no-load to 0.794. 
These points are shown on the figures. 

In evaluating losses some consideration 
may also need to be given to cooling- 
water requirements. Lower losses mean 
less cooling water if coolers are used and 
may be an economic factor if water is pur- 
chased. 

It is recognized that there are other ex- 
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Figure 13 


A—NVariable ratio—rotating 
B—Variable ratio—rotating, including 23-kv _ 
transformer losses at both ends ; 
C—Electronic including equipment for re- — 
active supply 
D—Synchronous air-cooled 
E—Synchronous hydrogen-cooled 
F—Electronic (less equipment for reactive 
supply) 
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penses which manufacturers are not ina 
position to evaluate definitely, such as 
operation, maintenance, supervision, and, 
in the case of the electronic equipment, 
tube replacement. Experience with these 
particular tubes is not sufficient to give 
actual operating data on life. For sev- 
eral years similar heavy-duty power 
tubes have been sold with a three-year 
operating warranty and it is expected that 
experience with these tubes will be com- 
parable or in the order of three to five 
years’ operating life. 

The electronic frequency changer de- 
scribed in references 3, 4, 5, and 7 illus- 
trates a case most favorable to this type 
of equipment: the power supplies were 69 
kv and 44 kv, respectively; sufficient kilo- 
vars were already available at both the 
60-cycle and 25-cycle systems; an unat- 
tended station was called for; because of 
flood conditions in the proposed location 
the frequency changer had to be located 
high above ground, a fact which favored 
a static equipment. These conditions 
may or may not be duplicated elsewhere 
and, therefore, the choice can be made 
only individually for each case. 


Conclusions 


1. There are now available several different 
types of frequency changers with a wide 
range of characteristics (Table II), which 
have been proved in service to meet the 
requirements of differing applications. 


2. The synchronous-synchronous fre- 
quency changer can be used when’ the 
sending-end system is sufficiently large and 
- well integrated to absorb readily the load 

4 fluctuations of the receiving system. 


8. The synchronous-synchronous  fre- 
quency changer, in general, best meets the 
requirements for single-phase railroad elec- 
trification, where the single-phase generat- 
ing capacity is small relative to the fre- 
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Figure 14 


A—Variable ratio—rotating 
B—Variable ratio—rotating, including 23-kv 
transformer losses at both ends 

C—Electronic including equipment for reac- 
tive supply 

D—Synchronous air-cooled 

E—Synchronous hydrogen-cooled 

F—Electronic (less equipment for reactive 

supply) 


quency-changer capacity and the distance 
traversed is large. 


4. The induction synchronous load-regu- 
lating and the electronic load-regulating 
frequency changers best meet the require- 
ments for confining to one system the ob- 
jectionable load changes of that system. 


5. The selection of the best type of fre- 
quency changer while affected by economic 
factors including evaluation of losses, availa- 
bility and cost of reactive kilovolt-amperes 
on each system, and special conditions 
obtaining at the site which might affect 
normal relationships of foundation costs 
should be determined primarily by a thor- 
ough analysis of system and set electrical 
characteristics. 
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The Resistance-Coupled Amplifier 


LAURENCE G. COWLES 


ASSOCIATE AIEE 


ACUUM-TUBE amplifiers for audio- 

and low-frequency applications are 
commonly resistance-coupled, and their 
design is an everyday problem for en- 
gineers in many different fields of applica- 
tion. The published information on the 
resistance-coupled amplifier is not only 
widely scattered and confusing but also 
inadequate. No convenient method is 
available for predicting the required 
electrode voltages and the correspon- 
dingly changed dynamic constants of a 
vacuum tube having a resistor in its plate 
circuit. Furthermore, no really practical 
method is available for designing a cou- 
-pling network or for determining the phase 
and amplitude characteristics of both 
the tuned and wide-band resistance- 


‘ coupled amplifier. 


This paper describes methods and 
charts which have proved to be of ex- 
tremely practical value for solving the 
main problems confronting an engineer 


Complete resistance-coupled am- 
plifier 


Figure 1. 


working on the design and application of 
resistance-coupled amplifiers. The ma- 
terial presented includes: 


1. The classical network solution of the 
resistance-coupled amplifier rearranged and 
simplified but without approximations. 


2. Anew and simple method employing an 
equivalent circuit and charts for determining 
the phase and amplitude characteristics of 
the resistance-coupled amplifier, the entire 
procedure being exact, even when applied 
to the narrow band or ‘‘tuned resistance- 
coupled amplifier.” 


3. Aset of rules and charts for determining 
suitable operating voltages and the corre- 
sponding dynamic constants of any vacuum 


tube operated class A with a resistor in its 


plate circuit. 


4. A simple bridge circuit with which the 
dynamic constants of a vacuum tube, as 
used in resistance coupling, can be measured 
either to check or to replace the graphical 
method. The bridge is useful also for study- 
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ing the gain and wave form obtainable from 
different tubes under different operating 
conditions. 


The Conventional Resistance- 
Coupled-Amplifier Network 


The conventional representation of the 
resistance-coupled-amplifier network is 
shown in Figure 1. Several solutions of 
this network have been published, and 
details of the process will not be re- 
peated. The solution, however, is re- 
arranged and condensed in. this section 
for a more rapid calculation of the essen- 
tial constants which are used later in the 
equivalent circuit. 

The amplifier discussed in this paper 
must be of such a type that it can be rep- 
resented as a number of independent 
stages composed of the elements shown in 
Figure 1. The vacuum tubes are as- 
sumed to be linear and to have a negligible 
grid-plate capacitance, although the in- 
put impedance of the tube, including that 
determined by the grid-plate capacitance, 
is to be included in the grid-cathode re- 
sistance and capacitance shown in Figure 
1, For most audio-frequency applica- 
tions this reflected input impedance may 
be assumed to be a capacitance (1 + 
u”)Cop having a negligible conductance, 
where »” is the actual grid-to-plate am- 
plification of the tube in its circuit. The 
capacitors C, and C, shown in the circuit 
include the output and input capacitances 
of the first and second tubes, respectively, 
plus whatever additional capacitance 
has been added to increase the amplifiers’ 
interstage high-frequency cutoff. 

If one stage of the amplifier is con- 


Figure 2. Condensed resistance-coupled am- 
plifier 


_ sidered, the solution of the network equa- 


tions for the circuit of Figure 1 gives the 
voltage v available for the succeeding 
stage in terms of the voltage e applied to 
the grid of the tube in the stage under 
discussion. The tube shown in the figure 
has its plate voltage applied through a 
plate resistor R, so that the actual plate 
voltage is less than that of the battery 
supply. 

A later section presents a chart for 
selecting a suitable plate resistor R, and 
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for determining the correct value of the 
internal plate resistance rp from values 
given in the tube handbook. The ampli- 
fication constant uw, for reasons given 
later, can be taken at the value given in 
the handbook. (If preferred, the con- 
stants of the tube can be measured in 
the bridge circuit described in the final 
section of this paper.) 

The circuit of Figure 1 may be simpli- 
fied easily to the circuit of Figure 2 in 
accordance with Thevenin’s theorem, by 
making the substitutions: 


r= (1) 
to t+Ry 
and 
R 
Rave (2) 
lp +R, 


The new constant yp’ is the effective grid- 
to-plate amplification of the tube when 
working into the external plate resistor 
R,. The effective plate-circuit resistance 
R is the parallel combination of R, and 
Tp. 

If one solves the equations for the 


sre 3. Equivalent circuit 


(complex) grid-to-grid amplification v/e 
in Figure 2, one obtains 
YL aif 


ES OS lee 3 
ete dw? —jbw —1 : (3) 


where w is the angular frequency, and 
a=C,Ry 
b=C,Ry+(Co+Cp)R+CRy 


C2= CsCy+(Co+Cy) Cy 
=CRR, 


(4) 


The complex coupling loss 


—jaw 


F(w) = (5) 


obo 1 
has a maximum and is real for 
F(a) =a/6 

when 
w= V1/d 3 2s 
Therefore 

d=1/wp? 


It will be convenient to define the cut- 
off frequencies used in this paper as those 
for which the amplitude is reduced to 
0.707 of the maximum. The actual high 
and low cutoff frequencies, w, and w,, of 
the resistance-coupled-amplifier stage un- 
der discussion are roots of the equation: 


| F(wg; wp) | =0.707a/b 
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The grid-to-grid amplification may be 
expressed in terms of the amplifier cutoff 
frequencies wg and w, as follows: 


— j= (wo—e2) 
Jao Wa) (7) 


meat th 


be : 
é w* —j (wy — Wa) @ — Wap 


The frequency of maximum gain and 
zero phase shift, «0, 1s useful in a number 
of ways as a design parameter. In a 
given design it is usually a specified con- 
stant. The amplifier’s phase and fre- 
quency characteristics when expressed on 
log-log paper are symmetrical about « 
so that w is the geometric mean of the 
actual high and low cutoff frequencies 
w, and wg. It is also the geometric mean 
of the equivalent circuit cutoff fre- 
quencies w, and w, which are defined 
later. From equation 6 1/w is the geo- 
metric mean of the circuit time constants 
CR and CR,. 

The methods used by Luck,! Johnson,’ 
and Seletzky? for the design of the re- 
sistance-coupled amplifier or for the 
calculation of its phase and amplitude 
characteristic are based on equations 3 
and 4 or their equivalents. It is well 
recognized that these methods either 
present difficulties and are time-consum- 
ing when applied to the narrow-band 
amplifier or must be restricted to the 
wide-band amplifier. A simple equivalent 
circuit, which clarifies and expedites the 
entire problem, can be introduced to rep- 
resent all of the characteristics of the re- 
sistance-coupled amplifier network of 
Figure 2. 


The Equivalent Circuit 


The important problems of calculating 
the phase and amplitude characteristics 
of a given amplifier coupling circuit or of 
circuit design to meet given character- 
istics can be understood better and 
solved much more easily by employing 
an equivalent circuit which is introduced 
in this section to represent the interstage 
elements of the amplifier. 

The simplicity of the equivalent circuit 
to be described lies in the fact that the 
phase and amplitude characteristics of an 
amplifier composed of a number of stages 
of the type represented in Figure 1 can be 
determined by the superposition of the 
well-known phase and amplitude char- 
acteristics of the simple resistance— 
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capacitance structures shown in Figure 3. 
The cutoff frequencies of the equivalent 
circuit are related very simply to the 
cutoff frequencies of the resistance- 
coupled amplifier, and the equivalence is 
exact at all frequencies for which the ele- 
ments (including grid and plate tube im- 
pedances) of Figure 1 remain unchanged. 

Subject to the following interpretation, 
the circuit in Figure 3 is equivalent to 
the circuit in Figures 1 and 2 at all fre- 
quencies. The high-frequency cutoff re- 
sistance-capacitance filter on the left is 
driven by the alternating voltage Ay’e. 
The low-frequency cutoff resistance- 
capacitance filter on the right is driven 
by a (zero-impedance) voltage exactly 
equal to the voltage across the capacitor 
co in the first resistance-capacitance filter. 
The dotted lines connecting c. with the 
second driving voltage are to suggest this 
unilateral transfer of-the instantaneous 
voltage on c, to the following resistance— 
capacitance filter. Accordingly, we have 
uw ae ' jA GW) (8) 


e wo? —7(w1 + w2)@ — o20) 


where the low and high cutoff frequencies 
of the equivalent-circuit sections are 
w, = 1/ne,and w, = 1/rece, The output 
voltage of the network in Figure 3 can be 
made equal at all frequencies to the v in 
Figure 2 by adjusting the constant A and 
by selecting suitable values of nc, and 
T2Co. 

A comparison of equations 3, 7, and 8 
shows that the cutoff frequencies in the 
equivalent circuit (Figure 3) are related 
to the actual (0.707) cutoff frequencies 
in the resistance-coupled amplifier (Figure 
2) by the simple equations: 


a tw = wp — Wg = Dap? (9) 
W102 =WpWqg =? (10) 
and 
a ; ‘ 
Aws=* (wy — wa) = dw? (11) 


- The solution of equations 9 and 10 for 
the cutoff frequencies leads to a quad- 
ratic equation, but it is simpler and 
quicker to solve the equations by testing 
a few trial frequencies on a slide rule. As 
for equation 11, it is seldom necessary to. 
carry through the calculation indicated, 
because one usually is interested only in 
the maximum gain of the equivalent cir- 
cuit which is »’/(a/b). 
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Figure 6. Coupling band width B and peak- 
frequency loss L when C,=0 


Equations 7 and 8 are not of exactly 
the same form in that the coefficient of 
jw in the denominator is a difference of 
two frequencies in equation 7, whereas 
the coefficient is a sum in equation 8. 
A calculation using equation 4 shows that 
b? must be greater than or equal to 4d 
and, because b and d are necessarily 
positive, b 2 2+/d so that 


bwy 22 


(12) 


It follows from equations 9 and 12 that 
the band width of the resistance-coupled 
amplifier never can be less than twice the 
mean or peak frequency, and all possible 
values of (wy — wq) range from 2w,) up- 
ward. ; 

Because of the symmetry of w, and 
in equation 8 and because A may be ad- 
justed at will, it always can be assumed 
that w = w,. The minimum value of 
(w, + we) is 2w) when @, = @: as WW. = 
wW2. It is now obvious that positive 
equivalent-circuit cutoff frequencies we 
and w, always can be found such that 
equations 9 and 10 are satisfied and 
We 2 a. Hence, it is always possible to 
find an equivalent at all frequencies to the 
resistance-coupled amplifier of Figure 1. 
Conversely, except for certain practical 


‘ limitations,* an amplifier always can be 


constructed to duplicate the frequency 
characteristics of any equivalent circuit, 
provided that Aw, in equation 11 does 
not exceed 0.5 (wy — wa), W) and w, being 
determined by equations 9 and 10. 


a For example the band width 2u cannot be ob- 
tained in a practical amplifier having Cg=0 unless 
Rg>R. For Rg=MR the minimum band width 
is a we tor, Whidkt Seedy =O aire 

b 2M+H1 . 
(M+1)Ce. 
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The relative amplitude and phase char- 
acteristics of a given single-stage ampli- 
fier can be calculated by computing b and 
d in equation 4 from the amplifier circuit 
constants, or by using the measured 
(actual) low and high cutoff frequencies. 
This information in equations 9 and 10 
gives w, and w» for the equivalent circuit. 
The phase and amplitude characteristics 
introduced by the low-frequency and 
high-frequency cutoffs in the equivalent 
circuit then are obtained separately from 
the well-known curves of simple resist- 
ance—capacitance filters having cutoff fre- 
quencies w,; and w . These curves are 
reproduced for convenience in Figures 4 
and 5. For an amplifier composed of a 
number of stages it is necessary only to 
continue adding, at each frequency, two 
phase angles and two amplitude losses 
(expressed in decibels) for each stage in 
the amplifier (and adding 180° phase 
shift if the number of stages is odd). 

It is interesting to observe that the 
band width of a single-stage resistance- 
coupled amplifier is always the sum of 
the equivalent-circuit cutoff frequencies. 
Furthermore, the narrowest band obtain- 
able is equal to 20) when w,; = w: = wp. 
This leads to useful relations for the 
actual cutoff frequencies of the narrow 
band amplifier: 


&g=0.41lw9; wp=2.41w9; bw) =2 
Coupling-Circuit Design 


The design of amplifier interstage ele- 
ments to produce a given frequency char- 
acteristic has been treated by others but 
not in a form permitting the selection of 
circuit constants directly from a specified 
band width and peak-frequency coupling 
loss. The problem is easy if the band 
width is large compared to the mid-band 
frequency, but difficulties arise when the 
band width and mid-band frequency are 
of the same order of magnitude. 

A given frequency characteristic, speci- 
fied by the mid-band frequency w, and 
the relative band width 
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is sufficient to determine two of the 
constants in equation 5. A _ specified 
peak-frequency coupling loss L gives the 
third, for example, 

d=1/w)?2, 


b=B/w, a=bL 


Unfortunately, however, given a, |, 
and d, the simultaneous solution of equa- 
tions 4 for the required circuit constants 
not only is unwieldy but more often than 
not leads to impractical or imaginary cir- 
cuit elements. 

An entirely different approach is more 
expedient and allows a better understand- 
ing of the coupling problem. Curves of 
constant relative band width B and peak- 
frequency coupling loss L can be plotted 
against the ratios R,/R and (C,+C,)+ 
C, when for any one set of curves the 
ratio C,/C, is constant. One set of these 
curves is shown on Figure 6 for C, = 0, 
another set on Figure 7 for Cp, = C,, and 
a third on Figure 8 for C, = 0. Addi- 
tional curves could be prepared for other 
ratios of C,/C,, but this is hardly neces- 
sary as one can interpolate between 
figures with anaccuracy sufficient for prac- 
tical purposes. 

The charts are used to select ratios of 
R,/R, C,p/C,, and C,/C, which give the 
desired band width B and an acceptable 
peak-frequency coupling loss L. There- 
after it is a simple matter to complete the 
design using the frequency relation 6, in 
the following form, to find C;,: 


1 CoC GAs 
ae RR IAe ee e =) 
Cea ee Cues, 


(14) 

The usefulness of the charts is shown 
most easily by anexample. Consider an 
interstage network for which R = 0.25 
megohm, R, = 0.5 megohm, C, = 0, and 
@, = 1,000. As is usually the case, the 


- ratios R,/R and C,/C, are restricted to 


some extent because of vacuum-tube con- 
siderations and because of the con- 
venience of certain resistor and capacitor 
sizes. Reference to Figure 6 shows that, 
for R,/R = 2, Bis a minimum and equals 
2.45 when C,/C, = 3. Therefore, the 
minimum band is 2,450 radians per sec- 
ond with a coupling loss of ten decibels 
when C,/C, = 3. On the other hand the 
band width is increased only ten per cent 
and the peak-frequency coupling loss is 
decreased to six decibels if C,/C, is de- 
creased to one. 

From equation 14 the peak frequency 
is 1,000 radians per second for C, = 


1 8 fey 10-3 and convenient capacitor 


Cy 

sizes result if C,/C, is 2. This, the 
logical choice, results in a band width of 
2,500 radians per second with a coupling 
loss of eight decibels at the peak fre- 
quency. A study of Figures 6, 7, and 8 
shows that this is about the best narrow- 
band low-loss coupling circuit that can 
be designed without increasing the ratio 


R,/R. 
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If we substitute B = 2.5 and w, = 


1,000 in 

@ Faz = wy — Wg = Bary (15) 
and 

W1W2 = WHWg = Wy” (10) 


then the cutoff frequencies are w,=350, 
Wy = 2,850, and the equivalent-circuit 
cutoff frequencies are w,=500 and w= 
2,000 radians per second. 


Vacuum-Tube Operation With a 
Resistor in the Plate Circuit 


In many applications of vacuum tubes 
it is common practice to use a resistor in 
the plate (or screen) battery circuit. The 
designer usually employs a static char- 
acteristic to select a suitable resistor, 
determine the voltage drop in the re- 
sistor, and determine voltages for the 
other electrodes that will result in a suit- 
able operating point. The chief diffi- 
culty in a problem of this kind arises be- 
cause the static characteristic curves are 
not conveniently at hand. This is es- 
pecially the case for pentodes, because 
data rarely are published for operating 
points at reduced electrode voltages. 
There has been a definite need for meth- 
ods and charts sufficiently universal so 
that a designer could predict the electrode 
voltages and dynamic constants of any 
ordinary vacuum-tube ‘operated with an 
external plate or screen resistor. In this 
section practical rules are presented for 
changing the operating point of a vacuum 
tube, and a chart based on these rules 
and the three-halves power law is given 
which permits one to select a plate re- 
sistor consistent with maximum gain, 
maximum voltage, or other requirements 
of the design, and to determine the actual 
reduced plate voltage of a triode, or the 
screen voltage of a multielectrode tube. 
Then, with the remaining electrode volt- 
ages reduced in direct proportion to the 
reduced plate (or screen) voltage, the 
plate current, internal impedance, and 
mutual conductance of the tube can be 
obtained, using extrapolation curves and 
values of these constants given in the 
tube handbooks. 
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erly chosen series resistor, but difficulties specifies a desirable manner of changing Th; i Enea a 
arise, especially when the screen voltage the operating point of a vacuum tube oS ag represents the ila ae 
is fixed, or if one wishes to know the plate from one recommended by the tube tion of the Peppna i rnmienniter? 
current and dynamic constants. manufacturer. The proportional change curve of tetrodes and pentodes, which for 
The problem is greatly simplified, and jn electrode voltages gives operating plate voltages greater than the screen 
operating points close to the optimum are —_ points close to the optimum and circuit voltage 1s independent of the plate bbe 
obtained simply by reducing all electrode values in accordance with good engineer- If, now, in accordance with rule 1, the 
voltages proportionally from the values jng practice. Rules 2, 3, and 4, are con- tube is changed from one operating point 
specified in the handbook. If all of the sistent with the three-halves power law to a second operating point by changing 
electrode voltages are reduced proportion- as it is customarily stated, and they con- all electrode voltages by one and ihe 
ally, then, as will be shown, the static form with the experimental facts suffi- Same factor, the entire coefficient of EF, 
and dynamic constants can be obtained ciently close for practical purposes. tne - equation 18 is unchanged and we can 
for the new operating point by extrapolat- spite of the exceptions, they are already in WELCS 
- ing on suitable conversion charts. everyday use for the extrapolation of tube 7, get) (19) 
For convenience and clarity the ma- constants,‘ and whether the exponent is » 3 ; 
terial in this section is developed in detail 1.5 or 1.7, as is sometimes suggested, Similarly for the mutual conductance and 
for the screen grid types of vacuum tubes really makes little practical difference. plate resistance, 
without specific mention of the triodes. [nthe next following paragraphs the con- 


The entire analysis applies equally well version equations are developed briefly. eee =k,Es/* (20) 
to the triodes, and it is a simple matter The three-halves power law for the plate (OF 
to include them, once the method hasbeen current in a screen grid tube usually is aE. 
iy explained for the other types. given in the following form: tp =k Es! (21) 
We begin by stating four practical i ; Tp : 
x rules which can be used to govern a 7 =p, (2.1242) (16) The equations 19, 20, and 21 are the 
| change in operating point and to deter- Bs yp basis for the conversion rules 2 to 4 and 


-mine the dynamic characteristics of @ fo AL.<E 
vacuum tube changed from one class-A Ts 
4 operating point to another similar oper- In this equation k; is a constant, E, is the 
o ating point; namely: control-grid voltage, E;/us is the screen 
ae grid voltage referred to the grid plane, and 


4 1. A suitable class-A operating point can fF cartheantat It h 
--_ -be changed to another (reasonably) similar gage Sue ate ve rake referred to the 


‘they have been represented graphically 
on Figures 9, 11, and 12 in a form that is 
convenient for the extrapolation of known 
values of the tube constants. It is now 
necessary only to determine the factor by 
which the electrode voltages are to be 


of : ; : : id plane. 

--——s operating point by reducing or increasing Bu - A ; changed. 

se proportionally all d-c electrode potentials. Equation 16 can be placed in the form: In a practical problem, the plate supply 
2. The amplification constants of a tube | _, Bey 4H Ey Oe i - voltage is given but the plate voltage is 
Den) are unchanged by a proportional change in Dione \ He E, tp Ey) | : (17) dependent upon the voltage drop in the 
-_ alll its electrode potentials. resistor R;, so that the situation is es- 
Be) 8° The plate current Mie ealcutent of a For pentodes and tetrodes the plate pecially awkward if static characteristics 


; vacuum tube vary as the three-halves power amplification constant mu, is usually an are not available and conversion charts _ 
of the screen voltage when allother electrode order of magnitude greater thanthescreen are to be used. 
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voltages are varied so as to remain propor- amplification constant ps. The d-c plate The difficulties of this everyday prob- 
__, tional to the screen voltage. voltage is usually about equal to the lem are greatly simplified by constructing 
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a chart having the plate supply voltage 
and the plate voltage as variables. These 
are quantities in which the engineer is 
directly interested. The theory of this 
chart and its use now will be described. 

The plate voltage is related to the plate 
supply voltage and the d-c drop in the 
plate resistor by the equation, 


Ey=Ey+IpRy 


But from equation 19 the d-c drop in the 
plate resistor is determined by the screen 
voltage, 


IpRt aa nRiEs;/? 
Hence, 
(Ey —E,) > nRiE;/? 


Equation 22 shows that two electrode 
voltages are related to the plate supply 
voltage by a single equation, and the de- 
signer is free to adjust the screen voltage 
telative to the plate. However, by as- 


(22) 


suming that E,=£,, equation 22 is easily 


solved, after which an excess of plate over 
screen voltage can be obtained, if desired, 
by a corresponding increase in the plate- 
voltage supply with all other supply volt- 
ages held constant. 

On this assumption:-(Z,=£,), equation 
22 takes the form: 


Ey=Ey+aRrE,/* 


The plate supply voltage E, is given so 
that E, can be found by reference to an 
E,, Ey chart having k=7R, as a pa- 
rameter. This chartis givenin Figure 10. 


(23) 


Operating-Point Design 


Before describing the use of Figure 15 
we digress briefly to show that the screen 
grid types of tubes usually can be oper- 
ated in resistance coupling with the 
screen voltage equal or nearly equal to 
that of the plate. With transformer 
coupling the screen grid types sometimes 


_are operated with the screen voltage less 


than the plate voltage, because it is 


Oe ; = 


Tetrodes commonly are operated with 
reduced screen voltage to prevent distor- 
tion, but they rarely are used in resist- 
ance coupling. 

When a vacuum tube is resistance-cou- 
pled, the designer usually is free of these 
considerations, and the screen voltage 
can be adjusted relative to the plate volt- 
age so as to give a maximum gain or a 
maximum voltage output. However, for 
all practical purposes a pentode in resist- 
ance coupling gives both maximum gain 
and maximum voltage output when oper- 
ated with the screen voltage equal or at 
least only slightly less than that of the 
plate. The restriction of designs to opera- 
tion with equal plate and screen voltages 
is not an important practical limitation, 
and the design procedure is much simpler. 

The procedure* for selecting a plate 
* In the procedure outlined it has been assumed 
that, once the plate resistor is determined, the grid 
resistor can be selected so that the maximum gain 
is not decreased seriously by too large a value of 
R1t/ Rg. It is not usually advisable to permit the 
grid resistor Rg of the following tube to exceed a 
megohm, so that an upper limit is placed effectively 
on the value of the plate resistor. This happens 
only with tubes having a low plate current. In 
practical cases, the voltage gain and maximum 
voltage obtainable from the commercial tubes does 
not increase very much as the plate resistor is 
increased above 0.25 megohm so that a 1.0-megohm 
grid resistor does not really limit the applicability 
of Figure 10. 
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resistor when a given tube is specified 
depends on whether the screen voltage can 
be adjusted to a value required by the de- 
sign or for some reason happens to be pre- 
determined. If the screen voltage is not 
predetermined, so that the plate and 
screen electrode voltages can be adjusted 
to optimum values, then the plate resistor 
and the electrode voltages should be se- 
lected as follows: 


1. From the plate current and screen volt- 
ages recommended for class-A operation 
of the given tube, find the » characteristic 
of the tube using Figure 9. 


2. Refer to Figure 10 for which E, =H, and 


(a). Given the plate supply voltage, select k such 
that Ey is 20 or 25 per cent of Ep if maximum gain 


is required, or such that E, is about 50 per cent of 


Ep if maximum voltage output is required. 


(b). Given the plate resistor, use k=7 RL, and find 
the plate supply voltage required so that E, and 
E> are related as in (a). 


(c). Given the plate resistor and the plate supply 
voltage, use k=7Rz and find the required Eg. 


38. Useas the screen voltage the value of E, 
given by step 2. The plate and screen volt- 
ages are now equal,'so that E, is known. 
If an excess of plate voltage over screen 
voltage is required, then increase the voltage 
supplied to the plate resistor by a voltage 
equal to the required excess. If the screen 
voltage is to be obtained by the use of a 
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Figure 14. Transconductance-meter circuit 


series screen resistor, find » characteristic 
of the screen, using Figure 9; and find the 
screen resistor that will give the required 
screen voltage using screen supply voltage 
this time on Figure 10 in place of Ey. Ifthe 
screen voltage is known, the plate current, 
internal plate resistance, and mutual con- 
ductance are obtained by extrapolation from 
the values given in the tube handbook, using 
Figures 9, 11, and 12 as conversion charts. 


For triodes the procedure is exactly the 
same as outlined above except that Ey is 
used any time either E, or Ey is specified 
in the procedure just given. 

If the screen voltage is specified (or if 
the screen supply voltage and screen re- 
sistor are given which in turn fix E,), then 
the procedure for selecting the plate re- 
sistor and plate supply voltage is easily 
reversed. This case is not of sufficient 
importance to include details here. One 
point of importance, however, is that, if 
the screen supply voltage HE; and k are 
given, then the plate supply voltage re- 
quired by Figure 10 is the lowest that can 
be used. If the available plate supply 
voltage is either appreciably greater or 
less than that given by Figure 10, then 
the specified screen voltage and k should 
be reconsidered. 

Once the plate and screen voltages are 
determined, the grid bias of the tube, in 


conformity with rule 1, is to be reduced 


from the manufacturer’s recommended 
value in proportion to the reduction in the 
screen voltage. On the other hand, and 
giving the same result, the following are 
very useful rules for setting the grid bias 
of a class-A vacuum tube: 


For triodes: E,=— 0.7 Ep/u 
_ / For amplifier-type pentodes: E,=— E;/30 
For power-type pentodes: E,= — Es /15 


Values given by these rules are usually 
within ten per cent of the bias voltages 
given in the tube handbooks and are suffi- 
ciently close to the optimum for most 
practical purposes. 
In the present paper no attempt has 
_ been made to determine analytically the 
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maximum voltage and maximum voltage 
gain obtainable in a resistance-coupled 
amplifier.® Amplifiers usually are de- 
signed either to produce the greatest 
possible gain per stage or to produce a 
definitely required voltage output so that 
rules for estimating the gain and maxi- 
mum voltage that can be expected are 
needed for a starting point or as a rough 
check on measured values. For such 
purposes, a wide-band resistance-coupled 
audio-frequency amplifier can be expected 
to have a gain per stage of about 0.7 or 
*/30mRzr, Whichever is the smaller. Cor- 
rectly designed for a maximum voltage 
output, the rms “undistorted” voltage 
output is about one-seventh the plate 
supply voltage using high-mu triodes and 
one-fifth the plate supply voltage using 
low-mu triodes or pentodes. 


Vacuum-Tube Conversion Charts 


The conversion charts, Figures 9, 11, 
and 12, permit convenient extrapolation of 
dynamic constants when, and only when, 
there are proportional changes in all of the 
electrode voltages. Up to this point only 
proportional changes in the electrode 
voltages have been under consideration. 

A conversion chart with the plate cur- 
rent as the independent variable can be 
used with care for some changes in the 
operating point not involving proportional 
changes in the electrode voltages. 

With the dynamic constants given at 
one operating point, the constants can be 
found at any other operating point should 
it be safe to assume that the amplifica- 


‘tion ‘‘constants” in equation 16 are truly 


constant for arbitrarily chosen electrode 
voltages. 

On this assumption the internal plate 
impedance and mutual conductance, as 
expressed in equations 20 and 21, can be 
made functions of the plate current alone 
by substituting E, from equation 19. The 
conversion chart, Figure 13, represents 
these functions. To extrapolate g and rp 
from one operating point to another, it is 
only necessary to know the plate current 
at both operating points. The chart is 
therefore useful when the plate current is 
specified or when the plate current can be 
measured in the circuit under considera- 
tion. 

_ The conversion chart, Figure 13, can be 
used quite safely for extrapolating triode 
constants, especially if the plate current 
is not permitted to change by a factor 
greater than three or four. It can be used 
for extrapolating over reasonable plate- 
current changes the mutual conductance 
of the sharp cutoff pentodes if the plate 
voltage is not less than that of the screen 
and if the ratio of the electrode voltages 
is not changed too much. Whether or not 


this chart can be used for a particular tube 
really should be determined by measure- 


ment, and the bridge circuit described in a 
later section of this paper is suitable for 
this purpose. 
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Figure 16. Transconductance balance 


The use of Figure 13 to extrapolate the 
internal impedance of the pentodes should 
not be expected to give values of rp which 
are much better than a good guess. In 
spite of this fact the chart is useful, un- 
questionably, for estimating values of 7p 
to be used in equation 1 or 24 for calculat- 
ing the gain »’ or circuit transconduct- 
ance s* obtainable at a new operating 
point. As the actual gain of a pentode is 
relatively independent of its internal im- 
pedance, even for large variations in the 
latter, calculated values of the gain and 
circuit transconductance agree well 
enough with measured values to justify 
the use of the chart for this purpose. For 
example, in a set of 15 operating points 
for a 6K7-type tube where the plate cur- 
rent ranged from twice to one-fifth that 
given iit the handbooks, the greatest dif- 
ference between measured and calculated 
gains was 30 per cent, with an average 
difference of 12 per cent. Variations be- 
tween tubes amount to as much or more, 
and the tube selected for this example is a 
“variable-mu’’ pentode, for which types 
the conversion chart is hardly applicable. 

The methods outlined in the forego- 
ing for selecting operating points of a tube 
with a resistor in its plate circuit cer- 
tainly cannot be claimed to be universally 
applicable. Practical experience in the 
application of the charts and rules to a 
wide variety of problems has shown, how- 
ever, that the methods usually give useful 
and reliable results. The conversion 
charts are convenient means for extra- 
polating the dynamic constants of tubes, 
but it is still to be regretted that the vac- 
uum-tube manufacturers do not include 
some data in the handbooks for the lower- 
voltage applications. 


A Vacuum-Tube Transconductance 
Bridge 


The measurement of the dynamic con- 
stants of vacuum tubes requires for ac- 
curate results a carefully constructed 
bridge of a very specialized type. Good 
bridges are available for this purpose, but, 


‘because of the expense, they are not 


usually available to an engineer working 
on vacuum-tube amplifiers. 

A transconductance meter which can be 
constructed easily is described in this sec- 
tion. With this instrument it is possible 


* In this paper mutual conductance refers to the 
tube, whereas circuit transconductance or trans- 
conductance refers to the tube and plate resistor as 
defined in equation 24. : 
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Figure 17. Socket connection plug 


to make two independent transconduct- 
ance measurements on a vacuum tube, 
from which the actual gain yu’ and equiva- 
lent plate-circuit resistance R can be 
obtained and from which fairly accurate 
values of the three dynamic constants can 
be secured. Further, the circuit is con- 
veniently arranged for making a rapid 
study of proposed operating points or of 
various tubes. 

The transconductance-meter circuit is 
shown in detail in Figure 14. An alter- 
nating voltage is applied to the grid of 
the tube and through a variable resistor 
G tothe headphones. The plate circuit of 
the tube connects through a two-position 
switch to the headphones. If the resistor 
G is adjusted to give a null in the head- 
phones, the bridge measures (depending 
on the position of the switch) the mutual 
conductance of a tube, £=ph/rp=n'/R, 
and the circuit transconductance, 


ae. 
wr, -ER;. 


both with an external plate load resistor 
R, in the plate circuit. For the mutual 
conductance balance the circuit reduces 
to that in Figure 15, and the mutual con- 
ductance of the tube is equal to the con- 
ductance G;. For the circuit transcon- 
ductance balance the transconductance s 
is equal to the conductance G, in Figure 
16. 

The actual amplification »’ of the tube 
with its plate resistor and the effective 
plate-circuit resistance R can be calcu- 
lated very easily from the measured g and 


(24) 


_ s by the following equations: 


(25) 
(26) 


w’=sRy, 


The bridge is proposed principally for 
its usefulness in measuring »’ and R, but 
the amplification constant » and the in- 


_ ternal plate resistance 7, can be calcu- 


lated as follows: 
Bs gRy, 27 
ooo eel (27) 
R, 
Net Zhe 28 
a eal (28) 


As the ratio g/s approaches one in 


equations 27 and 28, the internal-imped- 


ance and amplification constant are very 


| large and cannot be measured accurately. 
In this event an exact measurement of — 
____ these constants is usually unimportant. 


The bridge is a convenient circuit for 
making the usual amplifier-tube studies. 
By making R, in Figure 14 a calibrated 
variable resistance, the plate resistor and 
the electrode potentials can be varied in 
order to find an operating point giving a 
maximum gain. By using a cathode- 
tay oscilloscope it is easy to observe the 
plate-circuit wave form and to locate an 
operating point suitable for a maxitnum 
voltage output. 

The circuit in Figure 14 shows suitable 
values for the important elements. A 
1,000-ceycle oscillator (or high-frequency 
buzzer) can be used for the voltage e 
which for measurement of the dynamic 
constants should not exceed about 0.5 
peak volt. The resistance G is best con- 
structed and calibrated for direct reading 
asaconductance. The plate-circuit choke 
need only be large enough to prevent too 
serious shunting of the phones and may be 


replaced by a resistor, small compared to ° 


Figure 18. Transconductance meter 


the plate load resistor. Capacitance to 
ground in the plate circuit should be kept 
at a minimum. 

In constructing the bridge it is impor- 
tant to have a practical method for con- 
necting different tubes into the test cir- 
cuit. A convenient arrangement is to 
connect the tube socket to one side of a 

‘*multiconductor power socket (Jones $400 
series) and the bridge circuit and power 
supplies to the opposite side as shown in 
Figure 17. Then patch wires can be in- 
serted to cross-connect the tube socket 
into the bridge circuit. Several different 
types of sockets, of course, can be con- 
nected in parallel to the same multicon- 
ductor plug. 

Instruments and potentiometers for 
setting the electrode voltages complicate 

_ the construction and are hardly necessary. 
The electrode voltages can be obtained 
from tapped B and C batteries and meas- 
ured, if necessary, with an external vac- 
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uum-tube voltmeter. A bridge of this 
type, which has proved to be of immense 
practical value, is shown in Figure 18. 
Obviously, it is simple enough to be used 
as an everyday laboratory instrument. 


Summary 


The routine problems of resistance- 
coupled amplifier design have been sim- 
plified and reduced to a set of graphs and 
convenient conversion charts. 

In the first section it is shown that the 
coupling circuit (Figure 1) can be re- 
placed by a pair of equivalent resistance— 
capacitance circuits (Figure 3) so that 
it is easy to calculate an amplifier’s phase 
and amplitude-frequency characteristics. 
The design of a coupling circuit to give a 
specified band width and an acceptable 
loss has been simplified by the construc- 
tion of curves of constant band width and 
peak-frequency loss (Figures 6, 7, 8). ; 

In the second section a method and 
charts (Figures 9, 10) are presented for 
determining without the use of static 
characteristic curves a suitable operating 
point, electrode voltages, and plate or 
screen resistors for any vacuum tube oper- 
ated class A. As the method given re- 
sults in the tube being operated with 
proportionally reduced electrode voltages, 
its dynamic constants can be extrapolated 
from values furnished by the manufac- 
turer. Charts facilitating the extrapola- 
tion are given (Figures 9, 11, 12, 13). 

A simple transconductance meter for 
measuring the mutual conductance and 
circuit transconductance (equation 24) of 
a tube operated with an external plate 
resistor is described in the final section. 
The gain of the tube and the equivalent 
plate-circuit resistance can be calculated 
easily from these two measurements. 
The dynamic constants » and r, can be ~ 
obtained also with an accuracy sufficient 
for most practical purposes. 

The methods outlined in this paper 


‘were developed independently, and have 


proved to be thoroughly practical and re- 
liable in work on a wide variety of resist- 
ance-coupled amplifiers. 
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Damping and Synchronizing Torques 


of Power Selsyns 


C. CONCORDIA 


MEMBER AIEE 


ELSYN systems are used very widely 

as power drives and as indicators 
when it is necessary to have the position 
of an element correspond synchronously 
with that of a controlling element which is 
remotely located. The receiver Selsyn 
is used either directly as the output driv- 
ing motor or as an input to a following 
power-amplifying stage of a control sys- 
tem.* In the study of such Selsyn sys- 
tems and of the control systems of which 
Selsyn systems form one of the links, it 
becomes necessary to determine the 
hunting-torque characteristics of these 
machines (that is, the damping and syn- 
chronizing torques for small oscillations) 
as affected by speed, load, oscillation fre- 
quency, and, of course, the various design 
factors. The direct calculation of these 
hunting-torque characteristics is difficult, 
but within the past few years methods 
have been developed whereby the ma- 


_ chine performance may be represented by 


‘equivalent static electric circuits. 


The 
purposes of this paper are: 


1. To show how these hunting-torque 
characteristics can be simply determined 
by measurements on equivalent electric 
circuits set up on an a-c network analyzer. 


2.. To present some of the results of studies 
made of specific Selsyn systems. 


In addition to considerable informa- 
tion necessary for the proper design and 


application of Selsyns and for the calcula- 


tion of the performance of the control 
systems of which the Selsyns may form a 
part, a principle of considerable general- 
ity has been found, by means of which the 
condition for stability of a power-Selsyn 
drive may be very simply stated. This 
condition is simply that the total effec- 


_ tive short-circuit resistance must exceed 
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the short-circuit reactance. The limita- 


tions of this statement will appear in the 


following discussion. 


Single-Phase Selsyn System 
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The system studied consisted of two 
Selsyns with their two rotor windings con- 


nected together and their two stator wind- 
_ ings connected together. 
stator or the rotor pair is supplied with 
electric power. Both stator and rotor 

__ have balanced three-phase windings. The 
_ windings are assumed to be sinusoidally 
_ distributed, and saturation and possible 


eS ns 
440 


variation of resistance with current are 


neglected. In an actual machine some 
additional effects may arise because of the 


Either the 
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space harmonics caused by the winding 
distribution. Also, at or very near the 
equilibrium point the rotor currents may 
in some cases be very small and the effec- 
tive rotor resistance consequently some- 
what larger than the nominal value be- 
cause of the effect of brush drop. 

The electric-power supply is either 
three phase or single phase; if it is single 
phase, the connections are as shown in 
Figure 1. In the method of analysis used 
the single-phase voltage is resolved into 
two polyphase-voltage systems of oppo- 
site phase rotation, so that the results for 
a polyphase supply are always obtained 


Table I. 


Two Selsyns—Receiver Hunting— 
Single-Phase Excitation 


Value of r/x for Zero Damping—h =0.03* 


Case 

No. Ts Ts2 Tr 6 Vv 1/x 
Sb Ps oe a 0194 vaserene C4 Ol hs ct Oe. 00. 
12 . 0.94 EO eee aL cere) were at OO 
TS er ean 0.94 eG Shia LO. acre 0.95 
19.. e600) DOs aLO? ees 0-2 1.07 
oie a Ue apiece SP eal OYs ot, Ose: 0.90 
ON, 8 . 0.94 OD eel OO? eat ceO) pes, 28. O99 
268 Sees 1588 cee S91, ado Aces OlasesrereplcOO: 
OAD tera 5.4 Nb ake LOC See Olen se we OD, 
29 Se eeete O94 an vise QU tee C os Oo 0.98 
BU ace OLO4 je Bi 45% Boer Ore BOLT 
Oe Protas SOceu ee eae DA Oc ae lO ua acl OS 
BAe ODA wend ROA ae we lLOP OS Ox Oar LOT 
8521209455. 822, SD Ae sa ik OS dare Ore, 0.97 


* Except case 12 .where h=0.06. 


incidentally to the study of a single-phase 
case. The equivalent circuits for the 
Selsyn system of Figure 1 are shown in 
Figures 2 and 3; these circuits are de- 
rived and discussed in the appendix. 


Hunting 


Figure 4 shows an example of the re- 


sults obtained. The system consists of , 


two identical Selsyns having resistances 
and reactances as shown in the figure, 
and with the stators excited by a single- 


Paper 45-22, recommended by the AIEE com- 
mittee on electric machinery, for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945. Manuscript sub- 
mitted October 30, 1944; made available for print- 
ing December 7, 1944. 


C. ConcorprA is in the analytical division, central- 
station engineering divisions, and GABRIEL KRON 
is consulting engineer, both with General Electric 
Company, Schenectady, N. Y. 


* The case in which the receiver is rigidly coupled 
to the controlled output and in which the voltage 
differential is used as the indication of error is not 
considered here. ; 
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phase source. One of the Selsyns, which 
may be considered as the receiver, has an 
average relative angle of lag of ten de- 
grees and is hunting at a frequency of 
three per cent of normal. The synchro- 
nizing- and damping-torque coefficients 
and the average or load torque on the re- 
ceiver are plotted as functions of rotor 
resistance. It is seen that load torque 
and synchronizing torque decrease con- 
tinually with increasing resistance. On 
the. other hand, the damping torque is 
negative for all values of rotor resistance 
less than 9.4 ohms and has both a mini- 
mum (at 7; = 3) and a maximum (at 
r, 230) value. At the point where damp- 
ing becomes positive, the total resistance 
is 0.94 + 9.4 = 10.3 ohms, while the total 
leakage reactance is also 10.3 ohms. (The 
total leakage reactance lies in this case 
between the two values of short-circuit 
reactance viewed from stator and rotor 
and is in any case a rather good approxi- 
mation to the short-circuit reactance.) 
Figure 5 shows the damping-torque 
coefficient for the same case as that of 
Figure 4 with both machines running at 


an average speed of 20.per cent of syn- 


chronous speed. The effect of speed is 
seen to be very small. Now the damping 
becomes positive at a rotor resistance of 
about 8.8 ohms, making the total circuit 
resistance 8.8 + 0.94 = 9.7 ohms, in- 
stead of 10.3 ohms. 

The effect of rotor speed is shown more 
directly by Figure 6. These data were 
obtained with a rotor resistance of 10.8 
ohms, which is sufficiently large to give 
positive damping throughout the speed 
range. In this case the minimum damp- 
ing occurs at zero speed. This is true, 
however, only if the circuit resistance is 


TRANSMITTER 
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Figure 1. Two balanced Selsyns with single- 


_ phase supply 


Solid line—Stator 
Dashed line—Rotor 


sufficiently great and is always true if 
damping is positive throughout the speed 
range. With a much smaller rotor resist- 
ance (r, = 0.94), the characteristics are 
as shown in Figure 7. This figure is seen 
to resemble Figures 1, 2, and 3 of refer- 
ence 1, which were found for a single poly- 
phase Selsyn machine. 
Figures 8 and 9 show the rather small 
effect of oscillation frequency on the 
damping- and synchronizing-torque coef- 
ficients, respectively, up to an oscillation 
frequency of 20 per cent. This indicates 
that the synchronizing torque should be 
very nearly equal to the slope of the 
steady-state torque-angle characteristic 
at the average load angle, and this has 
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been found to be the case. Data at vari- 
ous load angles have been obtained but 
are omitted in order to shorten the paper. 


Steady-State Torque-Angle 
Characteristics 


Figures 10 and 11 show the steady-state 
torque—angle characteristics of two iden- 
tical Selsyns for the system of Figure 1 at 
various rotor speeds. Figure 10is for a ro- 
tor resistance (10.8 ohms) sufficiently 
large to insure positive damping, while 
Figure 11 is for a small rotor resistance as 
in Figure 7. It should be noted that 
cases in which the electrical damping is 
negative are still of interest since me- 
chanical dampers may be added. It is 
seen further that the maximum torque is 
considerably greater when the circuit re- 
sistance is low. 


Polyphase Selsyn System 


As previously noted, the determination 
of the Selsyn characteristics with single- 
phase supply is obtained by the superpo- 
sition of results for two polyphase-supply 
voltages, one of positive- and one of nega- 
tive-phase sequence. Figure 12 shows, 
for example, the synchronizing, damping, 
and average torques for the two Selsyns 
of Figure 4 but now supplied only with 
the positive-sequence component of volt- 
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age. As the machines are at standstill and 
the load angle is small, the effects of poly- 
phase voltage of either phase sequence are 
very nearly alike, and all the torques of 
Figure 12 are very nearly half of the cor- 
responding torques of Figure 4. 

Figure 13 shows the damping-torque 
coefficients as functions of rotor resistance 
for a rotor speed of 20 per cent and may 
be compared directly with Figure 5. The 
torque caused by both the positive- and 
the negative-phase-sequence voltages are 
shown. Since the load angle is small and 
its effect is also small, the two curves 
shown may also be considered to show di- 
rectly the effect of the direction of rota- 
tion of the rotor. It will be noted that the 
two curves are similar to the damping- 
torque curve of Figure 12 (for »v = 0) but 
shifted to the right and left. In fact, it 
may be shown for an idealized case that 
for polyphase excitation, the point at 
which the curve crosses the zero axis (that 
is, the resistance at which damping be- 
comes positive) may be determined from 
the criterion that resistance must be 
greater than reactance if the reactance is 
again the short-circuit reactance or the 
sum of the leakage reactances and the re- 
sistance is the stator resistance plus the 
quotient of rotor resistance and slip, or 
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x= 2x, (1) 


Figure 2 (left). Two 
induction motors on 
unbalanced voltages 


Figure 3 (below). Two 
polyphase induction 
' motors 
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b) Second machine hunts 
t+jh(E+E ) 


where 7; and 7, are the total stator and 
rotor circuit resistances, respectively, and 
x, is the total leakage reactance of stator 
or rotor. Equating 7 and x and solving 
for r,, one obtains 


77 =S(X—1s) (2) 


For s = 0.8, 7, = 7.5 ohms; for s = "172; 
7, = 11.2 ohms. 

The corresponding values read from 
the curves are 7, = 6.8 and7, = 10.7. 

The steady-state torque-angle char- 
acteristics at various rotor speeds and 
with polyphase excitation are shown in 
Figures 14 and 15 for the same two values 
of rotor resistance as in Figures 10 and 11. 


Criterion of Stability 


The criterion for stable opération of a 
Selsyn system previously suggested, that 
is, that the resistance must be greater 
than the reactance, applies exactly only 
to the case of infinite magnetizing react- 
ance and zero oscillation frequency. In 
this case the damping-torque coefficient 
Ta may be shown to be given by the re- 
lation 


_R(k?—1) 
~ ¢(R2+1)2 


where k = r/x, and the excitation voltage 
is unity. However, the results presented, 
as well as results obtained for many other 
cases studied, show that this criterion 
may be used for a wide range of condi- 
tions. It has been stated that for poly- 
phase excitation the rotor resistance must 
be divided by the slip. On the other 
hand, for single-phase excitation the rotor 
resistance is used directly, regardless of 
speed. The reason for this is that there 
are in effect two slips, (s) and, (2 — S$), in 
the single-phase case, and this is a reason- 
able approximation, because these Selsyns 
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Figure 4. Steady-state torque T, and damping- 
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soue and synchronizing-torque coefficients, Tz, and 
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(a). 


Steady-state torques 


TL AE,* = Ws+JQs 
AivE,i* = We +jQs 


u ,.. Wst+WetWit Wa 
Lipp aS a 
2 
(Qs+Qs) — (Qs+Q7) 
2h 

Repeat the same measurements with —h hunting network 

Ta =Ts'+ Dey Ta=Ta’+Ta” 

(b). Damping and synchronous torques of the first machine 


1 AE,* = Wit+jQr 
AiE,* = WstjQs 


Ta’ = 


12 AE2* = Wo+jQo 
A?E2* = Wiot+jQio 


AK * = WutjQu 
AitE,* = Wi24+jQi 


Be Ws+ Wit Wit Wiz 

$2 ee a 
2 

Pade (Qio+Qr2) <a (Qs+Q11) 

a 2h <i ia 


‘Repeat the same measurements with —h hunting network. 
i Ta2= Tag’ +T a,” 


Tx = T2/+ ies 
Damping and synchronous torques of the second machine : 


(c). 


368 


| Concordia, Kron—Power Selsyns — 
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Speed =0.2 


Figure 5. Damping-torque coefficient Tg. as 
a function of rotor resistance 


operate at speeds of less than about 30 
per cent. 

As a check upon the validity of the cri- 
terion, Tables I and II, for single-phase 
and polyphase excitation, respectively, 
have been included. These tables show 
the values of the effective resistance-to- 
reactance ratio at the point of zero damp- 
ing for several cases as indicated. In no 
case does the ratio deviate by more than 
ten per cent, and in most cases it is much 
closer. ; 


Conclusions 


From the results presented here and 
from studies of additional cases, the fol- 
lowing conclusions may be drawn: 


1. The equivalent-circuit method provides 
a quick and simple way of determining the 
hunting and steady-state characteristics of 
power-Selsyn systems. 


2. For single-phase or polyphase Selsyns 
with balanced windings, electrical damping 
becomes positive for all operating speeds 
between zero and 100 per cent when the 
total circuit resistance exceeds the short- 
circuit reactance. 
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Figure 6. Steady-state torque T, and damping 
and synchronizing-torque coefficients, Ta, and 
T.., respectively, as functions of speed 
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For polyphase Selsyns, the electrical damp- 
ing may become negative at sufficiently high 
slips (that is, greater than 100 per cent) even 
if the criterion is satisfied. In this case the 
ratio of rotor resistance to slip should be 
substituted for the rotor resistance in the 
criterion. 


3. The distribution of resistance between 
the stator and rotor, and the frequency of 
oscillation have little effect on either the 
damping- or synchronizing-torque coeffi- 
cients. 2 


4. Since synchronizing torque continually 
decreases with increasing resistance, the 
optimum resistance usually will be only 
slightly greater than that required for posi- 
tive damping. Indeed, in many cases it 
may be advisable to use a smaller resistance 
and a mechanical damper. 


5. When operation over the full-speed 
range is considered, the addition of rotor 


$1 a; 


tst+Lap 


1.0 


Figure 7. Steady-state torque T, and damping- 
and synchronizing-torque coefficients, Tz, and 
T,., respectively, as functions of speed 


h=0.03 
6=10 degrees 


simpler equivalent circuits. These latter 
may be derived from the fundamental equa- 
tions of the induction motor without the 
introduction of advanced tensorial concepts 
as follows: 

Let two polyphase-induction motors and 
a polyphase load R+Lp be interconnected 
as shown in Figure 16. (When the load 
contains capacitors 1/Cp, equations 4, 5, 
and 6 must be generalized in the manner 
shown in reference 3.) As a first step in 
their analysis, let all interconnections be 
removed, Figure 17. The Z, e, and G 
tensors of the primitive system are given in 
equations 4, 5, and 6. 


S2 a» I 


M, p ef! Ai 


Mipe-™ 


tnhtLnp ’ J 


sot+Lsop 


resistance rather than stator resistance to 
obtain stability is advisable, since this 
causes a smaller decrease in the pull-out 
torque. 


Appendix. Derivation of the 
Equivalent Circuits 


The Primitive System 


The theory and equivalent circuits of two 


asymmetrical induction motors have been 


developed in reference 2. When the motors 
are symmetrical, the same theory and cir- 


cuits still apply. However, now it is possi- 
~ ble to remove the phase shifters from inside 
the circuits and shift instead the phase of 
the applied voltages, resulting thereby in 


F 


Mope~" trtLrop 


me fea EE 


Mape’” (4) 


The Successive Steps of 
Transformations 


To establish equivalent circuits, five suc- 
cessive transformations have to be per- 
formed: 


1. The two machines and the load are 
interconnected as shown in Figure 16 by 
equation 7. 


(7) 


2. To get rid of the variable 6, the following 
reference frame has to be introduced: 

(a). On the stator and rotor of the first machine 
and on the load, the axes are stationary in space. 


(b). Onthe stator and rotor of the second machine, 
the axes rotate with slip speed v2—71. 


(8) 


Equation 8 results where @.—0,=6. If the 
first machine is driven, then the second. 
mathine lags behind the first, 6,:is larger 
than 6, and 6 is negative. If C;-C,=C, 
the resultant transient tensors are found 
by equation 9. 


Z'=C,*-Z-C+C,*-L-pC 


e’=C,*-e (9) 
G’=C,*-G-C 


Steady-state torques 


DAR*= W3+303 

AitEy* = Wit je 
Ts1'=(Ws+ Ws) /2 
Tas’ =(Qe—Qs) /2h. 


Repeat with —h network 
Ta=Ta'+Ts” Ta=Ta'+Ta” 


(a). Torques of first machine 
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12 AB,* =Ws+jQs 
Ai?E,* =Weti0e 
Ts.’ =(Ws+ We) /2 
Tan’ = (Qs ae Qs) /2h 
Repeat with —h network 
T= T 9’ +T 9" Tan= Tan’ +T ap" 


(b). Torques of second machine 
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Figure 8. Damping-torque coefficient Tg, as 
a function of speed for one Selsyn hunting 
with various values of hunting frequency 
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~ Figure 11. Steady-state torque-angle curves 


Figure 13 (below). Positive- and negative- 

sequence damping-torque coefficients, Tap 

and Tan, respectively, as functions of rotor 
resistance of polyphase Selsyn 
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Figure 9. Synchronizing-torque coefficient 
Ts, as a function of speed for one Selsyn 
hunting with various values of hunting fre- 
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Figure 12 (below). Steady-state torque T, and 

damping- and synchronizing-torque coeffi- 

cients, Tg, and T;,, respectively, as functions 
of rotor resistance for polyphase Selsyn 
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Figure 14 (left). Steady-state torque-angle 
curves for polyphase Selsyn 
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Figure 15. Séeady-itate torque-angle curve 
for polyphase Selsyn 
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; 
ei. be se 
. ak ae ee” 


3. The polyphase axes are replaced by real 
axes (at right angles in time) by replacing 
each component with a matrix as shown in 
equation 10. 


Sa Sq 
z |=| ea | eal 
: Sq S¢ 
. Sql ¢ —x 
drei |=" = (10) 
Sal seer te 
4. Symmetrical ‘components are intro- 
duced by equation 11, 
Sr Sp 
is 1 1 
C= | (11) 


V2sq —i |i 


using the laws of transformation of C 
(now pC=0). 

5a. For the steady-state network, p is re- 
placed by jw, Z by n™!-Z and e by n™!-e 
where n is a diagonal matrix, as shown in 
equation 12. 


Sof S2d ly t, 


Sir Sid af ap 


5b. For the hunting network, 6 is replaced 
by 6+A6. Then: 

(a). pis replaced by j(1=h)o 

(b). The value of n’ is the same as n above with 
= 


{c). The impressed voltage e is replaced by the 
value given in equation 13, 


AE® =(G@+V) -ip— 
de 
¢ on @ 


oe 


where E‘) is known for the steady-state network. 


The Network Equations 


When the final Z matrices with eight rows 
nd columns are established, it is found that 
they subdivide automatically into two inde- 
pendent matrices, one for the forward, the 
other for the backward meshes, showing that 
the forward and backward equivalent cir- 
cuits are not coupled together. 

1. For the forward steady-state network, 
equations 14 and 15 hold. ; 


Sip OF 


rs tjX si if jXm 


es= 


Sy ay Su Ly 
(15) 


The rotor fluxes are given in equations 
16 and 17. 


ar ; 
Ey=eGyy-is=| —GX mi V+jXni%) | (16) 
ay 


E,p= Gop is=| —7X (G4) 5X mot! 
(17) 
2. For the backward steady-state network: 


(a). Zp, is the same as Zy except that —y is re- 
placed by +2. 


(b). eb is the same as ef except that —6 is re- 
placed by +6. 


(c). The components of Ep and Eo» have opposite 
signs to those of Eiy and Eos. 


3. For the two forward hunting networks 
(one with +h, the other with —h), Pike 
tions 18 and 19 are valid. 


Figure 16. The interconnected system 
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Figure 17. The primitive system 
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[Xx nit — Xx. mot + 
(Xp+X)i][+h/1—v+h] 


4. For the two backward hunting networks: 
(ae. Zoise he same as 4 except that —v is re- 
placed by +». 


(b). AEv(%) has opposite signs to AEy(™); 
changes sign. 


also 6 


The equivalent circuits for the cases of 
unbalanced and balanced impressed voltages 
are given in Figures 2 and 3 and the for- 
mulas for the steady-state average and the 
hunting-frequency torques in Tables III 
and) lve eel 


Sos pir eared fy 


3 
sete r aa 2 ae A ee 
IX m = erage i(Xn+Xy2) —jX ms jo, titn re 
: v7 (14) 
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Selsyns Without Shunt Loads 


When the shunt loads R+Lp are absent, 


1.. In all matrices the last rows and columns of 1 
are left out. 


2. Inthe components of E and AE, all i becomes — 


zero. 


3. In the equivalent circuits the shunt loads are 


simply removed. 
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Impedances Seen by Relays During 
Power Swings With and Without Faults 


EDITH CLARKE 


MEMBER AIEE 


E are at present in a period of 

power-system development during 
which it is essential that the best use be 
made of manpower and materials. To 
meet this requirement, equipment must 
be re-evaluated and refinements made in 
the design of apparatus and methods of 
system control. Loads on existing lines 
must be increased with continuity of serv- 
ice maintained. Of vital importance at 
this time is a thorough understanding of 
the operation of distance relays. The 
characteristics of the relays, and the sys- 
tem impedances ‘‘seen’’ by them, deter- 
mine their performance. If it is known 
exactly what impedances are seen by a 
system of relays, their performance during 
power swings, with or without a fault on 
the system, can be predicted; and more 
important, relays having characteristics 
best suited for specific applications can be 
selected. 

A valuable method of determining 
distance-relay performance is by means 
of an impedance chart with resistance and 
reactance as abscissa and ordinate, re- 
spectively. On this chart, the character- 
istic curve of the limit of operation of the 
relay and the system impedances seen by 
the relay under specified operating condi- 
tions are plotted to the same scale. If 


the system impedance seen by a relay 


falls within the boundary of the character- 
istic curve of the relay, the relay will 
operate; if it falls outside this boundary, 
the relay will not operate. This method 
of determining relay performance is given 
by J. H. Neher! in a paper on the per- 
formance of distance relays, in which he 
plots the characteristic curves of the 
boundary of operation of various types of 
relays in terms of resistance and react- 
-ance. The development of the general 
equations for distance relays, he credits to 
A. R. van C. Warrington. The paper 
provides equations from which initial 
system impedances seen by relays during 
faults of various types can be calculated 
and located on impedance diagrams for 
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given relay systems. In his discussion of 
a paper by C. R. Mason,’ presented at the 
same AIEE convention, Mr. Neher? 
points out that system impedances seen 
by distance relays during power swings 
can likewise be plotted on the same chart 
as the characteristic boundary curve of 
the relay. Following Mr. Neher’s sug- 
gestion, Mr. Mason‘ gives a chart of the 
system impedances seen by a relay, during 
power swing under symmetrical system 
conditions, at any location in a single 
symmetrical three-phase linear circuit of 
negligible capacitance, with equal bal- 
anced generated voltages at its terminals. 
Later, Poage, Streifus, McGregor, and 
George in their excellent paper> extend 
the construction of system impedance 
charts, during power swings under sym- 
metrical system conditions, by considering 
unequal balanced voltages at the ter- 
minals of a symmetrical three-phase linear 


In Figure 1b, the 
point of fault F, also 
shown outside the 
box, is  short-cir- 
cuited to neutral 


NEUTRAL N 
(a) - NO FAULT 


Figure 1. Positive-sequence diagrams of a 

general symmetrical linear system between 

terminals A, B, and neutral N, represented as 

a box with section pRq of the circuit at R 
shown outside the box - 


circuit of appreciable capacitance, with 
relays located at its terminals. An out- 
standing contribution of their paper is the 
proof that the impedances seen by relays 
at the terminals of the circuit during 
power swings are circles for all constant 
ratios of the magnitudes of the voltages at 
these terminals, as the phase angle be- 
tween the voltages varies from 0 to 360 
degrees. 

The amount of effort necessary in a 
relay study, together with further work 
on this problem, has indicated that the 
relay application engineer should have a 


relatively simple means of determining 


the effect of power swings on distance re- 
lays, with or without a fault on the sys- 
tem. ‘This paper is an attempt to provide 
such a means, by presenting in part I a 
simple method of constructing charts of 
the system impedances seen by distance 
relays during power swings, upon which 
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their characteristic curves may be super- 
posed. The method of constructing sys- 
tem impedance charts is applicable to any 
three-phase system which can be replaced 
during power swings by two equivalent 
synchronous machines with balanced 
generated voltages, connected by a three- 
phase linear network in which positive 
and negative impedances can be assumed 
equal. While the development of. the 
method of constructing system impedance 
charts from equations in specified form 
given in part II and the derivation of these 
equations in part III are necessarily com- 
plex and somewhat lengthy, the net result 
presented in part I is a simple tool with 
which the behavior of a distance relay can 
be quickly determined by the use of tables 
and the adaptation of a general imped- 
ance chart. 
The new features of the paper are: 


1. The inclusion of generated voltages of 
unequal magnitudes at two equivalent 
power sources. 


2. Systems in which there are one or more 
paths between the two power sources in 
addition to the path through the relays. 


3. Power swings during all types of un- 
symmetrical faults as well as during sym- 
metrical system conditions. 


4, Proof that impedances seen by relays 
for constant phase angles between generated 


NEUTRAL N 
(b) - SOLID FAULT AT F 


voltages of varying magnitudes are arcs of 
circles, two phase angles which differ by 180 
degrees giving a complete circle. : 

5. A general impedance chart for deter- 
mining the impedance seen by a relay during 
power swings, under various conditions of 
operation, without the necessity of con- 
structing an entirely new chart for each new 
problem. 


. 


I. Conceton of Impedance 
Charts From System Data 


Notation 


Vectors and complex numbers are repre- 
sented by letters without distinguishing 
marks; scalar values of those quantities 
are enclosed in vertical bars. Thus, 
the vector voltage at point A is writ- 
ten V4; the scalar of V4 is written |V4|. 


Assumptions 


The method of constructing impedance 
charts given here applies to any three- 


phase system which can be replaced dur- 


‘A 
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series voltage inserted in the zero- 
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(a) - NO FAULT 


NEUTRAL N 
(b) - NO FAULT 


_ NEUTRAL N 
(c) - SOLID FAULT AT F 


ing power swings by two equivalent syn- 
chronous machines with balanced gener- 
ated voltages E4 and Ez, connected by a 
symmetrical three-phase linear network 
having equal positive- and negative- 
sequence impedances, with the relays 
located at any point R in the network and 
a fault (if present) at any point F. It is 
assumed that phase distance relays are 
actuated by line-to-line voltages and the 
corresponding delta currents. In reduc- 
ing a given system to one having two 
equivalent power sources, synchronous 
machines which can be represented by the 
same impedance in the direct and quad- 
rature axes, and linear representation of 
loads, will be assumed. Initial tran- 
sients, including d-c and natural-frequency 
components, and the effects of saliency in 
synchronous machines during power 


‘swing will be neglected. The voltages 


back of the internal impedances of the 
two equivalent machines will be assumed 
constant. Under these assumptions, 
there will be no harmonics because of 
saturation or other nonlinear effects, or 
from unequal impedances in the two axes 
of rotating machines. Initial transients 
will be of short duration in the usual 
transmission system because of the rela- 
tively high ratio of resistance to react- 
ance. Ey, and Ez will be constant sinu- 
soidal voltages of fundamental frequency 
back of a single impedance in each of the 
two equivalent power sources. In the 
usual transient swings, transient imped- 
ance is assumed; but for swings which are 
long relative to the field time constants, 
an impedance higher than transient im- 
pedance may be a better representation. 


System Diagrams 


Under the stated assumptions, only the 
positive-sequence diagram is used in de- 
termining system impedance during sym- 
metrical system conditions, or during 
line-to-line faults. In considering short 
circuits ‘involving ground, Ze, the zero- 
sequence impedance viewed from the 
fault, is required; and in the case of open 
conductors, zo, the impedance offered to a 


%, 


e B Figure 2. Positive- 
if sequence diagrams 


Eg of a symmetrical lin- 

ear system with no 

connection between 

A and B except 

through the relays 
atR 


Represented in (a) 
by two three-termi- 
nal networks, in (b) 
by twosets of general 
circuit constants, and 
in (c) by three three- 
terminal networks 


sequence network at the opening, must be 
determined. 

Positive-sequence diagrams of three 
types of symmetrical three-phase linear 
networks between E4 and gz will be con- 
sidered : 


1. A general network. 


2. A network in which there is no connec- 
tion between E,4 and Ez except through the 
relays at R. 


3. Asingle circuit of negligible capacitance 


In reducing the positive-sequence dia- 
gram of a given system to one having two 
equivalent power sources, the identity is 
retained of the point R at which the relays 
under consideration are located, and of the 
point F at which a fault is to be applied. 

The positive-sequence diagram of a 
general symmetrical three-phase linear 


system with two power sources, or their 


equivalents, can be represented as a 
single-phase network having terminals A 
and B at which voltages to neutral FE, and 
Ez, respectively, are applied; when 
capacitance and  constant-impedance 
loads are present, there will be one or 
more terminals connected to neutral JN. 
Figure la shows the positive-sequence 
diagram of a general network between A, 
B, and N ‘with no fault on the system. 
In Figure 1b a solid fault is indicated at F. 
In these diagrams, the general network is 
represented as a box with three terminals 
A, B, and N brought outside the box; a 
portion pRgq of the circuit on which the re- 
lays are located is also shown outside the 
box. Points p and qg are on opposite sides 
of the relays at R but at negligible dis- 
tances from R. Vz is the voltage to 
neutral at R, and Jp is the line current at 


R, positive direction of current being 


from p to qg, or from A to B. In Figure 
1b, a portion of the circuit at the fault F 
is also shown outside the box. 

Figure 2a is the positive-sequence dia- 
gram of a system without a fault which 
can be separated into two parts which 
have no connection with each other ex- 


cept through the relays at R. The por- 


tions of the positive-sequence network on 
each side of R, shown as three-terminal 
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networks, may contain constant-imped- 
ance loads or line capacitance, or both. 
The impedance shunts Z, and Z,; may be 
either inductive or capacitive; if there is 
neither capacitance nor constant-imped- 
ance loads, they become infinite. In 
Figure 2b, the positive-sequence diagram 
of Figure 2a is expressed in terms of two 
sets of general circuit constants. In 
Figure 2c, a solid fault is indicated at F. 
Figures 3a and 3b are special cases of 
Figure 2a in which capacitances and con- 
stant-impedance loads are negligible. In 
Figure 3a, the point F at which a fault 
will be applied is between R and E,; in 
Figure 3b, Fis between Ey, and R. 

Figures 4a and 4b are special cases of 
Figure 2a in which Vy and Vz are ter- 
minal voltages (not internal generated 
voltages) at A and B, the terminals of a 
symmetrical three-phase linear circuit of 
appreciable capacitance with relays lo- 
cated at A and B, respectively. In sys- 
tems which cannot be replaced during 
power swings by two equivalent power 
sources, system impedance charts can be 
constructed from Figures 4a and 4b in 
terms of |V4/Vs| or|V_/V4| and the 
phase angle 6 by which V4 leads V3; 
but some auxiliary means, such as an a-c 
network analyzer, will be required to 
determine the range of | V4/ V,| during 
power swings under given conditions of 
operation. 


Procedure in the Construction of 
System Impedance Charts 


Without a fault or with a symmetrical 
three-phase fault, the impedances seen by 
the relays in the three phases at FR are 
identical; for this condition, only one 
chart is constructed. With unsymmetri- 
cal faults, the impedances seen by the 
relays in each phase at R will be different; 
for this condition, more than one chart 
will be required. The procedure in con- 
structing system impedance charts for 
any system which can be replaced during 
power swings by two equivalent power 
sources, with or without an unsymmetri- 
cal fault, is as follows: 


1. Draw the positive-sequence diagram of 
the given system, representing transmission 
circuits by equivalent T’s or ’s, and con- 
stant impedance loads by impedance shunts 
to neutral. Reduce the network to its sim- 
plest form, preserving the identity of the ° 
point R at which the relays are located, and 
of the fault point F if power swings during 
faults are to be considered. 


2. From the positive-sequence diagram of 
the system and the given type of fault (if — 
a fault is specified), determine the constants 
required in the construction of the system 
impedance chart. These constants consist 
of three impedances Zz, Z,, and Zy, related . 
by the equation Zy=Z,+2Z,, and one com- 
plex ratio K. Written in polar form, Zy= 
[Z,\/4v and K=|K|/9, where |K| may be _ 
unity or greater or less than unity and the © 

angle 6; may be positive or negative. With 
positive direction of current from A to B, 
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—Z,and Z, locate the impedances seen by a 
relay at R when Ey, and Ez, respectively, 
are zero. |K| and 0% are required in con- 
structing or labeling the two sets of circles 
which make up the impedance chart. (See 
Figure 5.) 

From the positive-sequence diagrams of 
the four types of networks shown in Figures 
1-4, the constants Zz, Z,, Zy, and K have 
been evaluated (in part IIT) for symmetrical 
system conditions and for various types of 
faults. They are tabulated in Table I for 
the condition of no fault on the system, and 
in Table II for a line-to-line fault in a single 
circuit of negligible capacitance. The quan- 
tities in Table I are expressed in terms of 
transfer and driving-point impedances, 
determined under specified conditions. 
Methods of determining the transfer and 
driving-point impedances used in Table I 
are explained below this table. In Table II, 
the required constants are given in terms of 
Za, Zp, and Zc, the impedances indicated 
in Figures 3a and 3b, where the total imped- 
ance between A and B=Zsg=Z4+Zp+Zc. 


3. From the calculated constants Zr, Z2, 
Zy=Zrt+Z,=|Z,|\/, and K=|K|/@ con- 
struct the impedance chart. Two methods 
of constructing system impedance charts 
will be given: 


Method A. Under this method, the entire chart is 
constructed for each new problem. 


Method B. Under this method, only part of the 
chart is constructed, the remainder being obtained 
from the general impedance chart. 


Method A—Construction of 
Complete Chart 


1. On a sheet of rectangular cross-section 
paper, such as shown in Figure 5, locate the 
origin 0. As the chart gives the impedances 
seen by a relay at R, the origin represents R, 
the location of the relay. Selecting a con- 
venient scale, with resistance and reactance 
as abscissa and ordinate, respectively, lay 
off —Z, and Z, from the origin, locating 
points A and B, respectively. These points 
areshown in Figure 5. Point A corresponds 
to the impedance —Z,=Z,—Z, seen by the 
relay when E4=0; point B corresponds to 
the impedance Z,=—Z,+2Z, seen by the 
__ relay when Ez=0, positive direction of cur- 
‘rent being from A to B. Points A and B 
may be considered the terminals A and B at 
which the voltages E, and Ez, referred to 
‘the relay, are applied. 


2. Draw a straight line from A to B and 
determine its midpoint M. The line AB 
will have the length |Z,| and, in the direction 
| AB, the slope 6, of Z,=|Z,|\/9v. This is 

' indicated in Figure 5. Extend the line AB 

in both directions. Theline AB (extended) 
‘is the line of centers of the circles for con- 
stant values of the ratio |E4/E ,| or 


Ez/E,|. Through M, the midpoint of AB, | 


draw the line GMH perpendicular to AB. 
_ _‘The line GMZH is the line of centers of the 
arcs for constant values of 5, the angle by 
which Ey leads Ez. 


3. ~For any assumed value of |E 4/Esl 
\ ealculate |E,K/E,z|. If E, and Eg. are 
internal generated voltages to neutral (or 
__ their equivalents) applied at A and B behind 
_ transient reactances, they can be calculated 
or estimated for a given system operating 
under normal specified conditions.’ Under 


the stated assumptions, |E4| and |\Ez| will 
not change during power swings; therefore, 
only a few circles for ratios of |E4/E,| are 
required in a given problem—sometimes 
only one. From Table III, read 7 and MX 
in terms of |Z,| corresponding to |\E,K/Eg\| 
where 7 is the length of the radius and MX 
is the distance from M, the midpoint of AB, 


to X, the intersection of the circle with AB. 


Locate C, the center of the circle at a dis- 
tance r from X along AB (extended). 
Positive values of MX are laid off along AB 
in the direction MB, negative values in the 
direction MA. Cand X for any circle are 
on the same side of M. With C located, 
draw the circle which cuts AB at X. In- 
stead of using Table III, r and MX can be 
calculated from equations 10 and 13 of part 
II in terms of |E4K/E,| and |Z,|. In 
Figure 5, circles have been drawn for values 
of |Z4K/Ez| of 0.75, 1.00, and 1.50. The 
circles in Figure 5 are labeled in terms of 
|E4/Es\, |\Ep/Eal, and \E4,K/Es\ for |K|= 
1.25. When |£,K/E,|=1.0, the circle be- 
comes a straight line perpendicular to AB at 
M—this is the straight line GM/H which is 
the line of centers of the arcs for constant 
values of 6. 


4. For any assumed value of 6, calculate 
o¢=5+6,, where 0, may be positive or nega- 
tive. The arcs for any two values of 6 or ¢ 
which differ by 180 degrees have the same 
center C’ but they intersect the line GMH at 
X’ on opposite sides of 1. The complete 
circle is divided into two arcs by points A 
and B which are common to all 6 arcs. In 
Table IV, MC’, the distance of the center of 
the arc C’ from WM, is given in terms of ¢ and 
|Z,|, and the sign of MX’ is indicated. For 
values of ¢ not included in Table IV, MC’ 
ean be calculated from equation 19, and the 
sign MX’ determined from equation 18 of 
part II. Positive values of MC’ and MX’ 
are laid off along GMH in the direction 
MH, negative values in the direction of MG. 
As all arcs pass through A and B, the dis- 
tance C’A or C’B on the chart gives the 
radius of the arc. In Figure 5 ares are 
drawn for various values of ¢ between 0 and 
360 degrees. For ¢=180 degrees, the arc 
is the straight line from A to B; for ¢=0, 


the arc is the straight line from B to ~ and 
from « back to A, as indicated in Figure 5. 
In Figure 5, 6,=20 degrees, ¢=6+20 de- 
grees, or 6=¢—20 degrees. The arcs of 
Figure 5 are labeled in terms of both ¢ and 6. 


In Figure 5, the impedance seen by the 
relay at R during power swings for any 
assumed value of |E ay, E,| can be deter- 
mined from the intersection of the circle 
for \E4/Ea| with the 6 ares. For ex- 
ample, if |E4/Es|=1.2 and 6=40 de- 
grees, the impedance is Zp=65+j 4 
ohms. In Figure 5 impedances are ex- 
pressed in ohms. In many cases, it is 
more convenient to express Z,, Z,, and Zy 
in per unit or per cent of a base impedance 
equal to |Z,|, the scalar value of Zy. 
When this is done, |Z,|=1.0 in per unit of 
base ohms, 


Method B—Use of General 
Impedance Chart 


The general impedance chart suggested 
and first constructed by A. J. McConnell 
is shown in Figure 6. The line AB, equal 
in length to |Z,|=1.0 in per unit of base 
impedance, determines the scace. AB is 
shown in a vertical position. A horizon- 
tal line is perpendicular to AB at its mid- 
point. The line AB (extended) is the 
line of centers of the circles for constant 
values of |E4/E;| or| Ez/E,4|. Thehorizon- 
tal line is the line of centers of the arcs for 
constant values of 6, the angle by which 
E, leads Ey. The circles are labeled in 
terms of |E,K/E,| and the arcs in terms 
of @¢=6+6,. The origin and the co- 
ordinate axes are not indicated. To use 
the general impedance chart, the following 
procedure is suggested: s 


1. On a sheet of thin rectangular cross- 
section paper, locate the origin 0. Assume ® 
a base impedance equal to |Z,| and express 
Z,, Zz, and Zy in per unit of this base imped- 


Table |. Values of Z,, Z,, Zy, and K, in Terms of Driving-Point* and Transfer Impedances in 
a the Positive-Sequence Networks of Figures 1-4 


No Fault “ton 
Ze Ze ia Ac K. 
; ya ZAR (24k 2BR\° 2BR 
1. General network of Figure la............. Zrro—~. Ji tZRRs erie. ‘ ——— cee 
ZB RRT AR ae Zan’ ZBR ZAR 
2. Connection between A and B only hgh bree > Z 
through relay—Figure 2a................. SRR AN SY ARRSB 2. OZ RRI AZ RRB See read 
3. Same as 2 except negligible capacitance ae: er pe res 
-—-Figure 3a. ZRA=ZRR-A; ZRB= 
 ZRR- Bross es sees eens eect ge teeta ZRR-A.... ZRR-B.... ZRR-A+ZRR-B PayAlran 
4. Relay located where EA is measured—- ~ ; P Z 
Figure4a. ZRrrR-A=0; ZRR-A/ZAR=1... 0 Be LR RB ZRR-B Sta Fas ae ZF 
5. Relay located where Ep is measured— ~ 4 : 2 hy She 
Figure4b. Zrr-B=0; ZBR/ZRR-B=1....ZRR-A.... 0 - =" ZRR-A pon 


ZAR 


ass I — III 
*All the impedances in Table I can be obtained from the positive-sequence diagrams of Figures 1—4 with A 
and B short-circuited to neutral and no fault on the system: With a voltage Er applied between neutral 
and R, and A and B short-circuited to neutral, let J be the current entering the network at R and Jy and 
I q the, components of I at pandgq, respectively, which are also. the components of I at R flowing teword A 


ij 


‘and B, respectively;. let 4 and Ig be the currents leaving the network at A and B, respectively. Them 


Zrr=ER/I; Zrr-A=ER/Ip; ZRR-B=ER/Iq;3 ZAR=ZRA=ER/1A; ZBR=Z ER/: impe 

ZRR=! : Ip; 7 2 4=E BR=ZRB=ER/Ip. The imped- 
ances ZAR and zBR are required only for the general network. With ‘a series voltage eR inserted ot ete 
Figure la, and A.and B short-circuited to neutral, let 4 and Ig be the currents at A and B, respectively. 


Then 2aR=2RA=eR/I A; 2BR=2RB=eR/1B. 
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ance. |Z,|=1.0 in per unit of base imped- 
ance. Select a scale such that |Z,|=1.0= 
the length of AB in the general impedance 
chart of Figure 6. Plot —Z,=Z,—Z, and 
Z.= —Z,+Z, which locate points A and B, 
respectively. 


2. Place the cross-section paper over the 
general impedance chart of Figure 6 so that 
points A and B coincide with A and B in 
Figure 6, and trace the various circles and 
arcs (or the significant portions thereof). 
The values given in Figure 6 correspond to 
|\E4/Ez\| and 6, if |K|\=1 and 6,=0. If |K| 
is not 1, the constant-voltage-ratio circles 
may be relabeled in terms of |E4/E,| by 
dividing the values of |E4K/Es| given in 
Figure 6 by |K|. If 6% is not 0 degrees, the 
constant-angle arcs may be relabeled in 
terms of 6 by subtracting 6; from the value 
of ¢ given in Figure 6. 


A practical example illustrating the use 
of methods A and B will now be given. 


Problem. The given system can be 
represented as a single circuit of negligible 
capacitance between two equivalent gen- 
erated voltages E, and E, with the relays 
located at R, as indicated in Figure 3a. 
A line-to-line fault between phases b and c 
occurs at F. The impedances Z,4, Zz, 
and Zc shown in Figure 3a are Z,=20 
/80° ohms; Zg=50/80° ohms; Zg=30 
/80° ohms; Zs=100 /80° ohms. (It is 


' not required that these impedance angles 


be equal; calculations are but slightly 
simplified by this assumption.) The im- 
pedances Z,», Zac, and Zyq seen by the 
phase distance relays in the three phases 
at R will be different. 


(a). Determine Z,,, and construct charts 
for determining Z,, and Z,, during power 
swings. 


(b). Assuming |E4/E,z|=1, compare the 
impedances Z,, and Z,, determined under 
(a) with the impedances seen by the relays 
in the three phases at R during power swings 
when there is no fault on the system. 

Solution of Problem. From Table 
Il: Z~=Zg=50 /80° ohms. 

Chart for Zac. From Table II: 
Mbp ZVh yf ZN /80° ohms.* 

PDR WE along 1-4 [100 
RAs zs) 70078 
=1—j0. 8248 =1.296/—39.52° 
=1.30/—40°, approximately 


v6 


_ 100 /80°(1.155/—30") ~ 
Sine’ 1.296/—39.52 


= 89.2/89.52° ohms 
’ The cline of the impedance. Zs will be 


expressed in per unit of a base impedance 
equal to |Z,|=89.2 ohms. In per unit of 


89.2 ohms, Z,=1.00 /89.52°=0.009+ 
1.00; Z,=0.2244 /80°=0.039+7 0.221, 
| Z,=2,—Z,= —0.030+7 0.779. K, being 


a complex ratio, remains unchanged. 
[K|=1.30 and 0,=—40 degrees. The 
chart of Z,, given in Figure 7a was con- 
structed in accordance with method A, 
To construct this chart, the origin 0 is 
located, and a convenient per-unit scale 
chosen. —Z,=—0.039—j 0.221 and 
Z.= —0.030-+ 0.779 are plotted, locating 
points A and B, respectively. The line 
AB is drawn, its midpoint is determined; 
the perpendicular to AB at its midpoint 
is erected; and AB is extended in both 
directions. 

Values of |E4/E,| or |E3/E,| covering 
the operating voltage range are selected 
and ‘|E,K/E,|=1.30 |\E,/E,| calculated. 
The lengths of the radii r and the dis- 
tances MX from M, the midpoint of AB, 
to the intersections X of the circles for 
constant values |E,K/E,| with the line 
AB are read from Table III. For ex- 
ample: if |E4/E,|=1, |E,K/E,|=1.30; 
and from Table III with |Z,|=1, r=1.884 
and MX=0.065. In Figure 7a the circle 
for |Es/E,4|=1 is shown. The perpen- 
dicular bisector of 4B which corresponds 
to |E4K/E,| is the locus of | E,/Eg|= 
1/|K|=0.77. 

With @,=—40°, ¢=6+6,=6—40°: 
The distance MC’ of the center of the arcs 
from the midpoint of AB for any constant 
values of 6 can be read from Table IV 


corresponding to ¢6=6—40°. Thus: for 
5=0°, ¢=0—40°=320°; for 5=60°, 
¢=20°. The line AB corresponding to 


$= 180° is the arc for 6= —6;,= 220°; the 
line AB (extended) is the arc for 5=0—0, 
=40°. The arcs for ¢6=90° and 270° 
(circle with AB as diameter) are arcs for 
6=130° and 310°, respectively. These and 
other values of 6 are indicated in Figure 7a. 


Chart for Za. From Table IT: 
Leg Zia201 80" 


K =14+j =1+7 0.8248 


Zs 
V3(Z4+Zz) 
=1.296/39.52° ) 
|K| = 1.30 and 0, =40°, approximately 
a ~a(1 *y 1 ) ee 
K v3 1,296/39.52° 
=89.2/70.48 ° ohms 


Let base ohms=89.2 ohms. In per 
unit of base ohms, Z,=0.039+j 0.221; 
Zy=1.0 /70.48°=0.334+ 7 0.943; Z,= 
Ly—Z,=0.295+7 0.722. 

The chart for Z,, will be constructed by 
using the general impedance chart of 
Figure 6. In Figure 7b, the origin 0 is 
located and a scale chosen so that |Z,|= 
1.0 in per unit of base impedance =the 
length AB of the general chart. —Z,= 
—0.039—7 0.221 and Z,=0.295+ 7 0.722 
are plotted, locating points A and B, 
respectively. The chart of Figure 7b is 
then placed over Figure 6, with A and B 
on the two charts coinciding. The vari- 
ous circles and arcs of Figure 6 are then 
traced on the chart for Zp. (It is gen- 
erally unnecessary to trace all circles and 
arcs completely. Usually the significant 
portions are obvious and only those por- 
tions need be traced.) 

Since in this problem |K| and 6, are not 
1 and 0, respectively, the various circles 
and arcs must be relabeled in values of 
|E,4/E,| and 6. For example, the con- 
stant |E,K/E,| circle in Figure 6 labeled 
1.3 when traced on Figure 7b corresponds 
to |E,K/E,|=1.3 or to |£,/E,|=1.3+ 
|K|=1.3/1.30=1.00. Similarly, the con- 


stant ¢ arc in Figure 6 labeled 90 degrees, 


when traced on Figure 7b corresponds to 
$=6+0,=90 degrees or to 6=¢—0,=90 
degrees — 40 degrees =50 degrees. 

Circles for |E,/E,|=1 from the charts 
of Figures 7a and 7b for Z,, and Zyq, re- 
spectively, are shown on the same chart in 
Figure 7c, and the intersections of these 
circles with various 6 arcs are indicated. 
The point locating Z,, is also shown. 
Base impedance in Figure 7c is 89.2 ohms. 

Symmetrical System Conditions. From 
Table Te item 3, Ze=Zrr-s~a=Za=20 /80° 
ohms; Z.=Zrr-p=Zp t+ Zce=80 /80° 
ohms; Z,=Z,+Z,=100 /80° ohms; 
|\K|=1; and 6,=0°. In per unit of 89.2 
ohms (base ohms in Figure 7c), Z,= 
0.2244 /80°= 0.0389 + 7 0.221; Z,= 
1.122/80°=0.195+71.105; Z,=Zy—Z,= 
0.156-+7 0.884. 

In Figure 7c, —Z, and Z, are plotted 
locating points A and B, respectively. 
The line AB is drawn and its midpoint M 


Table Il. Walues of Z,, Z,, Zy, and K—Line-to-Line Fault Between Phases b and c at F in 
Figure 3a or 3b 


Positive Direction of Current From A to B 


t 


Figure ty st Vhs ‘Zn Zy =Zx+Z, é K 
Zceb=ZB re ; f 
Ze ,2Z0_Z8f,_.1\ ipa) SaaS 
BS Wagiadiz where jie - Z2BtR:: ZatZe+e K | 1-i7g) el I 3(ZA+ZB) 
Zo fn pe OeIZS als Petite tale Ais 
VAT Rian Nae ZA » ZBTE- oy ZAtZB+5 “Ee (1+%8) as 145752 44+Zp) 
Zeo= —ZB 1 id . 
oF el ‘ Zs j 
oe APT: SOO TOS KZa+ZsB... Zc 1. -KZat2a+Zo=Kzs(1~ig) willl emai ze | 
. : 1 Zs 
iy mee 68 Z Zce=KZ Hasty ite a es 
| Zbgr ones 2s ='s KZat+Zp... Ze. Heat Reece (+443) | sez | 
ABP isd = ts cee TT: teat c ae: . ' 
: : é 
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determined. The line perpendicular to 
AB at M is drawn; this line corresponds 
to |E,K/E,|=1.0, and since |K|=1, it 
also corresponds to the desired value of 
\E,/E,|=1. The intersections of the 6 
arcs with the line for |E4/E, =1 are 
indicated in Figure 7c for Zz with no fault 
on the system. 


Il. Construction of Impedance 
Charts From Equations in Specified 
Form 


Assumptions 


The assumptions in regard to the sys- 
tem are the same as those stated in part I, 
except that the three-phase linear net- 
work between E, and E,, when there is 
no unsymmetrical fault on the system, 
need not necessarily be symmetrical in the 
three phases. Under these assumptions, 
system voltages and currents during 
power swings are functions of Ey, Ez, and 
the characteristic impedances and ad- 
mittances of the system. Any impedance 
Z which is defined as the ratio of a speci- 
fied voltage V to a specified current J, 
with positive direction of current from A 
to B, may be written 


mee _HsEstHsEs 
aed GsE,—GpExz 


(1) 


'< where H,, Hz, Ga, and Gg, after initial 
transients have disappeared, are constant 
coefficients determined from the charac- 
teristic constants of the system under 
specified operating conditions. 

Equation 1 may be expressed in terms 
of E,/E, or E;/E,4, whichever is pre- 
ferred. 


Hs) 
pe aia. GaGa 


RPG, 


The equations 2 are general. As given, 
they define an impedance. They may, 
however, be used to define the ratio of 
two currents or of two voltages, or any 
ratio which can be expressed in the gen- 
eral form of equation 1 with constant 
coefficients. 

In equations 2, let Hg/Gg=Z,; Ha+ 
Gs=Z;; (H,/Gat+H;/Gz)=Z,+2,= 
Zy; and K=G,/Gz,. Then, replacing Z 
in equations 2 by Zr, the impedance Zp 


seen by arelay at Ris 


Zy 
1—E,4K/Ep 


= pee 


Lp=Zz,—- 


Zy 


1—Ep/(EaK) 
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where Z,, Z,, and Z,=Z,+Z, are imped- 
ances, and K in-the general case is a com- 
plex number. In special cases, Z, or Z; 
may be zero, or K may be unity. 

If positive direction for current is from 
B to A, instead of from A to B, the signs 
of these equations for Zp will be reversed. 

ae terms of peers and angle, let 

2=|Z, Os = es \/0.5 Ly =|Z,\/Oy; 

= |K|/0:; Bae |E4/Es| /%:; Ep> 
E,=\|Es/E4\/—6, where 6 is the angle by 
which FE, leads Eg. With complex im- 
pedances and ratios in polar form, equa- 
tion 3 becomes 


Zr=|Z,\/02— IZ |/8y 


1— 


ie 


—|Z,| /@e+ (4) 


I= 


Be 


Equations 3 or 4 give Zz in two differ- 
ent forms which are not independent of . 
each other. Either form can be obtained 
from the other, since Z2,=Z,+Z,. 
Methods of determining Z,, Z,, Zy=Zs,4+ 
Z,, and K with and without faults are 
given in part III. With these constants 
known, two points on the impedance 
chart can be obtained by equating first 


E,, and then Ez, to zero. _ From equa- 
tion 3, with E,= 
Zp=Z,—-Z,=—Z, (5) 


Table Ill. 


HEMMER MVE ESS 
Rey 


Ie Loe ee 
NEUTRAL N 
(b) 
With E;=0, 
=Z,= —Z,+Z, (6) 


In Figure 5, —Z, locates point A, 
corresponding to E,=0; this point can 
also be located by Z,—Zy. Z, locates 
point B, corresponding to E,=0; this 
point can also be located by —Z,+2Zy. 
The line AB connecting points A and B 
and measured from A to B has the mag- 
nitude and slope of Z,=|Z,| /8y. 


In equation 4, let 
$=5+0x, or 5=—O% (7) 


Substitution of equation 7 in equation 4 


gives 
" je \Zy'/8u 
R 2/"%2 
PES a 
IZ,\/0 
—Z,/024+ — ae (8) 
je 
Witacas 


A third point M in Figure 5 can be 
obtained from equation 8, if |E4/Es|= 
1/|K| and ¢=5+0,=180 degrees. Then 
the denominator of either fraction in 
equation 8 is two, and 

Zz. LZ 
2_=M=2,-—>=—Zs+5 (9) 

Either of the impedance equations in 

equation 9 locates M at the midpoint of 


Radii and Intersections With AB of Circles for Constant Values of |Ea/Ep| in 


Terms of I2yl= = AB and |EAK/Es| 


MX*/|2y1 as, 


r*/|Zy| 


Mx*/|2y| |EaK/Ep| 


[AK /Ep| “sls r*/|Zy|’ MX*/|Zy 
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*r is the radius of the circle; X is its intersection with AB. 


See Figure 5. MX is the distance from M | 


the midpoint of A B to X in the positive direction MB. The center of the circle C is on A B (extended). 


MC has the sign of MX. |MC|=r+|MX|. 


Clarke—Impedances During Power Swings 


~§ 


AIEE Se ee 


the line AB. This point is shown in 
Figure 5. 


Circles for Constant Ratios of the 
Magnitudes of E, and E, 


The first terms in the two equations 8 
are constant impedances; the. second 
terms involve E,/E, or E;/E, and other 
constants. In reference 5, it is shown 
that an impedance equation in the form of 
either of these second terms is the equa- 
tion of a circle for any constant value of 
the ratio of the magnitudes of the two 
voltages when the phase angle between 
them varies from 0 to 360 degrees; and 
equations for the centers and radii of 
these circles are given. The addition of 
the constant first term shifts the centers 
of the circles but does not change their 
radii. If ris the length of the radius and 
C is the center of the circle referred to the 
origin, and Zz is expressed in terms of 
E,/ Ez, 


|E,K 
Z| 
r= = (10) 
E,K/? : 
Ez 
vA 
C=Z z 
; ; E,K\|? 
Ex 
E4K\| 
ENETZ, = | +4 
(2. at) 4 Se : ay 
Es 


The line of centers of the circles for 


‘constant values of |E4/E,| is given by 


equation 11. The term in parenthesis 
(Z,—Z,/2) locates the midpoint of AB; 
the term following it locates C along the 
line AB, or AB extended. If MC is the 
distance from M to C measured along the 
line of centers AB (extended) in the 
direction MB, 


Z,| |E4K/Es)?+1 
2 |\E,K/Es|*— 


If |E,K/E,| is greater than unity, MC in 
equation 12 will be positive and will be 
laid off in the direction MB. If MC is 
negative, it will be laid off in the direction 
MA. 

In Figure 5, let X be the intersection of 
the circumference of any circle of radius r 
with AB, and MX the distance measured 


MC= (12) 


from M to X in the positive direction 
MB. 


If the outer bars enclosing the de- 
nominator in equation 10 are removed, 
and equation 10 then subtracted from 
equation 12, the distance MX is 
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See! 


Figure 4. Positive- 
sequence diagrams 
of a symmetrical Va 
three-phase _ linear 
network between 
terminal voltages 


V, and V; 
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positive and will be laid off along AB in 
the direction MB. If |E,K/E,| is less 
than unity, MX will be negative and 
will be laid off in the direction MA. This 
is shown in Figure 5 for |E4K/Es|=1.50 
and 0.75, respectively. MX given by 
equation 13 and MC given by equation 12 
will always be measured in the same 
direction from M. When radii are long 
relative to the length AB, instead of using 
equation 11 or 12 to locate C, a higher de- 
gree of precision can usually be secured 
Gif one is not an expert draftsman) by 
laying off MX calculated from equation 
13 and then adding r given by equation 10 
to find the center C of the circuit which 
cuts AB at X. 

In terms of Ez/E,4, the equations for r 
and MX are 


s Z,| \Es/(E4K)| 


ts E; |? (14) 
aks 
Z| 1—|Es/(E4K)| 
=|—4| ———" 15 
MX =o |i+1Bs/(E.K)| 


If |Ez/(EZ4K)| is less than unity, MX and 
|MC\(=|MX| plus r) will be laid off along 
AB (or AB extended) in the positive 
direction MB. If |E,/(E4K)| is greater 
than unity, MX and MC will be laid off 
in the negative direction MA. As 
\Ep/(E4K)| is the reciprocal of |E4K+ 
Ez\, circles for values of |E4/E,| and 
|\Ep/E,| which are reciprocals of each 
other will be identical. This is shown in 
Figure 5, where the circles are labeled in 
terms of both |E4/Ez| and |Ez/E,). 

If |E4/Es|=1/|K|, |E.K/Es|=|Es+ 
(E,K)\=1; and from equations 10 or 14, 
From equation 12, MC=© 
The circle, in this case, becomes a straight 
line perpendicular to AB. As MX from 
equation 13 or 15 is zero, the straight line 
passes through M and is the perpendicular 
bisector of the line AB. This straight 
line GMH is shown in Higiie 5. 


T= OO, 


Arcs of Circles for Goarau Angles 6 
Between E, and E, 


The second term in either of the equa- 
tions 4 can be equated to 1/D if numera- 
tor and denominator are divided by 


\Z,\/0,; selecting the second equation, 

Dis 

Dae ay Pe Ean o5- 82? (16) 
ee REIT We en | 


where |Z,|, 0,, |K|, and 6, are constants. 
For a constant value of 6 but variable 
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Relay location R at B 


values of |E;/E,|, D in equation 16 is a 
straight line. This line passes through 
[1/Z,|/—0, and has a slope 180°—(5+ 


6:+6,). It can be shown (any good 
analytic geometry) that if the equation of 
an admittance is a straight line extending 
to infinity in both directions, its reciprocal 
is the equation of a circle which passes 
through the origin. In the special case of 
a straight line which passes through the 
origin, the reciprocal is a circle of infinite 
radius, that is, a straight line. As 
|Ez/E4| is always positive, the straight 
line representing the admittance D for a 
constant value of 6 extends to infinity in 
one direction only as |Ez/E,| varies from 
0 to ©. Its reciprocal 1/D is therefore 
the equation of an arc of a circle—not a 
complete circle. The addition of the first 
term in equations 4 shifts the center of the 
arc but does not change its radius. The 
equations 4, for any constant value of 6 
and ratios |E;/E,4| between 0 to ©, are 
therefore the equations of arcs of circles. 


It is shown in equations 5 and 6 that 
the impedance Zz is —Z,=Z,—Z, when 
E,=0, and —Z,+Z,=Z, when Es=0. 
These impedances are indicated in Figure 
5 by points. A and B, respectively. As 
these two values of Zp are independent of 
the angle 6 by which Ey, leads Ez, the 
arcs for all values of 6 must pass through 
the points A and B. The centers of all 
arcs will therefore lie on the perpendicular 
bisector GMH of the line AB. The line 

_GMH in Figure 5 is the curve for |E,K+ 
Es|=|Es/(E4K)|=1; it is also the line 
of centers of the constant 6 arcs. 

The intersection of the constant-6 ares _ 
with their line of centers GMH can be ob- 
tained if |E,/(E,K)| in equation 8 is 
replaced by unity. Let X’ indicate the 
point of intersection; then X’ referred to 
the origin is given by the following equa- 
tion: 


j Ly 
Xx! =— ats / 


i 
als 
Lien 
} 


m Aes wince pbaties cos ¢+7 sin } 


Zy(1— cos o—j sin o cos ¢—j sin } 
2(1— cos ¢) 


Tig Weg) 90° 
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¢ 
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The first two terms in the last equation 17 
locate M, the mid-point of AB. The third 
term gives the distance MX’, measured 
from M to X’ along a line perpendicular 


377 


r=CA=C'B= 


2378 


to Z, at M, that is, along the line GMH. 
The distance MX’ from M to X’ measured 
along the line GMH in the positive direc- 
tion MH, is 


le — 
Iz,| ae 


18 
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MX'= 


2 tai 
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If cot ($/2) is positive, MX’ is positive; 
if cot (/2) is negative, MX’ is negative. 
This is indicated in Figure 5 where MX’ 
is positive for values of ¢ between 0 and 
180 degrees, and negative for values of d 
between 180 and 360 degrees. The inter- 
sections X’ are shown for ¢=60 and 240 
degrees. 

From equation 18 and Figure 5, the 
angles AX’M and BX’M are each equal to 
$/2. If C’ is the center of the arc, the 
angles AC’M and BC’M will each be 
equal to @ (an angle inscribed in a circle 
is one-half the angle at the center sub- 
tended by the same arc). The distance 
MC’ is therefore 
IZ, 


Gis Miles Ba 
? Qtang 2 tan (6+6;) 2, 


cot ¢ 

2 

(19) 

If cot ¢ is positive, the center C’ is in the 
direction MH; if cot ¢ is negative, C’ 
is in the direction MG. Values of 6 or of 
$=6+6; which differ by 180 degrees will 
have the same center C’; but from equa- 
tion 18, their intersection X’ with GMH 
will be on opposite sides of M. This is 
shown in Figure 5, where the arcs for 
$=60 degrees and ¢=240 degrees have 
the same center C’ but their intersections 
X' with GMH are on opposite sides of M. 

When the center C’ has been located, 
the radius 7’ is equal to the distance from 
C' to A or B. The equation for the radius 
r’ is 


Z| _ dl 
Qsin d 2sin (6+6,) 


(20) 


To construct charts for constant yalues 
of |Es/E,\ ot |E4/Es| and 4, the as- 


sumed value of |Es/E,| is divided by K 


to obtain |Ez/(E,K)|, or the assumed 


value of |E,/Ea| is multiplied by |K| to 


obtain |E,K/Ez|, and the assumed value 
of 5 is added to 6, to. obtain p=d+6,. 


Circles for constant values of |Es+ 


(E,K)| or |E,K/Es| and arcs for constant 
values of @ are then constructed as ex- 
plained above, but circles and ares are 
graduated in terms of |Es/E,| or |E4/Es| 
and 6, respectively. This is illustrated in 


Figure 5, where circles and arcs are labeled 


in terms of |E4/Esl, |Ep/E,\ and 6, as 


_ -well as in terms of |E,K/Ea| and ¢. 


‘General Impedance Chart 


A general chart for determining the 
- system impedances seen by relays during 
- power swings was first suggested and con- 


--structed by A. J. McConnell. | 


Referring to equations 10-15 and 18- 


} i; 


20, it will be noted that when points A and 
B corresponding to E,=0 and Es=0, 
respectively, have been located, the set of 
circles for constant values of |Es/(KE a) 
or |E4K/Es| and the arcs for constant 
values of ¢=6+0, can be determined 
from the length and slope of the line AB 
which represents the impedance Ly= 
|Z,| /@,. If line AB is taken as unity or 


100 per cent, and a chart constructed with 
complete sets of circles and arcs of circles 
for constant values of |Es/(E4K)| or 
|E,K/Es| and ¢=6+%;, respectively, 
this chart can be used for any system if 
impedances are expressed in per unit of a 
base impedance equal to \Zy, = AB. # The 
general chart is shown in Figure 6 with 
line AB ina vertical position. The length 
AB=\Z,] in this chart is five centimeters. 
Any convenient length may be selected. 
There are no co-ordinates on the charte 
It consists of circles and arcs of circles 
and the straight lines AB (extended) 
and the perpendicular bisector of AB. 
The circles are graduated in terms of 
|E,K/Es|, the ares in terms of p=5b+6,. 
Illustrations of the use of the gen- 
eral impedance chart are given in part 
I. It may be preferable to use a template 
for the general impedance chart, in which 
case points A and B of the template would 
be placed over A and B of the rectangular 
co-ordinate paper, and the desired circles 
and arcs of circles drawn on the paper. 


Ul. Equations for, System 
Impedances Seen by Relays 
During Power Swings 


Equations will be derived and expressed 
in the form of equation 3 of part II for 
the impedances seen by distance relays 
during power swings, with and without 
faults, based on the assumptions stated in 
part I. A brief discussion of three-phase 
linear systems containing unsymmetrical 
static circuits, with a suggested method 
of procedure, is given at the end of part 
III. . 

It has been shown® that a phase dis- 


tance relay, using line-to-line voltage and 
the corresponding delta current, will see 
the same system impedance on three- 
phase, phase-to-phase, or two-phase-to- 
ground faults im a symmetrical three- 
phase linear system having equal positive- 
and negative-sequence impedances, pro- 
vided the fault involves the phases to 
which the relay is ‘connected. Accord- 
ingly, the three impedances at Rare 
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where V and J in the above equations are 
sinusoidal voltages to neutral and line 
currents, respectively, of fundamental 
frequency at R; and subscripts a, b, ¢ 
refer to phases a, ), ¢, respectively. 


Power Swings During Symmetrical 
System Conditions 


This case covers symmetrical three- 
phase short circuits, and system condi- 
tions after a fault has been cleared and 
initial transients have disappeared. Ina 
symmetrical three-phase system under 
balanced operation, there are only posi- 
tive-sequence currents and _ voltages. 
Va= Va and Ig=Iq. | With phase order 
abe: V»=a?Va; Ve=aVa; In=a7la; 
I,=alq. Substitution of these values in 
equations 21-23 gives Lolo Lva= 
Vai/. In=Zr.- 

The impedance Zz seen by the relays — 
in the three phases at any location R under 
symmetrical system conditions can be 
determined from the ratio of the positive- 
sequence line-to-neutral voltage at R to 
the positive-sequence line current at R. 
The problem is to express Zp=Vr/Ip 
by an equation in the form of equation 3 
in terms of the positive-sequence system 
impedances, the ratio |E4/E,| or |E3/Eal, 
and the angle 6; 6 is the angle by which 
E, leads Eg. With the equation in speci- 
fied form, the three complex impedances 


Table IV. Location of Centers of Arcs for Constant Values of 5 in Terms of |Zy|=AB and 
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*M C' is the distance from M, the midpoint of AB, to C’, the center of the arcon GMH. See Figure 5. 

MX u is the distance from M to X’, the intersection of the arc with GM in the positive direction MH, 
If ¢ is between 0 and 180 degrees MX’ is positive; if ¢ is between 180 and’ 360 degrees, MX’ is negative. E 
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Figure 5. System impedance chart in ohms 


Zr, Zz, Zy=Zz+Z,, and the complex 
number K can be evaluated. Although 
Zp is given in two forms by equation 3, 


except for a few illustrative examples, © 


only one equation for Zz will be given in 
the work which follows. Because of the 
relation Z,=Z,+Z,, if Zy, and Z, are 
known, Z, can be determined by sub- 
tracting Z,from Z,: Z,=Z,—Z,. 


Positive-sequence diagrams are given in 
part I, Figures 1-4, for the types of sys- 
tems which will be considered. There are 
two generally accepted methods of deter- 
mining voltages to neutral and line cur- 
rents in linear single-phase networks such 
as those shown in part I, Figures 1-4. 
One method is by means of driving-point 
and transfer impedances; the other is by 


_ the use of general circuit constants. Both 


methods will be used for the special sys- 
tems of Figures 2 and 4, but only the 
former for the general system of Figure 1. 


Driving-Point and Transfer Impedances. | 


Referring to the positive-sequence dia- 


- grams of Figures la, 2a, 3a, 4a, and 4b, let 


 Zre=driving-point impedance between ter- 


minals R and N=ratio of the voltage to 
neutral applied at R to the total current 
entering the network at R when terminals 
A and B are short-circuited to neutral N 


=components of Zppr in 
the directions p and gq, 


or 


direction of current) =ratios of the voltage 
to neutral applied at R to the components 
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of current entering the network at R and 
flowing through # and gq, or toward A and 
B, respectively, when A and B are short- 
circuited to neutral 

Zarn=Zpra=transfer . impedance . between 
terminals A and WN and terminals R and 


N=ratio of the voltage to neutral applied 


at A to the total current leaving the net- 
work at R when R and B are short- 
circuited to neutral=ratio of the voltage 
to neutral applied at R to the current 
leaving the network at A when A and B 
are short-circuited to neutral 

Zer=Zrp=transfer impedance between 
terminals B and N and terminals R and NV 
(Definition similar to that of Z4r=Zpa, 
with B and A intérchanged) 

Zar=2Zpa= transfer impedance between ter- 
minals A and WN and terminals p and gq 
when p and g ‘are short-circuited through 
R=ratio of the voltage to neutral applied 
at A to the line current at R when B is 
short-circuited to neutral and p and q.are 
connected through R. (R is not short- 
circuited to neutral) =ratio of the series 
voltage inserted at R between and q to 


the current at A when A and B are short- . 


circuited to neutral 


- 2prn=2Zr_p= transfer impedance between ter- 


minals B and N and terminals g and’ p 

when # and gq are short-circuited through 

R. (Definition similar to that of z4r=2r4 
- with B and A interchanged) 


From these definitions of Z Peon ZRR=9) 
or (Zpr-a, Zer—s) and Zrr, it follows 
that 

Zprr—pZpr-q _ 
Z Rig ae OPN Lon wees Tt 
Zrr—v+Z rr—q 


Zan-sZer-B (2 
Zpr—-atZ pr—B 
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General Network Between E, and Ez. 
(See Figure la). With E, and E; applied 
at A and B, respectively, no current enters 
or leaves the network at R. Let Vp be the 
resultant voltage to neutral at R. Under 
the principle of superposition, R may be 
considered a network terminal at which 
a voltage to neutral Vz is applied through 
zero impedance so that the current sent 
into the network at R by Vz just equals 
the sum of the currents sent out of the 
network at R by E, and Ez; Vp/Zzrer 
must equal the sum of E4/Z4p and Ez,+ 
Zpr Or 


ID} fs ) 
Vp=Z (74 =a 25 
e ot ZAR Zzr ( ) 
Ze A 
Ve= RR AZRR B Gar ) (25a) 
Zrr—-at+Zrr—B Zar ZBR 


/ The line current Ip at R in the direction 
pRq may be determined by superposing 
the line currents resulting from EH, and 
Es, separately applied. Thus, 


(26) 


The impedance Zp seett by the relay at 
R in the general network of Figure 1a is 
obtained by dividing Vz given by equa- 
tion 25 by Ip given by equation 26: 


Vr e: Z prZARZBR Gaaose 


Zr= 5 


Ip ZarZBr Egzpr—Epszar 


Reference to equations 1, 2, and 3 shows 
that Zz may be written in either of the 
forms given by equation 3. 


Zar , 2BR 
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Equation 27 can be replaced by equation 
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Special Network Between Ey, and Ep. . 


(See Figure 2a). When point R, the loca- 


tion of relays, divides the system into two. 


parts which have no connection except 
through R, the impedance seen by the 
relays at R can be expressed in a form 
more convenient for calculation than 
that given by equation 27. Instead of 
using one driving point impedance and 
four transfer impedances to define Vp 
and Ip, two driving point impedances 
Zrr—-a.and Zpp—g and two transfer im- 
pedances Zp, and Zpp can be used if 


Zar and Zg4 are expressed in terms of © 


these four impedances by the equations 
derived in the following paragraph. _ 
In Figure 2a, with E,4 applied between 
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neutral and A, and B short-circuited to 
neutral, let Vy be the line-to-neutral volt- 
age at R and Ip the line current at R, 
positive direction of current being from A 
to B. Under this condition, by definition, 


(28) 


By use of superposition, Jp is also given 
by the following equations when E;=0: 
re aS Ve 


iE = — = 
a aa eae ee 


(29) 


Substitution of Ve=IpZpp—z, from the 
second equation of (29) in the first, gives 


Zar Zrr-A 
=] Zrr-atZpr-B (3) 
Sein linea ZRRr-B 
Zrr- 
=i) CRR-B 
Zrr 


Es _ZanZer-p (30) 

Ip Zrr 
If E4/Ig in equation 30 is replaced by 
Z4p {rom equation 28, 


Zrr- 
ar=Zag— (31) 
Zr 
Similarly, it can be shown that 
Zrr- 
2pr—Zpr (32) 
Zrr 


The voltage Vp at Ris given by equa- 
tion 25a. The current J, at R, obtained 
by substitution of equations 31 and 32 in 
equation 26, is 


aaa ( Ea no) 
<S. e ee e  e 


Zrr-sZpr-B ( Ex, _ __—i~EB ) 
Zrr-at+Zpre-B ZarZpr-B ZerZrr—A 

(33) 

Division of Vp from equation 25a by Ip 

from equation 33, or substitution of 

equations 31 and 32 in equation 27, gives 


Lrr-atZpr— 
eae (Zrr-at+Zpre_p) 


e E, (Fas 
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(Zrr-at+Zrr-z) 
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= —Zpr—at (34) 


For use in equation 3: 
Z2=Zpr-ai 2,=Zpp-B; 
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General Circuit Constants. The posi- 
- tive-sequence diagram of Figure 2a is 
- given by Figure 2b in terms of two sets of 
general circuit constants A,, By, Ci, Di 
and Az, Bs, Cz, Dz The transfer and 


Zrr_-aZ, 
Ka ERAACBR 


driving point impedances which occur in 
equation 34, in terms of these general 
circuit constants, are Z4p=B,; Zpp= Bo; 
Zrr-a=B,/A}; Zrr—Bp= Bo/D>. Sub- 
stitution of these equations in equation 34 
gives 


D, Te Ea (Day ( Bs) (34a) 


For use in equation 3: 


Zz =B,/Ai; Z,=B2/D2; 
B, 
7] mer; 2/ 1 


Equation 34a will now be derived in 
terms of general circuit constants directly 
from Figure 2b of part I. 


Ex = VpAit lB. and Ez= VpD2—IpBe 


Solution of these equations for Vz and Ip 
gives 


OU -2,Bs ESB; BDs-F A; 
R= and Ip = 4 
A,B,+D,B, A,Bo+ DB, 


The impedance Z, seen by a relay at R is 


= Ve _ E4B.+EpBy 
Ip E,4D.—EpA, 


Zp 


This equation is in the form of equation 1; 
if expressed in the form of equation 2, it 
will be the same as equation 34a. 


Single Circuit Between E, and Eg of 
Negligible Capacitance. (See Figure 
3a). If capacitance is negligible, the posi- 
tive-sequence diagram of Figure 2a be- 
comes that of Figure 3a in which the im- 
pedance between A and Ris Z, and that 
between R and B is Zg—Z,4, where Zz is 
the total impedance between A and B. 


ZAar=Zpr-A =Z,4 Zpr =Zrr-p=Zs—Z4 


Substitution of these equations in equa- 
tions 25a and 33 for Vp and Ip, respec- 
tively, gives «+ 


E,Zpr-nt+EpZer-a 
[ip foe ate BE heed ek 


Gent Zee 
Eg(Zs—Za4) +E pZ 
a A(Zg a BL A (38) 
% -E 
2 Ear Es — _Es-Ep as 


Ry gen os Aa 


Division of equation 35 by equation 36, 
or substitution of Zpp_4 for Zp, and 
Zrr_—p for Zpp in equation 34, gives 


Zs 


Gavia Foot 
Ae RR-A = RR-B 
fee 
‘Bo 
yar pe SATs 
pa = Bey eee ie RR-A a B (37) 
Ex 


For use in equation 3: 


Zr=Zpr-a=Za; 2:=2Zpr-p=Zs—Za; 
Zy=Zpr-at+Zprr-p=Zs; K=1/0° 
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Relays at Terminals A and B. Let 
the relays be located at the terminals A 
and B of a general three-phase circuit, and 
let V4 and Vz be the positive-sequence 
terminal voltages to neutral at the relays. 
Let I, and I, be the positive-sequence 
line currents at A and B, respectively, 
positive direction of line current being 
from A to B. The positive-sequence 
diagram of this system is shown as a three- 
terminal network between A, B, and neu- 
tral NV, in Figures 4a and 4b, with the 
relay location R at A in Figure 4a, and at 
B in Figure 4b. 

Let R in Figure 4a approach A; then, 
im ithe elimit,) Z.,=Zen4=0; sand 
Zar/Zrer-a=1. Substitution of these 
values in equation 34, with E, and Eg 
replaced by V4 and Vj, respectively, 


gives Zp, the impedance seen by the relay 
at A: 


Zrr- 
2Zp=Zrr-B— mee 


a) 
Vp \Zrr_p 
ae ZRR-B 
1— Ya oe! 
Va\ Zar 


For use in equation 3: 


(38) | 


2, =0,2,=2,=Zpr_p; K=Zpp/Zer_p 


By analogy, the impedance Zp seen by 
the relay at Bin Figure 4b is 


yy nk Pinker. © 
R= 


ZRr-A 


Cie) 
V4 Zrr—a/ 


For use in equation 3: 


(39) 


2£,=Zy=Zrr_-a; 2,=0; K=Zpr_4/Zap 


In terms of the general circuit constants 
A, B, C, and. D, Zgp (in equation 38) = 
Zar (in equation 39)=B;. Z re-p (in 
equation 38)=B/D; Zpr—4 (in equation 
39)=B/A. If these equations are sub- 
stituted in equations 38 and 39, the im- 
pedances Zp seen by the relays at A and 
B, respectively, are 


a z 
B D D 
=—— = 38 
Zr ; V,D 0+ " Ve (38a) 
Ve V4D 
For use in equation 3: 
2Z,=0; 2,=2Z,=B/D; K=D 
B B 
A B A 
=0—-——— = -= 39a 
Ze=0 ty yin VoA (39a) 
VgpA Va 
For use in equation 3: 
2,=Zy=B/A; Z,=0; K=1/A 
~ 381 


_to symmetrical three-phase faults if trans- 
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plus-negative, positive-minus-negative, 
and zero-sequence components.* 

At any point Rina three-phase system, 
a components of line-to-neutral voltages 
and « components of line currents in 
phases b and c are equal; they are oppo- 
site in sign and of half the magnitude of 
those in phase a. There are no B com- 
ponents of voltage and current in phase a; 
in phases b and ¢, B components of line- 
to-neutral voltages and 8 components of 
line currents are equal in magnitude but of 
opposite signs.  Zero-sequence compo- 
nents (indicated by the subscript 0) are 
equal in the three phases. The following 
equations satisfy these definitions: 
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V,=—-Ve--— Vat Vi 
c 2 2 p+ 0 
t (43) 
Ig=la+lo 
1 3 
Ip= lage Ipt+Io 
Equations 38a and 39a, in terms of gen- Figure 7a. Z,, in per unit of 89.2 ohms 2 2 
eral circuit constants, are given in slightly 1 VJ/3 


different form in reference 5. Figure 76(below). Zpainper unit of 89.2 ohms fee, 22 ioe 2 fort ts } 
Three-Phase Faults. The. equations 

for Vp, given by equation 27 for the gen- 

eral network of Figure 1, can be applied 
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fer and driving-point impedances are 
determined from Figure 1b with a solid 
fault at F. Impedances so determined will 
be designated by a prime (') superscript, 
for example, Z'zp Z'ar. For the special 
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Zr=—Z'pr-a (40b) 


For the special system of Figure 2, 
with a solid fault at F which separates 
the system into two parts at F, as indi- 
cated in Figure 2c, Z’gp= ©. From equa- 
tions 25 and 33 . 
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The impedance Z, seen by the relay is Substitution of these equations in equa- 


Pe Vivicaiistion 40a. . Power Swings During ~ tions 21-23 gives the impedances seen by 
For a single circuit of negligible capaci- Unsymmetrical Faults _ re the relays, in. the, CAee BOas oo aga 
tance with a solid fault at F, as in Figure ; oa terms of « and 6 components of current 
3a, where the impedances between A and The system impedances seen by the and voltage. 
R, Rand F, and F and B are Z4, Zp, and three relays at R during any condition of . 
Zo, respectively, V'p and I'p are operation are given by-equations 21-23 pike Ve Ve : ipet 
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where Va, Vg, Ix, and Ig are a and B 
components of line-to-neutral voltage and 
line current at R, respectively. Zero- 
sequence components of voltage and cur- 
rent at R do not appear in the impedance 
equations; however, their presence will 
affect V,. and Ig. 


a, 8, and 0 one-line diagrams or com- 
ponent networks can be drawn for any 
three-phase system. Under the assump- 
tion of a symmetrical three-phase linear 
network, having equal positive- and nega- 
tive-sequence impedance, a and 8 imped- 
ances are equal to positive-sequence im- 
pedances. With balanced generated volt- 
ages E, and Ep, applied at two system 
terminals A and B, respectively, generated 


PER UNIT REACTANCE 


8 20° FOR 


while line-to-ground short circuits occur 
on phase a. In the case of one open con- 
ductor, let the opening occur at F in 
phase a; with two open conductors, let 
the openings occur at F in phases b and 
Bs 

Zero-Sequence Network. Let Zp be 
the zero-sequence impedance viewed from 
the fault at F. Let 2 be the impedance 
offered to a series voltage inserted in the 
zero-sequence network at F. If Fis ona 
single ungrounded circuit, Zp and zo will 
both be infinite; if the circuit is grounded 
at one terminal only, Zo will be finite but 
Zo infinite. If F is on one of two parallel 
circuits, connected to bus bars at both 
ends, grounded or ungrounded, zo will be 
finite. 

Under the assumption of a symmetrical 
three-phase linear network with equal 
positive- and negative-sequence imped- 
ances between EL, and Ep, there will be no 
connection between the a and 6 network 
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Figure 7c. Z,y, Zac, Zoa for line-to-line 
fault and Z, with no fault in per unit of 89.2 
ohms 


|E4/Ep|=1 


a voltages will be the same as the posi- 
tive-sequence generated voltages HE, and 
Ep; generated g voltages will be —jE,4 
and —jEg, the positive-sequence gen- 
erated voltages E, and Eg multiplied by 
—j. Before the fault occurs, the a net- 
wotk will be exactly the same as the posi- 
tive-sequence network; the 8 network 


will differ from the positive-sequence net- 


work only-in that the applied voltages at 
terminals A and B are multiplied by —j. 
Let the fault be at any system point F; 


and let the phases be designated so that 


line-to-line and  double-line-to-ground 


short circuits involve phases b and ¢, 
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even during unsymmetrical faults. This 
makes it possible to use the positive-se- 
quence system diagrams of Figures 1-3, 
and the equations in terms of transfer and 
driving-point impedances already derived 
for Vz and J, under balanced operation 
for Va. and I, or for jVg and jlg, pro- 
vided the transfer and driving-point imped- 
ances are defined and determined under the 


conditions imposed by the fault.. A system | 


of notation is required to differentiate Vp 
and I, and the transfer and driving-point 
impedances obtained from the positive- 
sequence network under seven different 
conditions. The following notation is 
suggested, where the phrase in parenthe- 
sis indicates the application of the stated 
condition: 


1. No superscripts when F in the positive- 
sequence network is isolated from neutral. 
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(a network—line-to-line fault; B network— 
line-to-ground fault or one open conductor.) 


2. Prime (’) when F in the positive-se- 
quence network is short-circuited directly 
to neutral. (8 network—line-to-line or 
double-line-to-ground fault; positive-se- 
quence network—three-phase fault.) 


3. Double prime (”) when the positive- 
sequence network is open at F. (6 net- 
work—two open conductors.) 


4. One asterisk (*) when F in the positive- 
sequence network is short-circuited to neu- 
tral through Z)/2. (a network—line-to- 
ground fault.) 


5. Double asterisk (**) when F in the 
positive-sequence network is short-circuited 
to neutral through 2Z). (a network— 
double-line-to-ground fault.) 


6. One plus sign (+) where 22) is inserted 
in the positive-sequence network at F. (a 
network—one open conductor.) 


7. Double plus sign (+*) where 2)/2 is in- 
serted in the positive-sequence network at 
F. (a network—two open conductors.) 


Under any one of the seven conditions 
given above, transfer and driving-point 
impedances are determined from the posi- 
tive-sequence network and written with 
the designated superscript. Vp, and Jp 
written with the same superscript, are 
then obtained from equations 25 and 26, 
respectively, for the general network, 
where impedances without subscripts are 
replaced by those. with the designated 
superscript (except for condition 1, where 
no change is made). For the special case 
of a network with no connection between 
A and B except through R, equations 25a 
and 33 are used instead of equations 25 
and 26; and for the single circuit of negli- 
gible capacitance between A and B, 
equations 35 and 36 are used. V,and Tp, 
designated by the specified superscript 
(or no superscript) can be used directly 
for V_ and J,; but they are multiplied 
by —j to obtain Vg and Ig. Va, Ia Va, 
and J, are then substituted in equations 
44-46 to obtain the impedances seen by 
the three relays at R under the stated 
conditions. The following equations give 
Va, Ix, Ve, and Ig in terms of Vz and Ip 
with specified subscripts for unsymmetri-_ 
cal faults: 


(a). Line-to-Line Short Circuit at F Be- 
tween Phases b and c. The a network is un- 
affected by fault; point F in'the 6 network ~ 
is short-circuited directly to neutral. ; 


Va=Vr; Ia=Ipn; Va=—jV R's Ig=—jle’ 


{ 
(b). Line-to-Ground Short Circuit at F on 
Phasea. Point F in the a network is short- 
circuited to neutral through Z)/2; the 6 
network is unaffected. ; 


Va= Vr*; Ia =Ip*; Ve= —jVr; Ig= —jlp 


(c). Double-Line-to-Ground Short Circuit at 
F on Phases b and c. Point F in the a net- 
work is short-circuited to neutral through | 
2Z,; point F in the 6 network is short- 

circuited directly to neutral. ; 
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a= Ve**; Ig=Ip**; Vea=—jVe's 


Ig te —jlp’ 
(d). Phase a Open at F. The impedance 


2z, is inserted in the a network at F; the 6 
network is unaffected. 


Va= Vie Tq =Ip* ; 


(e). Phases band c Openat F. The imped- 
ance 20/2 is inserted in the a network at F; 
the 6 network is opened at F. 


Ve=—jVas [p= He 


Va=Vptt; Ieg=Ip**; Ve= =I Vines 


Ig=—jlp” 


After Va, Ja, Vg, and Ig have been 
determined in terms of Ey, Eg, and the 
transfer and driving-point impedances of 
the positive-sequence network under the 
conditions imposed by the fault, they are 
substituted in equations 44-46. If these 
impedance equations are written in the 
form of equation 1, they can readily be 
expressed in the form of equation 3 and 
Wale L,= L5+Z;, and, K- determined. 
The general solution is as follows: 

For any type of fault, with positive 
direction of current from A to B, let 


Va =aH,+bEp; Hie =cH,—dEz 
Vpg=—j(eE4t+fEz) 


Ig=—j(gE4—hEp) (47) 


where a, b, and so on, are constant coeffi- 
cients. 

Substitution of Vg and Jg in equation 
44 gives 
eEy+fEg 


Z0= Ve/lp= 
& p/ 8 gE,—hEgz 


48) 
Equation 48 is in the form of equation 1; 
to express it in the form of equation 3: 
Zi=f/h; Z,=e/g; K=g/h. 

Substitution of Va, Ie, Ve, and Jg in 
equation 45 gives 


_ (V3 a-je) Est (V3 b-Hf)Ex 
(V3c—je)Ea— (V3 d—jh) Ep 


Equation 49 is in the form of equation 1; 
to express it in the form of equation 3: 


Zac 


(49) 


7 V8-if VV 3a-ie 
v 4/3d—jh ~~" »/3c—jg 
its 50) 
Lv eR eserie 
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The equation for Zyq is similar to that 
for Zag_ except that the signs of all 7 


terms are reversed. Equations for Z,,, - 


Zac and Zpq Will be evaluated for a special 
case. 


Line-to-Line Short Circuit Between 
Phases b and cina Single Circuit of Negli- 
gible Capacitance. The given system is 
shown in Figures 3a and 3b, where Z4+ 
Zpt+Zc=Zs. In Figure 3a, the fault 
point Fis between the relays at R and Ez; 
in Figure 3b, F is between E, and R. 
For both cases, positive direction of cur- 

_ rent will be taken from A to B. 
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Fault Between Relays and Eg, as im 
Figure 3a. V,. and J, are the same as 
Vz and Ip given by equations 35 and 36, 
and Vg and Ig are —j times Vp’ and Ip’ 
given by equations 42a and 42b, respec- 
tively. If the coefficients in these equa- 
tions are equated to those in equation 47, 
the constants in equations 48 and 49 are: 
a=(Zs—Z,)/Zs; b=Za/Zs; c= d= 
1/ Zs = Zp/ (Zak 2a) en ee 
(Z4t+Zp); h=0. With f=h=0 in equa- 
tion 48, 


é 
Zn=—=Zp 
g 


(51) 
Zo given by equation 49, can be ex- 
pressed in the form of equation 3 by 
evaluating Z;, Z,, Zy, and K in equation 


Ze 
Zy=Za Zp=lBy Ts 

Zs 1 
Zy= Z =—|1-j—= 52) 
yaZat ly ms ( i>) ( 


Zs 


k=) ae 
4 V3(Z4+Zzp) 


The equation for Zyq is similar to that 
for Za, except that the signs of all 7 
terms are reversed. 


Fault Between E, and Relays, as in 
Figure 3b. 


ExZctEp(ZatZ 
Vem Vg nace Eoeat Zn) 
Zs 
E,—Epz 
a = 
R Zs 
; EpZp ) 
Ve=—jVr'= 
anes ly ee 


If the coefficients in these equations are 
equated to those in equation 47, the con- 
stants in equations 48 and 49 are: a= 
Ze/Zs; b=(Z4tZp)/Zs; c=d=1/Zs; 
e=0; f=Zp/(Zet+Zc); g=0; h=1l+ 
(Zpt+Zc). With e=g=0 in equation 48, 


Za=f/(—h) =—ZpB 


Zac, given by equation 49, can be ex- 
pressed in the form of equation 3 by evalu- 
ating Z,, Z,, Z,, and K in equation 50: 


DeekLaklaee fia Le 


(53) 


I) 
2yeKEst yb ZomKes( 1 i 43) (54) 
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The equation for Z_ is similar to that 
for Z,, except that the signs of all 7 terms 
are reversed. 


Systems With Unsymmetrical Static 
Circutts. The methods of constructing 
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system impedance charts, given in part Il, 
apply to three-phase linear systems with 
unsymmetrical static circuits, with or 
without an unsymmetrical fault on the 
system. The unsymmetrical circuit can 
be replaced by equivalent circuits in the 
a, B, and 0 networks. In the case of a 
general unsymmetrical circuit in an other- 
wise symmetrical system, the a, 6, and 0 
networks are mutually coupled. The 
procedure in determining the required 
constants Zz, Zz, Zy, and K is too lengthy 
for discussion here. These constants, 
however, can be determined, and the 
work required is not excessive if an a-c 
network analyzer is available. 


There are many unsymmetrical cir- 
cuits which have equal impedances in 
two of the phases; if, in addition, the 
zero-sequence impedance of the circuit is 
infinite, as is the case with an open-delta 
transformer of two identical single-phase 
units, there will be no mutual coupling 
between the a, 6, and 0 networks. For 
this special case, the procedure in deter- 
mining Z,) Zz, Zy, aud /Kiiis similar to 
that for symmetrical three-phase systems 
except that V and Igat the relay loca- 
tion R are determined from the ,a dia- 
gram and Vg and Jg from the 6 diagram, 
instead of using the positive-sequence 
‘diagram first for the a network and then 
for the B network. Even without an 
unsymmetrical fault, the impedance seen 
by the relays in the three phases at R will 
not be identical, and equations 4446 
will be required in all cases to determine 
the impedances seen by the relays. 
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The Design of Bus-Bar Industrial 
Distribution Systems: an Epitomization 


of Available Data 


THOMAS JAMES HIGGINS 


ASSOCIATE AIEE 


HE PURPOSE of this paper, evi- 

denced in its title, is to acquaint the 
designer of bus-bar industrial distribu- 
tion systems with the extent and where- 
abouts of the theoretical and experimen- 
tal data available for design purposes. 
Attention is confined to those factors that 
essentially determine the operating char- 
acteristics of a bus-bar distribution sys- 
tem: voltage drop, temperature rise, and 
short-circuit capacity. 

The extant literature apposite to these 
topics has been -covered exhaustively. 
For in addition to examination of com- 
plete runs of the principal abstracting 
periodicals (Engineering Record, Science 
Abstracts, and Elektrotechnische Berichte) 
the writer scanned, volume by volume, 
the indexes of the important periodicals 
—American, British, French, German, 
and Italian—devoted to electrical engi- 
neering and to electrophysics. Further, 
textbooks pertinent to these two domains 
were covered as thoroughly. However, 
but limited mention of such will be found 
in this paper. For few contain relevant 
material, and what is to be found has been 
taken from periodical literature that is 
encompassed herein. 

The excellent library facilities available 
in Chicago, several trips to the New York 
Public Library and to the Engineering 
Societies Library, the use of interloan 
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library service, and the commercial litera- 
ture sent in response to written appeal 
enabled the writer to read each of the 
items comprising the appended bibliog- 
raphy except references 151, and 576-83. 
Epitomization of the essential content of 
these items, subdivision of this material 
under appropriate headings, and integra- 
tion of these grouped fragments to achieve 
a coherent whole comprise the present 
paper. 

This paper* can be taken as a guide to 
most of the consequential literature on the 
design of bus-bar distribution systems, 
including many forgotten or little-known 
papers containing valuable material not 
to be found elsewhere. As to the prac- 
tical usefulness of such a guide, it may be 
taken that the designer who acquaints 
himself with all of the information de- 
tailed in the writings. mentioned will be 
enabled: 


1. To better his own design procedures. 
2. To improve on present bus designs. 


3. To forestall costly experimentation 
undertaken to obtain data either extant— 
but unknown to those proposing experi- 
ment—or possible of calculation from exist- 
ing theory. 


General Considerations 


Discussion of the general issues in- 
volved in the choice, layout, and broad 
design of industrial distribution systems** 
is to be found in papers by Stiebar,! 
McKeever,” Powel and Barnett,? Beeman 
and Kaufmann, Parsons and Barnett,® 
Blacklock,’ and others.’ Discussion, both 
qualitative and quantitative, of the vari- 
ous general considerations that influence 
specific design of the bus proper is en- 
compassed in the papers of Boyce;’ 
McCauley;? Dwight;  Steidinger;!! 
Adams, Fletcher, and Johnson;!* and 


* Discussion of, roughly, one half of the items in the 
bibliography of this paper comprise the content of 
a paper, ‘‘Design of Direct-Current and Low- 
Frequency Bus Systems: a Guide to the Litera- 
ture,’’ presented at the 1943 Midwest Power Con- 
ference. Because of its length only the introductory 
remarks were printed in the Proceedings of the con- 
ference; interested readers were invited to write 
for photoprinted copies of the complete paper. 


** To avoid redundance we understand, unless speci- 
fic statement is made to the contrary, that all re- 
marks refer to busses comprised of long linear non- 
magnetic conductors of uniform cross section. 


Items comprising a connected series of references 
are arranged in chronological order. 
= 
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others;”!3 and in illustrated bro- 
chures'4~18 distributed by certain con- 
cerns active in the engineering of indus- 
trial distribution systems. 

The different service requirements of 
electric welder, electric furnace, machine 
tool, general light and power, and other 
types of load have resulted in diversified 
bus design. Recently Deans!® has argued 
the relative advantages of various con- 
ductor shapes and arrangements. The 
especial merits of busses comprised of 
coaxial tubular conductor have been ad- 
vanced by Bogardus;” of parallel tubu- 
lar conductor by Braley,*! de Bellis,?? 
and Eales and Hoeppner;?* of square 
tubular conductor by Woodruff*4 and 
others; of strap conductor by Mi- 
chalke,2° Gibson,2”7_ McCann,?" Hous- 
ley,** Holthaus,” Bulen,*® Hurley and 
Smith,*! Tennant,*? Fisher,*? Morgan,*4 
and others;*~® of channel conductor by 
Carpenter,*” Papst and Bohn,** Shan- 
non,*! Wilbraham and _ Bailey,” 
Spécht,‘*44 Greer and Guess, and 
others ;46-46*.46” and of angle conductor by 
Schrager.“ 

Similar material on bus ways (enclosed 
prefabricated assemblies of strap con- 
ductor) is contained in papers by Wendel- 
kin, Hess,* Lloyd,” Schaal, Carlson,*! 
Simmonds,®? Lipps,®? Siebert,54 Craven 
and Collins,*4* Ashmore,®® and others.* 
A general report on bus ways, cov- 
ering classification, terminology, and 
various points of design and operation, 
has been prepared by Fisher and Carlson 
for inclusion in an AIEE-sponsored pub- 
lication on power distribution in indus- 
trial plants.*” 

The especial advantages accruing to 
particular metals—copper,'4~”  alu- 
minim, !* 58-61-61 and, less commonly, 
zinc® and sodium®*:*4—have been strongly 
represented. 


Bus Impedance 


Predetermination of the electrical per- 
formance of a bus—that is, its current 
rating and voltage regulation—requires 
accurate knowledge of the resistance and 
inductance parameters. It is common 
knowledge that: 


1. The a-c values of these parameters dif- 
fer from the d-c values. 


2. These differences, though a consequence 
of the same electrodynamical principle (an 
excellent discussion of this principle is due 
to Rayleigh) ,°5 are commonly ascribed to the 
joint action of “skin’’ and “proximity” ef- 
fects. 


8. The resulting change in the magnitude 
of the resistance is described by the skin-ef- 
fect factor K,(=R’/R,, the ratio of the a-c 
resistance R’ of an isolated conductor to its 
d-c resistance R,) and by the proximity- 
effect factor K,(=R/R’, wherein R is the 
actual a-c resistance) through the equation 
R=K,K,k,. 


4, Like expressions hold for the inductance. 
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5. These factors are complicated mathe- 
matical functions of the bus geometry and 
frequency, of the conductor geometry, con- 
ductivity and permeability, and of yet other 
variables. 


6. Actual determination of these factors is 
most difficult, having been effected to date 
for only a few conductor shapes and arrange- 
ments. 


An inclusive account of the origins and 
developments of the concepts of skin and 
proximity effects has been given by Hig- 
gins. Admirable qualitative discussions 
of various aspects of skin and proximity 
effects (as manifest in conductors of cir- 
cular or tubular cross section) have been 
advanced by Miller,®’ Girault, North- 
rup,* Schelkunoff,”? and Bunet.”! 

The general mathematical theory has 
been developed from two points of view: 
that of partial differential equations, 
favored by the earlier writers—Maxwell,”? 
Rayleigh,”* Heaviside,’ Kelvin,”> Thom- 
son’®—and some of the recent writers— 
Carson® and Schelkunoff”?; and that of 
integral  equations—introduced = by 
Manneback’® and extended (not always 
correctly) in the papers of Noether,’?* 
Strutt§!—’—¢specially, Rothe,**** Lettow- 
sky,* and Rytov.” 

.Whether couched in terms of partial- 
differential or of linear-integral equations, 
the solution of a particular skin- and 
proximity-effect problem is commonly 
effected by some approximate numerical 
procedure, usually one involving iterative 
-solution of a set of linear algebraic equa- 
tions. In this connection especial atten- 
tion accrues to the recent work of Crout,® 
Hildebrand,®?° Magnusson,*! Aitken,%? 
Schmidt,9* Freeman,®4 and Wright,® on 
procedures which bear directly on such 
methods of solution. 

Despite, however, availability of this 
general theory, the mathematical difficul- 
ties pertinent to solution of the differen- 


_ tial or integral equations have proved so 


formidable that exact formulas for K; 
and K, for actual busses have been ef- 
fected directly for only a few arrange- 
ments of circular and tubular conductors. 
For other than these recourse has been to 
approximate analytic methods. In this 
instance certain theorems or “‘principles”’ 
have proved of much value. One such is 
Dwight’s®* ‘‘similitude principle”: if of 
an isolated conductor or of a group of 
conductors comprising a circuit the linear 
dimensions of cross section are decreased 


(increased) N-fold and the frequency is 


increased (decreased) N?-fold, the product 
K;Ky remains unchanged.  Slepian’® 
has given a mathematical proof of the 


principle—Grieg” a recent nonmathe-_ 


matical discussion. Its validity has been 
amply verified by experiment: data easily 
taken at audio or radio frequencies on 


miniature conductors (hence its useful- 


ness) when scaled to lower frequencies 
-and larger conductors agree with corre- 
sponding values calculated from rigorous 


formulas or obtained by direct test. 
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Test data taken at radio frequencies 
on a miniature bus can be checked or 
supplemented by use of the ‘‘penetra- 
tion” and “‘electrostatic’’ principles as a 
result of the joint efforts of Kelvin?®.%8.9 
and Rayleigh.731 If the wave length 
corresponding to the frequency of im- 
pressed electromotive force is large com- 
pared to the dimensions of cross section 
of the bus; and if (opf),’” the square 
root of the product of the conductor con- 
ductivity o, permeability u, and frequency 
f is (1) large in comparison with the least 
radius of curvature of the perimeter of 
conductor cross section, and (2) not less 
than one-half the least distance to be 
measured between an arbitrary point in 
the perimeter and that point in the per- 
imeter which is the intersection of the 
perimeter and the normal drawn inward 
at the arbitrary point, then: 


1. The curretits in the conductors (of arbi- 
trary cross sections) can be considered as 
concentrated in thin surface strata of depth 
[2x(ouf)'/2]-1, the current density varying 
around the perimeter but not through the 
depth. 


2. The inductance coefficients and the dis- 
tribution of current density around the 
perimeter approximate (become identical 
as of) the elastance coefficients and the 
distribution of charge density in the corre- 
sponding electrostatic problem of the con- 
ductors maintained at the line potentials. 


Known solutions of this latter problem 
furnish the desired values of the former, 
whence, both current density and pene- 
tration depth being known, the resistance 
can be calculated from a known formula 
involving simple line integrals taken 
around the perimeters of the cross sec- 
tions of the conductors. 

Kelvin’s writings on these two princi- 
ples are far from clear. Much better ex- 
position, as well as certain extensions of 


- one or the other of these principles, are to 


be found among the writings of Abra- 
ham, 1°! Boucherot,1 — Carson,} 
Strutt$3-104-06_particularly, Loebner,!” 
Kaden,! Adams, and Levasseur.!1° 
In using these principles precaution must 
be observed as to satisfaction of the neces- 
sary conditions previously stated. In 
more than one instance failure to do so 
has invalidated deductions stemming 
from use of the penetration formula.'!!1¥ 


A guide to the whereabouts of tables 
of Bessel, Hankel, and allied functions 
occurring in the solution of particular 
problems by the methods outlined in this 
section is encompassed in the introduction 
to the monumental work on Bessel func- 
tions of complex argument recently pub- 
lished by the Work Projects Adminis- 
tration.1!> In addition to the 66 refer- 
ences cited we mention tables encom- 
passed in the papers of Bisacre,1!4 
Wrinch,! 16 Kessenich,47 and Buch- 
holz.4® The general theory of these 
functions is to be found in the standard 
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treatises by Watson'!® and Schafheit- 
fin) 3 


CONDUCTOR RESISTANCE 


Arnold!2!~-3 has epitomized the work of 
those whose study of skin and proximity 
effects in circular or tubular conductor 
precedes his. In three important papers 
he has reviewed, assessed, and summar- 
ized—directly or indirectly—the method, 
validity, accuracy, range of application, 
and relative merit of the analyses of 
many who achieve significant results: 
Maxwell,?2 Rayleigh,”* Heaviside,” Ste- 
fan,!24 Kelvin,’> Thomson,’ Brylinski,!”* 
Sommerfeld,!26 Mie,1*" Nicholson, !%8—# 
Russell,!31:182. Larmor,'*8 Howe, 13418 
Curtis,!6187 Manneback,”* Carson, }*8 
Butterworth, 139142 Snow,?*? Mead,1*2 
Strutt,8?83 - Costello,1* Dwight,%144—6 
Forsterling,!“”7 Wien,'* Bisacre,!!4 Brom- 
wich, and Kénig.! Arnold's third 
paper, the most inclusive and the most 
important of the three, contains formulas 
and curves yielding for any frequency 
values of K, and K, for those single and 
three-phase arrangements of circular and 
tubular conductor in common use. Re- 
cent papers by Fischer,’ Dwight! (on 
the three-phase concentric tubular bus), 
and Larrick and Race!®* complement 
Arnold’s work. 

Elsewhere!®4 Arnold has discussed the 
more important of the approximate for- 
mulas for K; of circular conductors ad- 
vanced by Heaviside,74 Brylinski,'1 
Mascart,1*? Zenneck,1*8 Pedersen, Rush- 
more,!® Spielrein,1* Levasseur, and 
others. Through comparison of values 
obtained from the rigorous and the ap- 
proximate formulas he concludes that 
Levasseur’s is the most accurate of those 
considered. Mathieu'®-164 has given 
slide rules and charts enabling rapid cal- 
culation with this formula. Also, it has 
been discussed (qualitatively) by 
Fromy'® and Singh.1® Singh’s and Le- 
vasseur’s own stiggestion that it readily 
can be extended to other cross sections 
in the manner mentioned by them is in- 
correct: they have overlooked the varia- 
tion in current density around the per- 
imeter that occurs in conductors of other 
than circular or annular cross section. 

Though, as mentioned, Arnold’s work 


encompasses that of those previously — 


named, the papers of several (especially 
those of Dwight,%144—-® Costello,'43 and 
Pedersen!) and yet others by Hospita- 
lier,!87 Garnier,! Rosa and Grover,1® 
Swyngedauw,!” Miller,*”7 Kennelly17!:172 
and his associates, Butterworth,!7° 
Ewan,!74:175 Ursi,!”6 Griinwald,!” Hey- 
mann,!”8-179° Maione,#8 = Whinnery,!8! 
Wheeler,!®? and others!4:!83 on skin ef- 
fect, and by Dwight,!*4 Carter,18° White- 
head,8° Buchholz,'*’ Webb,'** and Tschi- 
assny#®® on proximity effect, contain 
formulas, curves, and tables, too varied 


to enumerate, that are of considerable © 


aid in the solution of specific problems. 


Test data taken for the purpose of con- 
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firming theoretical studies on skin and 
proximity effects in circular and tubular 
conductors are to be found in the writings 
of Kennelly”!72 and his associates, 
Roberds,! Moullin,!! Sterba and Feld- 
man,'*? Hoyt and Mead, Ochem,!%4 
Arnold,!#4~3 and Larrick and Race.153 
The magnitude of these effects in actual 
practice is strikingly illustrated by 
Busch’s!®.1% measurements of the radial 
variation, in phase and magnitude, of the 
current density in large isolated iron 
cylinders and of Wilson’s!” measure- 
ments of surface current density in one 
conductor of a three-phase circuit com- 
prised of tubular conductor. 

Of a circular conductor Broca,!* Car- 
son, and Breitfeld! have calculated K, 
for a total sinusoidal current comprised 
of conduction and displacement compo- 
nents, Brylinski® K, for both a damped 
sinusoidal current and a current with 
several sinusoidal components of differ- 
ent frequencies, and Cocci and Sartori”! 
K, for an arbitrary current capable of 
representation by a Fourier series. 
Strutt®* has calculated K,K, at high fre- 
quency for two externally located parallel 
circular cylinders of unequal radii. 
Adams! and Schelkunofi7? have ob- 
tained similar results for a circuit com- 
prised of a circular conductor eccentri- 
cally located within a tubular conductor. 

Skin-effect theory for bimetallic con- 
ductors—circular or tubular conductors 
coated with an annular layer of a differ- 
ent metal—has been effected by Harms,”? 
Miller,” Férsterling,* Pleijel,2 Mai- 
Gf o.Fiscner = Strutt" Hkelof,2° 
Kruse and Zinke,?"! Egloff,?!2 Teare and 
Webb,”!2 Proctor,"44 and Teare and 
Schatz.745 The papers of Trautman,?!® 
‘Maione,” Ekel6f,?!° Steinhausen,?!” Teare 
and Webb?!’ and Teare and Schatz?" pro- 
vide confirmation of much of this theory 
through comparison of values of K, cal- 
culated from theory with values obtained 
from experiment. Pleijel°° and Ekeléf*'° 
have indicated how their analyses could 
be expanded to include an indefinite num- 
ber of coaxial layers; the actual theory 
has been effected by Schelkunoff.77:718 

Studies on skin and proximity effects 
in large stranded conductors such as are 
used for electric-furnace circuits have 
been reported by Northrup and Thomp- 
son,?49 Randall,?° Cook,” Middleton 
and Davis,??? Dwight,!!! Dana,?** Tweed- 
dale,?4 and most accurately and com- 
pletely in a paper by Arnold?” and in a 
report!*4—partly prepared by Arnold— 
for the British Electrical and Allied LEE 
dustries Research Association. 

The recent shortage of critical Pats 
has resulted in a considerable use of steel 
pipe and structural shapes for bus con- 
ductors.2#* Inasmuch as the resistance 
of a ferromagnetic conductor is a func- 
tion of the frequency and magnitude of 
the current carried, as well as of the con- 
ductivity, permeability, and geometry of 
the pene toe jack mathematical analy- 
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proximity effects. 


sis is extremely complicated for even such 
simple shapes as those of circular and 
tubular cross section (a good résumé of 
the pertinent literature on such conduc- 
tors is to be found in a paper by Maione”*) 
and is quite out of the question for struc- 
tural shapes. Accordingly, though some 
success has been attained in calculating 
the a-c resistance of conductors of circular 
and tubular cross section, the general 
practice is to resort to experiment for 
each different set of conditions and to 
present the data so obtained in tabular 
or graphic form. 

The skin effect in various types of iron 
and steel pipe, full or slotted, has been 
the subject of experimental investigation 
by Dwight?2* (whose results invalidate 
certain conclusions by Wall?”) and by 
Killian.?* Similar work on structural 
steel shapes has been carried out by Kil- 
lian and Alsaker.? Studies on steel 
rails, from which information about steel 
Pipe and structural shapes can be in- 
ferred, have been reported by Wilson;?*? 
Villiers and Boucherot;?51 Kennelly, 
Achard, and Dana;?82. Benda;?*3 True- 
blood and Wascheck;?34 and Boice.?* 

Carlson®! has stressed the ways in which 
skin and proximity effects affect the de- 
sign and operation of modern industrial 
busses comprised of closely spaced strap 
conductors. In his discussion of this 
paper Schurig®! has given the results of 
inclusive tests to determine the load char- 
acteristics (current rating, temperature 
rise, and a-c resistance and inductance) 
of typical single and three-phase busses 
comprised of strap conductor. These very 
illuminating data complement similar 
data on current density and distribution 
in multiconductor single and three-phase 


busses. of strap conductor obtained 


earlier by Wagner,?*° Le Clair,?*” Stein,?% 
Schwenkhagen,?*249 Dannatt and Red- 
fearn,?4! and Johann.*4? Very compre- 
hensive data of a similar nature are indi- 
cated in Fisher and Frank’s?** (the writer 
is indebted to the senior author for a 
copy of the actual data) recent paper on 
the characteristics of the ‘‘paired-phase” 
bus. 

Interestingly, the essential principle 
of this bus—partial neutralization at 
close spacing of the skin effect by the 
proximity effect—was investigated more 
than 25 years ago by Kennelly!”11”? and 
his associates in the course of their now 
classical investigations of the skin and 
Publication of their 
earlier data on this phenomenon led 
Dwight?#4 to the derivation of the first 
formulas for the a-c resistance of a bus 
comprised of two closely spaced parallel 
strap conductors. From data contained 
in the same paper Dwight?* evolved use- 
ful curves of K, for strap conductor. 
Later Dwight, and after him Carter,?* 
advanced explicit formulas, confirmed 
by Kennelly’s data, for K, for thin strap 
conduetor. 

Certain current bus designs utilize 
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rectangular conductor having rounded 
edges and a ratio of thickness to breadth 
such that it cannot be considered strap 
conductor. Cockroft,*47 invoking the 
“electrostatic’’ and ‘‘penetration”’ princi- 
ples and his own solution? of the corre- 
sponding electrostatic problem, has de- 
rived formulas for K, for such conductor, 
and by utilizing Kirchhoff’s solution of 
yet another electrostatic problem has ob- 
tained some quantitative data on prox- 
imity effect in single-phase circuits of 
rectangular conductor. Cockroft’s work 
has been confirmed experimentally by 
Jackson. *#9 

The experimental work of Kennelly 
and his associates, the theoretical inves- 
tigations of Cockroft and Dwight, Gor- 
man and Forbes,”:! studies on minia- 
ture conductors at radio frequencies, and 
his own comprehensive experimental 
data taken at audio frequencies have 
been analyzed, compared, and correlated 
by Haefner.**? The results of this study 
are presented in a valuable set of curves 
OlgeKGmor, rectangular conductor. This 
set of curves is complemented by that of 
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Several methods have been advanced 
for studying the variation of current 
density over the cross section of a rec- 
tangular conductor. Thus nearly two 
decades ago Reich and Fischer’ de- 
termined by test the distribution of cur- 
rent density, in both magnitude and 
phase, over the cross section of an iso- 
lated strap conductor. Curves plotted 
from their data strikingly illustrate what 
Kennelly earlier termed the ‘‘edge effect,” 
the concentration of current in the ex- 
tremities of the breadth of a strap con- 
ductor.%*4 Dannatt and Redfearn’"! have 
described a means of conjoining measured 
values of surface current density with 
Green’s theorem whereby there. are af- 
forded for each of a group of rectangular 
conductors the current, power loss, and 
a-c resistance. Daley?®* has shown how, 
for an isolated conductor, Fourier analy- 
sis and measured surface current densities 
can be conjoined to yield these same quan- 
tities and, additionally, the current den- 
sity over the cross section in both magni- 
tude and phase. Though Daley’s pro- 
cedure can be extended to groups of con- 
ductors without appreciable difficulties, 
Schwenkhagen’s?*,249 method of obtain- 
ing the same information through appro- 
priate subdivision of the conductors and 
utilization of ordinary circuit theory is 
much better known—though, seemingly, — 
little employed. Kohn, comparing — 
values calculated by Schwenkhagen’s 
method with corresponding values taken 
from Gorman and Forbes’ curves, has 
found the former to be in better agree- 
ment with values of K, obtained experi- 
mentally at 60 cycles. 

Much of the just mentioned experimen- 
tal work on the determination of K,; for 
rectangular conductors has stemmed from 
the lack of a correct mathematical for- 
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mula with which to calculate values of Ks. 
Subsequent to the recent successful ef- 
forts of Gross,” the mathematical dif- 
ficulties of effecting a rigorous solution 
had proved intractable. Thus the solu- 
tions of Edwards,?*:2 Debye,” Press, 
and Strutt? for rectangular conductors 
and those of Lampa”** and Strutt** for 
elliptical cross section (undertaken in the 
expectation that values of K, of suitably 
shaped elliptical conductors would ap- 
proximate those of thin rectangular con- 
ductors) are invalid because of the 
erroneous assumed boundary condi- 
tions—as Noether?®° has pointed out 
regarding Strutt’s solutions and Fischer? 
regarding the others. Though right in 
his assertion, Noether?? was wrong in his 
reasoning, as Strutt®? quickly made plain 
in the course of obtaining, through use of 
the “‘electrostatic’”’ principle, the correct 
high-frequency formula for K, for ellipti- 
cal conductor. More recently, Lettow- 
sky,?26? Gross,27 and Fischer? have 
obtained formulas for K, without restric- 
tion to frequency. For ratios of major 
axis to minor axis that are large an ellip- 
tical conductor approximates. a strap 
conductor; for such conductor good ap- 
proximations to K, are afforded by the 
formulas of Strutt’? (as has been verified 
by Jackson2"), Lettowsky,??6" Gross,” 
and Fischer.” 

Arnold®® has combined theoretical 
_ analysis with experimental data to derive 
formulas for K, and K, for single- and 
three-phase circuits comprised of flat- 
spaced square tubular conductors. 
Curves of K, for square tubular conduc- 
tors, plotted from Arnold’s formula, are 
contained in a paper by Dwight, Andrew, 
and Tileston.?” 


Arnold 271 has effected a formula, cons, 


firmed by experimental data, for calcu- 
lation of K, and K, in single-phase busses 
comprised of channel conductors located 
back to back. Otherwise no studies on 
channel, angle, T-, or I-beam conductor 
(aside from those of Killian and Alsa- 
ker?”7 on a few structural steel shapes) 
appear to have been published—though 
all are used, the first two shapes in con- 
siderable amount. The d-c resistances 
of standard sizes of channel and angle 
conductor, as well as of circular, tubular, 
strap, and square tubular conductor are 
to be found in the publications!4~" of 
_ those marketing such conductor. 

Studies of skin and proximity effects in 
a single-phase circuit comprised of two 
parallel infinite plates of equal thickness 
have been carried out by Cohn”?; his 
_ results have been utilized, incorrectly, by 
Schumann””* and by Niethammer.!?? 
.Kelvin® and Konig! have studied skin 
and ‘proximity effects in a single conduc- 
tor comprised of a number of separated 
parallel infinite plates of equal thick- 
ness. Niethammer?4 has obtained K, 
for a single infinite parallel plate carrying 
a current comprised of both displacement 
_ and conduction components. 
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JoIntT RESISTANCE 


If a bus contains a number of poorly 
bolted joints, the voltage drop due to 
joint contact resistance may be com- 
mensurate with that due to conduc- 
tor resistance. The factors that affect 
contact resistance are diverse: the elec- 
trical and elastic properties of the con- 
ductors; the type and design of joint; 
its shape, area, smoothness, initial lubri- 
cation, and cleanness; the current degree 
of oxidation or corrosion; the operating 
temperature; and the mechanical pres- 
sure over the contact surfaces. 

Early, purely qualitative discussions 
by Binder”> and Harris” of the effects of 
some of these factors were followed, 
roughly a decade later, by the elaborate 
experimental researches of Melsom and 
Booth.27 An important consequence of 
their work was experimental verification 
of the thesis that joint resistance could be 
considered as comprised of-two compo- 
nents: contact resistance proper and re- 
sistance introduced by the ‘‘stream-line 
distortion’ produced by the change in 
width of the current path at the joint. 
This latter effect has been studied mathe- 
matically by Wilmotte.”* He found 
values calculated from his formulas to be 
in good agreement with the corresponding 
experiments of Melsom and Booth. 
Mathematical and experimental studies 
along a similar line have been carried out 
by Donati.”* The papers of these men 
and those of Luke,”? Enger,” Schalch- 
lin,?8?-83 Jones, Contius,> Bern and 
Specht,28° Wenner, Nusbaum and Cruick- 


. Shanks,”8” Binder,”** Paxton and Strang,”* 


and Denault,2° most of which detail ad- 
ditional experimental studies, encom- 


pass curves, formulas, tabulations of. 


physical data, and other general informa- 
tion sufficient for the electrical design of 
bus joints. 


Contact problems peculiar to magne- 


sium bus bars are dealt with in a paper by 
Bulian.”2! Methods of lowering contact 
resistance in aluminum-to-copper joints 
have been mentioned by Schulze”? and 
Warner.”9?,294 The latter, Dallye,** Win- 
dred,* and Richter have discussed the 
especial precautions to be observed in the 
preparation of aluminum bus bars for 
jointing. Richter’s paper (a long and 
elaborate publication presenting the re- 
sults and deductions of some 421 inves- 
tigations on contact resistance between 
both bolted and brazed aluminum-to- 
aluminum or aluminum-to-other-metal 
joints) was followed some 18 years later 
by a paper by Richter and Schade,” 
wherein is reported the results of studies 
made to determine the time change of re- 
sistance of many of the joints used in 
Richter’s original study. Especial at- 
tention is devoted to the effect of initial 
lubrication (or lack of it) on the long-time 
contact resistance of aluminum-to-alu- 
minum and aluminum-to-copper joints. 


Shand and Valentine,2* Windred,?% 
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and Nefzger®” have discussed the me- 
chanical features of bolted joints. A con- 
siderable amount of physical data, recom- 
mended joint designs for specific conduc- 
tor shapes and sizes, and other informa- 
tion of design value is contained in the 
publications!4~” of concerns manufac- 
turing bus conductor. 

Metallurgical advances made in recent 
years and the attendant advantages of 
reduced resistance, possible diminished 
cost, and easier maintenance have re- 
sulted in an accelerating use of brazed, 
soldered, or welded joints. The relative 
merits of these and of bolted joints and 
various points concerning the technique 
involved in making such joints have been 
delineated by Martin,*! Daniels,*? Goel- 
ler 303-07 ~Darner,* Windred,””® Besse- 
sen,2 Schulze,*!° Woodruff,?* Barton,*!! 
and others.*!2—14 

An inclusive account of the problems 
involved in the design of electric con- 
tacts comprises a recent book by Win- 
dred.15 This book, several classical pa- 
pers by Holm**.5!7 and arecent exhaustive 
paper by Windred#!*3!° may profitably 
be consulted by those desiring knowledge 
of.the modern theories of the physics of 


the phenomena of contact resistance or of 


references to the literature thereof. 


INDUCTIVE REACTANCE 


The voltage regulation of a bus is de- 
termined principally by the inductive 
voltage drop. In consequence, it follows 
that accurate predetermination of voltage 
regulation rests on accurate calculation of 
the inductance coefficients of the bus. A 
detailed account of the_origins and de- 
velopment of the concept of inductance 
has been given by Higgins. The texts* 
of Maxwell,72 Webster,2 Livens,*?! 
Smythe, *22 and Schelkunoff” on electro- 
magnetic theory encompass excellent ac- 
counts of the general theory and of some 
of the mathematical techniques pertinent 
to calculation of inductance. Regarding 
these latter, O’Rahilly*** has written a 
most illuminating paper on the flux- 
linkage (more properly, flux-current link- 
age) method of calculating inductance. 
It is quite the best exposition available 
of this method: which is both the one 
commonly advanced in technical texts 
and the one least applicable in actual 
practice. 

The most useful method, that involving 
direct use of the vector potential, ap- 
pears in the technical literature in the 
guise of Maxwell’s method of geometric 
mean distances. Very understandable 
accounts of this method are contained in 
texts by Gray**4 and by Webster,?”° and, 
less clearly, in Maxwell’s’?:325 writings. 
Formulas, tables, and curves, essential or 
helpful in calculation of the geometric 
mean distances relative to conductor sec- 


- Specific mention of electrical-engineering texts 
is omitted because the treatment of inductance con- 
tained in most is incomplete—and not unoften actu- 
ally incorrect. 
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tions and arrangements now in use, are 
embraced in the writings of Maxwell, 
Guye, 97°: 327 Orlich, 328,328,329 Sumec Rosa 
and his associates, !331-3 Grover 334,335 
Yardley, #6 Tchiassny, 189 Woodruff, 337 
Dwight,**** Carlson,®! and Higgins. 339-42 
Papers*#!:342 of the last-named embrace 
geometric mean-distance formulas, not 
contained in the other references, that af- 
ford the inductance of conductors of 
structural shape, providing the conductor 
cross sections can be considered as com- 
prised of line segments or of rectangular 
areas. 

Calculation of geometric mean dis- 
tances is facilitated by use of the 18 place 
tables of natural logarithms and of arc- 
tangents (with arguments in radian meas- 
ure) lately published by the Work Proj- 
ects Administration.*43 If the conductor 
sections are of such configuration that 
calculation of the required geometric 
mean distances is mathematically in- 
tractable, the graphical method outlined 
by Hak*** is of value. 

If the skin or proximity effects are of 
consequence the method of geometric 
mean distances cannot be used directly. 
For conductors of rectangular section 
Schwenkhagen**?.2 has sketched, illus- 
trated by example, and confirmed by 
experiment a method whereby these ef- 
fects can be encompassed through in- 
definite subdivision of conductors and 
subsequent utilization of the geometric 
mean distances of the resulting subareas. 

Large, but somewhat dated collections 
of formulas for inductance, derived for 
various combinations of frequency, con- 
ductor section, and bus arrangements, 
are to be found in papers by Rosa and 
Grover. 16,334 

Maxwell”? and Russell,*4°~7 neglecting 
skin and proximity effects, have derived 
formulas for the inductance of various ar- 
rangements of circular and tubular con- 
ductor. Higgins*4*:349 has studied single- 
phase circuits comprised of conductors of 
eccentric annular section. Various com- 
mercial publications!**:55! and papers 
by Darling,*? Anderson and Vianey,**% 
and Gussow** contain curves, tables, and 
nomograms for the reactance of standard 
sizes of circular and stranded copper con- 
ductor utilized in flat or triangularly 


spaced, single or multiple-circuit, three- 


phase busses. 

With skin and proximity effects taken 
into account, formulas for the inductance 
of an isolated circular conductor have 
been derived by Maxwell,7? Rayleigh,” 
Heaviside,”4 Kelvin,’® Brylinski,!5:!° Gar- 
nier,!6° Pedersen,!** Swyngedauw, !”° Spiel- 
‘rein,!®! Breitfeld! (whose treatment in- 
cludes displacement as well as conduction 
current), Bromwich!“ and Cecci and Sar- 


_tori;2°! of an isolated tube by Griinwald!” 
and Heymann;!” of a coaxial arrange- 


ment of circular and tubular conductors 
by  Heaviside,”4 Thomson,’® Rus- 
sell, 131/132,345 Bisacre!!4 (who extended 


Russell’s work), and Larrick and Race ;1* 


1945, Vouume 64 he 


of coaxial tubular conductors by Pleijel2 
and Schelkunoff;77:2!8 of single-phase cir- 
cuits of two externally located circular 
conductors by Mie,!27 Nicholsori$128—30 
Curtis,1%® Carson,!*8 and Mead;!42 of the 
three-phase circuit comprised of three 
coaxial tubular conductors by Dwight ;1% 
of a three-phase circuit of three tri- 
angularly spaced circular conductors by 
Curtis!*”; and for the self- and mutual 
inductances of two rectangularly spaced 
single-phase circuits comprised of circular 
conductor by Hoyt and Mead1!9%—whose 
formulas are confirmed by experimental 
data. These papers include many useful 
curves, nomograms, and tables. 

Stefan,!*4 Rayleigh,! Russell,35> Pid- 
duck,** Strutt,!° Maione,!8 Adams, 1 
and Konig! have utilized the ‘‘electro- 
static principle’ to obtain the high-fre- 
quency inductance of single-phase cir- 
cuits comprised of circular or tubular 
conductor. Silsbee, *7:5§ summarizing 
experimental work undertaken to test 
the validity of application of this princi- 
ple and to determine the relative magni- 
tude of low-frequency skin and proximity 
effects in single-phase circuits comprised 
of tubular conductor, has given a formula 
for the a-c inductance of such a circuit 
wherein the magnitudes of skin and prox- 
imity effects are separately distinguish- 
able. Yet other experimental data on the 
a-c inductance of single-phase circuits 
comprised of circular or tubular conductor 
have been obtained by Kennelly!7!:172 
and his associates and by Schurig.* 

The a-c inductance of isolated bimetal- 
lic circular conductors has been stud- 
ied by Miller,?°* Férsterling ,2°* Maione, 2% 
Fischer,”°7:8 Ekelof,29 Kruse and 
Zinke,*!! Teare and Webb,?!* and Teare 
and Schatz.24° The papers of Miller,?°* 
Maione,§ Teare and Webb,?!* and 
Teare and Schatz?!> contain confirmatory 
experimental data and useful curves. 

Kennelly, Achard and  Dana,?*? 
Benda,?3* Trueblood and Wascheck,?*4 
and Boice?* have studied experimentally 
the inductance of steel rails. From these 
studies they have derived formulas use- 
ful in the approximate calculation of the 
inductance of steel rails, pipes, and struc- 
tural shapes. 

Writings by Orlich,** Rogowski™® 
(very comprehensive), Silsbee, * 
Dwight,*1,62 Yardley,** Hemmeter,** 
Grover,**® Steidinger,**4 Bruderlink,*® 
Papst, Levy,” Schurig,*® Herlitz,* 
Roth,?”° Bouse and Scarborough,*”! Dar- 
ling**? and others’:14~17:%51 encompass or- 
mulas, curves, nomograms, illustrative ex- 
amples, and other information (in some 
instances original, in others gathered 
from overlapping sources) required or 
useful for calculation of the inductance of 


the more commonly used arrangements of _ 


single- and three-phase circuits comprised 
of strap conductor. 
on single-phase circuits of strap conduc- 
tor, and doubtless the most important, 
is that of Arnold*”? who has developed 


Higgins—Industrial Distribution Systems 


Yet another paper - 


comparatively simple formulas that (as 
verified by cited experimental data) 
yield the inductance over a wide range of 
bus and conductor geometry. Addition- 
ally, he presents correction formulas for 
the end effect stemming from the finite 
length of conductors: seemingly, these 
should find considerable use in calculating 
the inductance of comparatively short 
rectangular loops such as are sometimes 
encountered in installations for electric 
furnaces. 

A formula for the a-c inductance of a 
circuit of two very closely spaced strap 
conductors has been given by Dwight.44 
Experimental data on the a-c inductance 
of various single- and three-phase busses 
comprised of strap conductor has been 
advanced by Schurig®! and by Fisher 
and Frank.?43 

Discussion, both qualitative and quan- 
titative, of the especial problems en- 
countered i in the design of busses of strap 
conductor for electric furnaces and elec- 
trochemical plants is contained in the 
papers of Lindstrom,*”* Catani,*74 Yard- 
ley,**° Levy, Wejnarth,® Pan,*° ‘An- 
dreae,*”” and Donati.* 

Higgins*, 340,379 has advanced formulas 
for the inductance of single-phase busses 
constituted of two rectangular tubular 
conductors; Dwight and Wang** and 
Higgins formulas for single and three- 
phase busses composed of flat-spaced 
square tubular conductors. Certain com- 
mercial publications!®—!7:5! contain use- 
ful curves of reactance voltage drop in 
single and three-phase busses of flat- 
spaced square tubular conductors. 

Recently Higgins*4!34 has advanced 
procedure and general formulas for cal- 
culating the inductance of any arrange- 
ment of conductors having cross sections 
comprised of combinations of parallel- 
sided rectangles. As well as strap and 
rectangular tubular conductors for which 
formulas are already available, specific 
formulas are given for single-phase cir- 
cuit comprised of two channels back to 
back, two I beams, four channels forming ~ 
two split (ventilated) rectangular tubular 
conductors; and for a three-phase circuit 
of three triangularly spaced rectangular 
tubular conductors. Where necessary, 
corrections for the effect of the rounded 
edges found on conductors of structural 
shape can be made by a formula de- 
veloped by Dwight and Wang.** Hig- 
gins and Schwantz**! have developed 
various convenient formulas for the in- 
ductance of single-phase conductors com- 
prised of channels located back to back. 

The a-c inductance of single-phase cir- 
cuits made up of parallel infinite’ plates 
of definite thickness has been studied by 
Cohn;?”2 his results have been utilized, 
incorrectly, by Schumann.” Nietham- | 
mer?’4 has determined the self-inductance 
of a single isolated infinite plate of defi-. 
nite thickness wherein the current com-- 
prises both conduction and displacement 
components. The high-frequency in- 
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_ two semi-infinitely wide straps. 


ductance of a single conductor consti- 
tuted of a number of such plates in paral- 
lel has been given by Kénig.'” 

Lettowsky?%:* has determined formu- 
las for the a-c inductance of an isolated 
elliptical conductor. The earlier solution 
of Strutt}? is valid only for very high fre- 
quencies. A yet earlier solution by 
Strutt2>4 and the work of Press”! and 
Strutt? on the a-c inductance of isolated 
rectangular conductors is invalidated by 
their assumption of the erroneous bound- 
ary condition of constant current density 
over the perimeter of conductor cross sec- 
tion. 


CAPACITIVE REACTANCE 


Commonly, capacitance effects do not 
enter into the design of industrial busses. 
Occasionally, however, performance of 
certain calculations requires knowledge of 
the capacitive reactance: for example, in 
certain determinations of short-circuit 
currents. A considerable literature is 
available on the capacitance coefficients 
of groups of circular or tubular conduc- 
tors. Approximate formulas, sufficiently 
correct except at very close spacings, are 
contained in most texts on transmission- 
line theory. Certain solutions of par- 
ticular interest (the titles are self-explana- 
tory) are contained in papers by Ken- 
nelly,**? Russell,**:84 Whipple,**° Porit- 
sky,*86 Adams, 9:37 and Dwight.**8 

Because of the intractable mathematics 
encountered in attempting solution, ex- 
plicit formulas are not available for cal- 
culating the capacitance of even the 
simplest busses comprised of strap or 
structural conductor. Gabor*® has ap- 
proximated the capacitance of a single- 
phase circuit of strap conductor by re- 
placing the rectangular cross section by 
appropriate elliptical cross sections. Al- 
ternatively, if the straps are sufficiently 
wide, the capacitance can be approxi- 
mated by use of Kirchhoff’s solution” for 
But 
otherwise, if the capacitance is to be de- 
termined, recourse must be had to one of 
the many methods of analytic, graphic, 
or experimental field plotting. 

Much of the literature (prior to 1932) 
pertinent to these methods has been 


epitomized by Hague.*.! We mention 


the more important or more interesting 
expositions of the methods available for 
plotting electric and magnetic fields: 
the applications of finite differences and 


of conformal mapping as delineated re- 


spectively by Muller*? and by Weber; 


the analytic-graphic procedures outlined 
by Deutsch** (who illustrates his analy- 
sis by calculation of the capacitance of 


_a bus comprised of two strap conductors), 


Spielrein,*° and Kraemer;* the use of 


conducting tanks or plates, various tech- 
- niques being described by Smoot,*” 
-Cramp,*® Simon and Kron,*® Young,™ 


McArthur,"! and Godsey*?; miscellane- 
ous experimental methods outlined by 
Douglas,®? Labus,#*:4%4 and Weil- 


ler,%° and Mueller; and graphical 
sketching as described in papers by 
Lehmann,*”:8 Richter,“ Stauffer, 41° 
Cooper, 1! Stevenson,4!2 Moore,*!* Wiese- 
mann,*!4 Johnson and Green,*!® Stevenson 
and Park,4!® Colvert and Harrison, 4!” 
Wright and Tsang,** Leonard4!9,4 and 
Poritsky,*?! and in Atwood’s*” book. 


Current-Carrying Capacity and 
Temperature Rise 


The current-carrying capacity of a bus 
is a function of diverse factors: among 
the more important are the nature and 
temperature of the ambient medium, the 
geometry, arrangement, and thermal 
characteristics of the conductors and en- 
closures; the state of the conductor and 
enclosure surfaces; the design of the con- 
ductor joints; and the circuit frequency. 

Experimental investigations of the rela- 
tive effects of various of these -factors, 
both individually and-in combination, 
have been carried out by Melsom and 
Booth,42? Woll and Gable**4 (who have 
used their results to check the correctness 
of formulas advanced earlier by Luke**), 
Schurig and Frick,*® Wilson,*” Coen 
and Briigger.4 Their papers, together 
with the writings of Frick*” (extending 
the initial analysis of Schurig and 
Frick’s!® paper), of Papst‘*! (who has 
given elsewhere a neat illustration of 
the use of his analysis**?) and others** 
contain curves, formulas, nomograms, 
and tabulated geometrical, physical, and 
thermal data applicable to calculation of 
the current-carrying capacity of arrange- 
ments of circular and tubular conductor. 

Similar material for various types of 
single- and three-phase busses of strap 
conductor is to be found in papers re- 
porting experimental work by Melsom 
and Booth,!?? Garnier,484 Le Clair,?% 
Papst,*%! Bannister,*** and others ;#%6)4% 
and in short qualitative articles by Frei- 
mark,*3* Billhimer,**? Boyce,§ Langrehr,*” 
Beyaert,4#! Tennant,*#? Dannatt,® and 
others.444:445 Writings by Papst,4*! Bohn 
and Papst,**-44 and others*” contain 
data on ventilated rectangular tubular 
conductors comprised of strap, angle, 
channel, or drilled square tubular con- 
ductor. 

Fugill4 has reported on tests under- 
taken to determine the current-carrying 
capacity of single- and _ three-phase 
busses comprised of tubular or strap con- 
ductors housed in metal enclosures, and 
Childerhose and Turner‘ on tests to 
determine similar data for arrangements 
of strap conductor housed in ventilated 
(slotted) enclosures; and Von Nor- 
mann!” compared the relative ratings of 
strap conductors in air and in bus ways. 

Dwight, Andrew, and Tileston?” have 
advanced a procedure for determination 
of temperature rises in busses made up of 


circular, tubular, rectangular tubular, or — 


structural conductor. They found cal- 
culated values of current-carrying capaci- 


ties of several typical busses to be in 
good agreement with corresponding 
values obtained from test data or mant- 
facturer’s recommendations. Taylor*” 
has given formulas enabling correction 
for the end effects accompanying loading 
and temperature-rise tests on short sam- 
ples of conductor. 

The heavy conductor currents occur- 
ring during short circuit cause rapid rise 
in the temperatures of conductors and 
joints. If sustained too long, these over- 
load temperatures result in melting of the 
conductors or of the alloy in brazed or 
soldered joints. Stauffacher*’ has given 
curves of ultimate time prior to melting 
for various standard sizes of copper cir- 
cular conductor. These are also helpful 
in calculating joint temperatures. Simi- 
lar curves for copper cables have been 
advanced by Coe.*? 

The temperature rise in conductors 
during short circuit is influenced by the 
change with temperature ‘of the electrical 
resistivity, the thermal conductivity, 
amd the temperature coefficient of linear 
expansion. Formulas and curves for 
temperature rise in circular conductors, 
wherein all three factors are taken into 
account, have been advanced by Avra- 
mescu;“? the first two only, by Fab- 
inger,#4 Edler, and Guth and Griin- 
berg;* the first only, by Biermann, *” 
Binder,“ and Prinz;“® and none, by 
Holbrook.* Careful experimental stud- 
ies of the change with temperature (up 
to 1,100 degrees centigrade) of the elec- 
trical resistivity and thermal conductiv- 
ity of copper have been carried out by 
Avramescu.‘*!:461* Scarpa‘s?—‘hascarefully 
studied the change with temperature of 
the electrical resistivity of aluminum. 
A mathematical study of the temperature 
rise im circular conductor as influenced 
by the nonuniform distribution of circuit 
density due to skin effects during short 
circuit has been carried out by Strutt.* 
The relative effects on copper and alu- 
minum strap conductor of localized hot 
spots produced by long-time short-circuit 
power arcs has been studied by Porter.** 
Retzoe*”? has described an investigation 
on the causes of damage to zine bus bar 
due to short-circuit arcs. 

Experimental studies and recommenda- 
tions relative to the current-carrying 
capacity of steel and iron pipe have been 
reported by Dwight,?*° Wall,?”” and Kil- 
lian;?"8 and of various structural steel 
shapes by Killian and Alsaker.??? 48 

Power losses and temperature rise in 
structural steel paralleling,’ crossing, or 
enlooping bus conductors, and means of 
circumventing or minimizing these un- 
desirable effects have been investigated 
by Schurig and Kuehni,“® Unland and 
associates,#:471 and quite recently by 
Killian. 4”? 

A method of equalizing current densi- _ 
ties and temperatures in multiconductor _ 
single or polyphase busses by means of 
specially designed metal sleeves fitted 
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around the conductors has been described 
by Egorov.” Installation of such sleeves 
on bus leads from generators with conse- 
quent increase in allowable generator 
output has been described recently by 
Boice. 47" 


Short-Circuit and Other Mechanica] 
Forces 


The mechanical forces encountered in 
bus design comprise three categories: 
the mutual forces exerted between the 
current-carrying conductors by virtue of 
electromagnetic attraction or repulsion; 
the forces thereby produced in the com- 
ponents of the supporting structures; 
miscellaneous forces originated by ther- 
mal expansion, extraneous vibrations, dis- 
tortions due to conductor weight, and the 
like. Forces encompassed in the first 
two categories usually are of consequence 
only under short-circuit conditions. 

In general, calculation of the electro- 
magnetic forces on the conductors is ef- 
fected through application of the general 
theory outlined in Maxwell’s’? treatise. 
Should ferromagnetic materials be in- 
volved, this theory requires elaboration. 
Such elaboration and illustrative impor- 
tant applications of the resulting analysis 
are contained in papers by Steinmetz,*74 
Doherty and Park,‘® Karapetoff,‘7* and 
Hague*’—to mention several studies 
bearing directly on this topic. In rou- 
tine design, though, resort to general 
electromagnetic theory is not often neces- 
sary: because of the absence (usually) of 
ferromagnetic materials, fewness of con- 
ductor shapes, and use of standardized 
conductor arrangements; formulas now in 
the literature suffice for most work. 

Commonly, the bus can be considered 
a group of long-limear parallel nonmag- 
netic cylindrical conductors. If so, cal- 
culation of the electromagnetic force 
acting on a specific conductor revolves 
into successive determination of the 
mutual ‘‘shape factors’ of the conductors, 
of the magnitudes and phase relation- 
ships of the currents ia the conductors, 
and of the appropriate vector summation 
of these last. The shape factor of two 
circular or tubular conductors is unity; 


‘formulas for strap conductors have been 


derived by Dwight,‘ Duschek,“”* and 
Higgins,4”? for rectangular tubular con- 
ductors and for conductors of structural 
shape by Higgins. *” ORE 

Calculation of the actual short-circuit 
currents requires the use of symmetrical 
components. General procedures for 
short-circuit calculation in low-voltage 
a-c systems are encompassed in elaborate 
works by Hanna‘? and by Darling.*1 
In an effort to lighten the numerical labor 
incident to use of this exact theory, 
methods of approximate procedure have 


q - been advanced by Seaword,“* Moor- 
The validity 


house, “* and Anderson.** 
of their approximate procedures is at- 


; eee ze | oe aie set jet! in 


their papers. Illustratively, Schulze‘? 
has given a detailed numerical analysis 
of the short-circuit calculation of a typical 
distribution system. His paper and those 
of the other just named encompass vari- 
ous numerical data essential to calcula- 
tion: electrical constants of conductors, 
of cables, of typical busses, and of the 
usual attached electrical apparatus. 
Various other phases of the problem of 
calculation of the short-circuit currents 
and of the summation of the forces pro- 
duced on one conductor by the other bus 
conductors have been discussed by 
Gross,*® Leonard and Riker,#® Robin- 
son,*” Stigant and Lacey,“! Probst,‘ 
Beetz,?Beyaert; P4Herktz." Panst, 9s 


McGraw,*” Miller, “® Tripp,“ Bachert, 


Schurig,°! Killian 2:53 and others. '4 

General techniques for calculating the 
forces on conductors in close proximity 
to ferromagnetic materials have been set 
out by Calvert, Lehmann,®* and 
Hague.’ Morecroft and Turner® have 
studied the effects of enclosing conductors 
within iron pipes, Randall the effect of 
galvanized sheets used in phase-isolating 
cellular structures, and Metz?! yet other 
kinds of enclosure. 

Occasionally it is necessary to calculate 
the electromagnetic forces or torques on 
the conductors in the neighborhood of 
bends or crossovers. Formulas due to 
Van Aspern,*!! Frick,*!? and Bayles and 
Donkin®!* suffice for most cases. 

As well as on the electromagnetic 
forces exerted on the bus conductors, the 
mechanical forces produced on the com- 
ponents of the supporting structure de- 
pend on the elastic properties of this 
structure: its motional resistance, natu- 
ral frequencies, and physical nature and 
arrangement. Seemingly, general atten- 
tion was directed to the practical impor- 
tance of these factors through publication 
of pertinent experimental data.5'4 There- 
after, Schurig and Sayre,*! Dahlgren,®16517 
Pilcher,*!8 and Aebi®!® advanced analytic 
studies, substantiated by experimental 
data, of the-individual and collective ef- 
fects of these factors and of general meth- 
ods of calculating the magnitudes in- 
volved. Whereas the work of the first 
named is frequently cited as a reference, 
that of the other three, seemingly, has 
attracted but little attention. Yet Pil- 


cher’s is an extension of the theory de-_ 


lineated by Schurig and Sayre, whereas 
Dahlgren’s, an extended study of the im- 
portant phenomena of mechanical reso- 


nance, complements both. Again, Aebi — 


has effected the theory for the forces pro- 
duced by transient direct current and by 
rectangular-pulse currents, whence ex- 
tension to calculate the effects produced 
by any wave shape of current follows 
from well-known analysis. In short 


' papers based on the work of Schurig and 


Sayre;*5 Schurig, Fricke, and Sayre;°” 
Tanberg ;*?! Specht ees): 7 dso ;'2* 
Josse;324 Eigermann;°* and others'%.?7 
have Eines certain charts, nomo- 
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grams, and short cuts that facilitate the 
numerical labor incident to actual com- 
putation. 

Papst® and others’”® have discussed 
the use of springs or special clamps to 
minimize and dampen the force trans- 
ferred through the insulator to the sup- 
port. 

Under short-circuit conditions the elec- 
tromagnetic forces acting on disconnect 
switches (the mutual repulsive forces be- 
tween the studs and the throwoff force 
on the movable blade) have been known 
to open unlatched or insufficiently latched 
switches, usually with disastrous results 
to some of the equipment on the line.> 
Accordingly, formulas for calculating 
these forces are of consequence. Torchi,**! 
Garrand,**? Louis and Sinclair,®*? Kesl,534 
and Bresson®** have advanced the results 
of tests to determine the magnitudes and 
effects of short-circuit forces on switches. 
Dwight**6:537 and Dunton®** have ad- 
vanced formulas for the throw-off force; 
they yield values in good agreement 
with experiment.®1?540.541,5418 "The ‘first . 
named*# has discussed the earlier incor- 
rect work of Lobenstein®** and Jolley ;°44;°* 
the latter that of Kopec*# (in turn, the 
truth of Dunton’s §4” remarks on a general 
point of theory has been challenged by 
others®#—), Hak*! has considered the 
general problem in some detail; Fergu- 
son®®? has given curves for both stud and 
throw-off forces; Souben®®? and Kuntz°4 
the effects of the changing position, mass, 
and frictional resistance of the switch 
blade on the transient magnitudes of the 
throw-off force; and Bayles and Don- | 
kin,®*5 Churcher and Dannatt,*°* Wilson,” 
and Cleveland®* have discussed yet other 
phases of calculation. 

Samuels, Keyes, Bacon,*! Hut- 
ter,®2 Beyaert,*®? Spruce,564:5 Wall,?”” 
Sheering®* and others” have prepared 
tables, curves, and nomograms useful _ 
in calculating conductor loading, deflec- | 
tion, and span length. Morton,*® An- 
derson,®® Eigermann,®% and others*”~? 
have concerned themselves with the 
stresses produced by thermal expansion; — 
Kates*’4 has studied the rupture by short- 
circuit forces of the reinforced concrete 
slabs used in cellular structures; and 
Schulze*5 has described load tests on ~ 
porcelain supports to determine their 
cantilever strength under short-circuit 
forces. 
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Synopsis: The heavy expansion brought 
about on the Central System of the Ameri- 
can Gas and Electric Company in response 
to demands for power during the defense 
and war periods has produced a require- 
ment for circuit-breaker rupturing duties 
close to 3,500 megavolt-amperes. In order 
to test the interrupting performance and 
reliability of two types of 138-kv 3,500- 
megavolt-ampere circuit breakers, the first 
an oil, the second an air-blast design, and 
also to explore faster reclosing cycles than 
now offered by the most improved oil circuit 
breakers, high-capacity field tests were 
carried out at the Philo Plant of The Ohio 
Power Company. In these tests, involving 
20 interruptions on each breaker, there has 
been accomplished for the first time suc- 
cessful interruption of a full three-phase 
short circuit of 3,500 megavolt-amperes with 
three-cycle interruption and with 13-cycle 
reclosure. The results of these tests, it is 
believed, indicate that a goal of 5,000 
megavolt-amperes with 12-cycle reclosure 
definitely is attainable. 


HIS paper deals with the field tests of 
a 138-kv 800-ampere 3,500-megavolt- 
ampere three-cycle oil circuit breaker and 
a 138-kv 800-ampere 3,500-megavolt- 
ampere three-cycle air-blast circuit 
breaker. The development of these 
breakers was undertaken because of need 
for breakers of such high rupturing capac- 
ity on a number of interconnected power 
systems in the United States, included 
among which is the Central System of the 
American Gas and Electric Company. 
The search for higher opening (and, as 
will be brought out later, reclosing) 
speeds is part of a program undertaken 
close to ten years ago, to improve high- 
voltage transmission-system performance 
by increasing speed of circuit opening and 
decreasing the time required for an ultra- 
rapid reclosing cycle.1:?:? 
Only a comparatively short time ago 
there were described before the Institute 
the results of field tests and the perform- 


ance of a 1,500-megavolt-ampere multi- 


break 138-kv oil circuit breaker and of a 


ee 


Paper 45-43, recommended by the AIEE com- 


mittee on protective devices for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
December 6, 1944; made available for printing 
January 3, 1945. 
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high-speed 1,500-megavolt-ampere  air- 
blast circuit breaker.4.> These breakers, 
it is true, were tested at that time on a 
system having close to 2,000-megavolt- 
ampere rupturing-duty requirement. 
The fact that, under present conditions, 
rupturing duties of close to 3,500-mega- 
volt-amperes are required would be sur- 
prising were it not for the fact that expan- 
sion at a much more than normal rate on 
this as well as on other systems, in re- 
sponse to demands for power during the 
defense and war periods, has taken place. 
But the important thing that this de- 
velopment has brought home is the fact 
that rupturing duties of a totally different 
order than any considered likely to be 
needed heretofore have been encountered 
on existing powersystems. Furthermore, 
that trend does not seem to have run its 
course: there is reason to believe that 
further growth in short-circuit duty is 
bound to take place as long as trans- 
mission networks continue to be expanded 
in response to growth of system loads. 


Specific and Broad Objectives of 
the Tests 


The specific objective sought by the 
tests described herein was to test the in- 
terrupting-capacity performance and re- 
liability of: 


1. A 138-kv 800-ampere 3,500-megavolt- 
ampere, three-cycle opening 20-cycle re- 
closing oil circuit breaker. 

2. A 138-kv 800-ampere 3,500-megavolt- 
ampere three-cycle opening 20-cycle re- 
closing air-blast circuit breaker. 


Breakers of the stated rating, as has been 
pointed out, now are required on the 
Central System of the American Gas and 
Electric Company with which the authors 
are associated. 

From a broader standpoint, corollary 
objectives were desired. Among these 
the most important are the following: 


1. To explore the limits of improved oil- 
circuit-breaker design made possible by the 
further development of the principle of the 
self-generating pressure-type interrupter. 


2. To test the ability of an air-blast design 
to meet the rupturing-duty performance of 
the highest development reached by the oil 
circuit breaker. 


3. To explore the possibilities of a faster 
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offered by the oil circuit breaker even in its 
most improved form. 


All these seemed natural and proper 
for the Central System of the American 
Gas and Electric Company in view of the 
needs outlined above and in view of the 
background of experience and of co- 
operation in the development of more 
reliable and improved high-voltage cir- 
cuit-interrupting devices described previ- 
ously, and going back almost two de- 
cades. ®7 


System Setup During Tests 


Between 1930 and 1938, and even as 
late as 1941, the short-circuit capacity 
available at Philo was not increased 
greatly even though comparatively sub- 
stantial changes had been made on other 
parts of the system. In each of the three 
previous series of tests, therefore, 1930, 
1938, and 1941, the short-circuit duties 
obtained lay in the range of from 1,500 
to 2,000 megavolt-amperes. The general 
layout of the system as it was in 1938 is 
shown in Figure 4 of the paper‘ describing 
tests made at that time. 

At the time of the present tests, how- 
ever, a heavy program of expansion, some 
of it already under construction in 1941, 
had been completed, with the result that 
the short-circuit capacities available at 
Philo were far greater than for any of the 
previous tests. The extent of this ex- 
pansion can be seen by comparing the 
system shown in Figure 4 of the 1988 
paper‘ with Figure 1 of this paper which 
shows the present system facilities, most 
of which -were available for the tests 
herein described. While the additional 
units at Philo, along with the third trans- 
mission circuit from Philo to Canton, con- 
tributed by far the greater part of the in- 
creased short-circuit duty, some increase 
also was obtained from other major addi- 
tions as follows: 
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Short-circuit capacities on the system 
likewise are affected to some extent: by 
corresponding growth in several neighbor- 
ing systems which are tied in by inter- 
connections at various points. Addi- 
tional interconnections also have been 
established, notably, between Muncie, 
Indiana, and Trenton, Ohio, and be- | 
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Figure 2 (below). Philo plant 132-kv bus 


layout 
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As previously mentioned, Figure 1 repre- 
sents the system as it is today and sub- 
stantially as set up for the 1944 tests. 
While not appreciably affecting the short- 
circuit capacity at Philo, it should be 
pointed out that not quite all of the 


generating units indicated in Figure 1, 
particularly at points some distance 
from Philo, were in service at the time of 
the tests. Also, the Portsmouth—Trenton 
line, which would have contributed a 
slight increase at Philo, was not com- 
pleted at the time of the tests. 


As indicated in Figure 1, the 132-kv 


bus at Philo is divided into two sections 
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6 1-20,000 


separated by means of a 132-kv bus-tie 
reactor, the function of which is to limit 
the short-circuit duty on either bus sec- 
tion to values below 2,500 megavolt- 
amperes. With this reactor by-passed, 
the total short-circuit duty with all 
generators and lines in service would 
approach 4,000 megavolt-amperes. In 
the actual test setup, however, somewhat 
less than this maximum value was ob- 
tained since it was necessary to isolate 
one of the 42,100-kva generators to fur- 
nish an independent power supply to an 
important load area closely adjacent to 
Philo. In spite of this limitation, a 
maximum short-circuit value of 3,500 
megavolt-amperes actually was obtained 
on one test, as shown in Table IV. 


Switching and Physical _ 
Arrangements ee 


While in Figure 1 the Philo 132-kv bus 
is shown divided into two sections separ- 
ated by a single reactor, the actual lay- 
out, as shown in Figure 2, provides four 
main .bus sections, two on the north and 
two on the south side of the reactor, with. 
differential protection for each of the four 
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Figures with arrow indicate direction and approximate 


megavolt-ampere short-circuit tests 13A, 13B, 14A, and 148 


Figures with arrow indicate direction and approximate 


magnitude of short-circuit megavolt-amperes 
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sections. This layout provides ideal 
flexibility for carrying out short-circuit 
tests, as illustrated by the typical setups 
shown in Figures 3 and 4. Figure 3 
shows the circuit equivalent used to ob- 
tain approximately 1,500 megavolt-am- 
peres, while Figure 4 shows the maximum 
setup with the reactor short-circuited. 

Backup protection for tests at’ 3,500 
megavolt-amperes, using existing 2,500- 
megavolt-ampere breakers, presented 
somewhat of a problem. Referring to 
Figure 4, this was solved by setting the 
bus-tie ‘breaker relays to. trip well in 
advance of the Crooksville number 2 
line breaker, thereby reducing the duty on 
the latter breaker by approximately 
1,700 megavolt-amperes. Furthermore, 
each test was conducted with the other 
test breaker acting as a backup for the 
breaker being tested, providing in effect 
double backup protection without ex- 
ceeding the interrupting capacity of ex- 
isting breakers. 

The two test breakers, oil and air- 
blast, were mounted on temporary con- 
crete foundations approximately 100 feet 


Figure 5. Setup and connections for oil- and 
air-blast-circuit-breaker tests at Philo 


apart, as shown in Figure 5. Temporary 
132-kv line connections were made to 
the south end of the east transfer bus, as 
shown on Figure 2, and the line conduc- 
tors were arranged so that either breaker 
could be connected for ‘“‘test’’ or ‘“back- 
up” as desired, and the changeover from 
one to the other could be made in 30 
minutes or less. In this manner the 


tests on the two breakers were run con- 


currently, switching from one to the other 
for each system setup. Figures 6 and 7 
show individual views of the oil and air 
breakers respectively, including details 
of the temporary high-voltage connec- 
tions. 

Two temporary buildings were pro- 
vided, one for the magnetic oscillographs 
and darkroom, and another, of lightproof 
construction, to house a cathode-ray 
oscillograph placed directly under the 
high-tension leads between the transfer 
bus and the test breaker. A view show- 


Figure 6 (left). 138-kv 
800-ampere type-FK- 
339-3500 _ oil-circuit- 


breaker test at Philo 


Figure 7 (right). 138- 
kv 800-ampere type- 
AT-138-3500 air-blast 
circuit-breaker test at 


EPhilo 
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Program of Tests and Test Results 


Tests were carried out on two week 
ends, first on July 22 and 23, and again 
on August 6. The first week ¢nd was 
devoted to nonreclosing tests at duties 
ranging from 250 megavolt-amperes up 
to the maximum available capacity. 
The second series of tests on August 6 
covered high-speed reclosing tests on 
both breakers over the same range of 
duties, and, in addition, line-charging 
current-interrupting tests were made on 
both breakers. 

With the physical arrangements as 
described, the test program was carried 
out fairly smoothly and was completed 
satisfactorily within the available time 
limits on each of the test days. 

The test results obtained on both the 
July 23 and August 6 series, are summa- 
rized in Tables I to Vinclusive. It will 
be noted from Tables I and II covering 
the July 23 tests that both the oil and air- 
blast breakers were subjected to a total of 
11 tests, in each case ranging from 260 
megavolt-amperes to 2,900 megavolt- 
amperes. In all of these 22 tests, it is 
worthy of note that breaker-interrupting 
time was consistently- less than three 
cyeles. 

Oscillograms showing the interruption 
of 2,900 megavolt-amperes on the oil 
breaker, test 8B, Table I, and also 2,900 
megavolt-amperes on the  air-blast 
breaker, test 8A, Table II, are shown in 
Figures 9 and 10 respectively. 

In order to determine what effect, if 
any, the interruption of heavy short 
circuits would have on the oil-circuit- 
breaker foundations, two independent 
methods of checking structural move- 
ment or shock on the breaker itself were 
employed. The first check consisted of 
placing a number of one-half-inch-diam- 
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Figure 9 (below). Os- 
cillogram for oil-circuit- 
breaker test 8B 
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Figure 10. Oscillogram for air-blast-circuit-breaker test 8A 
Phase C, 11,900 amperes, 2,900-megavolt-ampere interruption 


eter round pins of varying lengths 


standing on end on a flat surface on top 
of one of the pole- units, as shown in 
Figure 11. It was reasoned that any 
appreciable jar or movement would cause 
at least some of them to be toppled over. 
For the second check, giving an even 
more sensitive measurement, a seismo- 
graph was mounted on top of the same 
pole unit, as shown in Figure 12, to com- 
pare the vertical and horizontal displace- 
ment obtained during interruption with 
that obtained under no-load operation. 
Throughout both series of tests none of 
the pins described above were toppled 


over and the seismograph measurements, 


as shown on Tables I and III, indicated 


relatively small shock or movement. 
The actual movement of the structure was: 


Jess than ten times the corresponding 


‘movement obtained with no-load opera- 

tion, or approximately 0.1inch. Both of 
these tests confirmed the visual impres-— 

sion of bystanders that the breaker 
showed no outward evidence of move-— 
- ment or fistigable- ‘shock to the founda- 

i tions. é - 
te. The Reontict parts of ‘both breakers 


were removed for examination between 
the two series of tests. Figures 13, A and 
B, show the oil-breaker contacts, while 
the stationary contacts and moving con- 
tact arcing tips of the air-blast breaker 
are shown in Figure 14. While these con- 
tacts showed some burning, the actual 
amount of material wasted away was 
remarkably small and insufficient to re- 
quire their replacement. Nevertheless, 
in view of the heavy duties contemplated 
for the next series of tests, it was be- 
lieved advisable to go through with the 
original plan for replacing these contacts 
at this time. 

The second series of tests, carried out 
on August 6, consisted chiefly of high- 
speed - reclosing operations and _ short- 
circuit interrupting values ranging from 
240 megavolt-amperes to 3,200 megavolt- 
amperes on the oil breaker, and from 260 


megavolt-amperes to 3,500 megavolt- 


amperes on the air-blast breaker. Com- 
plete results for this series. of tests are 


‘shown in Tables III and IV covering the. 


oil and air-blast breakers respectively. 
The system short-circuit capacity was 
higher for this series by 3 season of the 


One-half-inch-diameter 


Figure 11. 
mounted on oil circuit breaker for shock test 


pins 


addition of one 42,100-kva generator which 
had been out for maintenance on July 
23. This machine, of course, contributed 
to the increase from 2,900 megavolt-am- 
peres to 3,500 megavolt-amperes obtained 
for the air-blast breaker in this series, but 
was insufficient to account for the entire 
increase. The remainder was due to a 
somewhat higher percentage offset in the 
current wave as well as to the usual ran- 
dom variation obtained in short-circuit 
current magnitudes. 

Rates of rise of recovery voltage, as 
shown by cathode-ray  oscillograms, 
ranged from values of the order of 250 to 
300 volts per microsecond to a maximum 
value of 1,800 volts per microsecond. As 
to be expected, lower rates were obtained 
under the heavier short-circuit duties 
where a large number of transmission 
lines were connected to the test breaker. 
The highest rates, including the 1,800 
volts per microsecond obtained on test 
2A, were associated with interruptions of 
approximately 1,000 megavolt-amperes 
under a setup in which the entire short- 
circuit capacity was supplied to the test 
breaker direct from generators and from 
the system through one of the bus-tie re- 


actors, so that no transmission lines were © 


connected directly to the test bus. 

Both breakers came through the entire 
series of tests, both on July 23 and August 
6, without any visible evidence of dis- 
tress. 


Figure 12. Seismograph mounted on oil cir- 
cuit ‘breaker for shock test 


In the oil breaker, the occurrence 


‘ 


of an interrupting operation was evi- 
denced only by wisps of smoke emerging 
from the separating chamber vents. Di- 
electric tests on the condition of the oil 
before the first series and after the second 
series of tests showed an over-all dete- 
rioration of only 30 kv to 26 kv. As 
compared with the oil breaker, the air- 
blast breaker, as to be expected, gives 
much greater outward evidence of inter- 
rupting performance, both from the high- 
velocity blast of air as well as from the 
clearly visible ejection of incandescent 
gases and smoke from the interrup- 
ter vents. Performance was consistent 
throughout, however, and there appeared 
to be no visible difference between the 
opening and close-opening tests in the 
first series, nor between the first and 
second shots of the high-speed reclosing 
tests. However, motion pictures taken 
at high speed on the heavy-duty reclosing 
tests, showed on the second interruption 
a considerably larger emission of gases 
and smoke than on the first. This would 
be expected as a result of the accumula- 
tion of some vaporized contact material 
remaining in the vicinity of the breaker 
contacts between the first and second 
shots. ' 

As in the case of the nonreclosing tests, 
the air-blast breaker came through all of 


the reclosing tests with breaker-inter- 
rupting time of three cycles or under, 
whereas the oil breaker on one pole only 
went slightly higher on several tests, the 
maximum being 31/3 cycles. The other 
two poles of the oil breaker showed con- 
sistent performance at three cycles or 
below on all tests except on the pre- 
liminary shot at less than ten per cent of 
rating. 

Figures 15 and 16, covering tests 14B 
and 14A respectively, show the maxi- 
mum duty reclosing test on the oil breaker 
at 3,100 megavolt-amperes and the maxi- 
mum duty reclosing test on the air-blast 
breaker at 3,500 megavolt-amperes, which 
was also the maximum for either series of 
tests. 

Throughout the entire series, both on 
July 23 and August 6, a total of 20 short- 
circuit interruptions were made on each 
breaker, ranging from 260 megavolt- 
amperes to 3,200 megavolt-amperes on 
the oil breaker and from 240 megavolt- 
amperes to 3,500 megavolt-amperes on 
the air-blast. On the oil breaker, with 
close to three-cycle interrupting time 
obtained throughout, there is indicated a 
consistent arcing time of approximately 
1!/, cycles for the entire range of currents. 
This performance is believed to be typical 
of the type of interrupter used in this 


breaker and also is consistent with Jabora- 
tory tests described in a companion 
paper.® 

Views showing the condition of the con- 
tacts on these breakers after the conclu- 
sion of the second series of /tests, are 
shown in Figures 17 and 18 for the oil and 
air-blast breakers respectively. Here 
again, although there was some deterio- 
ration of the arc-resisting material with 
which the contacts are faced, it was evi- 
dent that the same contacts could have 
been used for many more operations. 

Reclosing tests in the second series 
showed a minimum of 15!/2 cycles reclos- 
ing time on the oil breaker, and down to 
13 cycles on the air-blast breaker. While, 
as pointed out above, the principal objec- 
tive in making the tests on these breakers 
was to obtain data on interrupting- 
capacity performance under conventional 
opening-closing combinations as well as 
under more or less standard high-speed 
reclosing duties, at the same time much 
faster reclosing speeds were hoped for and 
sought. From that standpoint the re- 
closing speed obtained was gratifying, 
particularly on the air-blast breaker at 13 
to_13!/, cycles. In the case of the oil 
breaker, although the decrease in time 
from 19 cycles to 151/2 cycles for the last 
test in the series was obtained by means 


Table Il. Philo Field Tests, 138-Kv Air-Blast Circuit Breaker, Type AT-138-3500, July 22-23, 1944 
Tests 1A Through 3A on July 22; Tests 4A Through 9A on July 23 


Current Amperes 


—— 


——— 


7 Equivalent Short- 
Maximum Loop _ Initial Three-Phase _ Circuit Breaker 
— in Arc, Megavolt- Duration, ArcLength, Interrupting 
Test Duty Peak Rms Rms Amperes Cycles Cycles Time, Cycles Remarks 
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of certain adjustments that could be made 
in the field, it appears that this is about 
as far as it is feasible to go with the pres- 
ent design of the breaker and mechanism, 
and that any further marked reduction 
in time would require some redesign. 
In the case of the air-blast breaker, how- 
ever, there appears to be no question but 
that 12-cycle reclosing definitely is at- 
tainable. This perhaps may represent 
one of its most attractive features, along 
Figure 13A (above). with such other advantages as the stored- 
External lower contacts energy interrupting principle and the 
of multibreak interrup- — ejimination of oil. 
ters after July 23 tests After the completion of the interrupting 
Figure 13B (left). Sta- and reclosing tests on August 6, a special 
setup was made to check the performance 
of both breakers while interrupting the 
charging current of an 80-mile section of. 
132-kv line. This line was energized 
through the two test breakers in series 
Figure 14 (below). and two line-opening tests were made on 
Stationary and moving each breaker. The results of these tests, 
contacts of air-blast including actual current interrupted, 
circuit breaker after breaker-interrupting time, restrike data, 
July 23 tests and so forth, are shown in Table V. The 


tionary and moving 

contacts of multibreak 

interrupter after July 23 
tests 


Table ill. Philo Field Tests, 138-Kv Oil Circuit Breaker, Type FK-339-3500, August 6, 1944 


Equiva- 
Current Amperes lent Short- Breaker Seismograph 
Three- Circuit ¢ Inter- Readings, 
Maximum Loop Initial Phase Dura- Arc rupting Reclosing Inches 
in Arc, Megavolt- tion, Length, ~Time, Time, _— 
Test Duty Peak Rms Rms Amperes Cycles Cycles Cycles Cycles Up Down Remarks 
‘he 
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Figure 15 (above). Oscillograms for oil- 
circuit-breaker high-speed reclosing test 14B 
for all three phases 


Maximum phase C, 13,000 amperes, 3,100- 
megavolt-ampere interruption 


‘interruption of capacitance current did 
-not result in measurable overvoltages on 
either the oil or the air-blast breaker, 
.even though restrike took place on one 
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Figure 16 (below). Oscillograms for air- 
blast circuit-breaker high-speed reclosing test 
14A for all three phases 


Maximum phase C, 14,500 amperes, 3,500- 
megavolt-ampere interruption 


of the tests on the oil breaker at very 
small contact separation. Here the re- 
sistors used across the oil-breaker inter- 
rupters come into play to restrict the 


tion during the tests. 


Figure 17. Stationary and moving contacts of 
multibreak interrupter after August 6 tests 


ane elopment of overvoltage, even though 
there is some restriking during the flow 
of the resistor current. The cathode-ray 
oscillograph for these line-opening tests 
was calibrated for substantial overvolt- 
ages which were expected but were not 

obtained. It is probable that if a larger 
number of line-interrupting tests had 
been made, some overvoltages would have 
resulted. 

In addition to the line-opening tests at 
Philo, tests 17A and 18A were made to 
determine the effect of transient over- 
voltages on the air-blast breaker when 
connected to a transmission line being de- 
energized from the far end. In this case, 
the air-blast breaker was connected at 
Philo to the open end of the Philo— 
Howard line, the line being energized 
from Howard. The tests were made by 
de-energizing this line at Howard by 
means of a standard five-cycle oil circuit 
breaker. During these tests peak volt- 
ages of 250,000, 220,000, and 170,000 
volts to ground were recorded, the maxi- 
mum being 2.2 times normal. 

From the standpoint of mechanical and 
electrical performance of the test breakers 
themselves, it is true beyond any doubt 
that this program of tests was accom- 
plished with the least difficulties and 
with the highest degree of satisfactory 
performance of any series of tests yet 
carried out on the system with which the 
authors are associated. Likewise, from 


a system standpoint, the consistently 


high-speed performance on all tests un- 
doubtedly was responsible for the almost 
complete absence of system-voltage com- 


_ plaints, notwithstanding the fact that 


many industries normally sensitive to 
voltage disturbances were in full opera- 
Furthermore, the 
entire test program produced no operat- 
ing disturbances, such as faulty relay 
operations on the system, which often are 
disclosed under similar cire mst: an 


Equiv- 


Current Amperes alent Short- 
; Three- Circuit Breaker 
Maximum Loop re Phase Dura- Arc Interrupting Reclosing 
roe in Arc, Megavolt- tion, Length Time, Time 
Duty Peak Rms Rms Amperes' Cycles Cycles’ Cycles Cycles Remarks 
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This may be due principally to the very 
high speeds obtained on all the tests, as 
has been pointed out, and it also may be 
due in part to greater perfection attained 
in the application and operation of relay 
schemes resulting from the constant vigil 
to improve and perfect relay operation. 
It always has been felt that one of the 
valuable by-products of staged system 
tests of this kind is the opportunity given 
to discover and correct imperfections in 
relay systems if and when they fail to 
accomplish the protective functions for 
which they are designed. 


Conclusions 


In these tests there has been accom- 
plished for the first time the successful 
interruption of a full three-phase short- 
circuit of 3,500 megavolt-amperes with a 
speed of three cycles. In reviewing these 
tests and in comparing the performance 
of the two-types of breakers, the following 
conclusions seem warranted: 


1. The tests on the oil circuit breaker 
showed performance closely approaching 
3,500 megavolt-amperes at a three-cycle 
interrupting time, even though the three- 
cycle time was slightly exceeded on one pole 
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Table V. Summary of Line-Switching Tests, 138-Kv Oil Circuit Breaker, Type FK-339- 
3500 and Air-Blast Circuit Breaker, Type AT-138-3500, August 6, 1944 


——— —— 


*Trip Maximum 
Initial in Arc Impulse to **Number Instantaneous Maximum 
Current, Interruption, of Peak Restrike Voltage to 
Breaker Test Amperes Cycles Restrikes Current, Amperes Ground 
‘s OL alate Reet Neyo oeeean eta peck Fae, 2 Os 56 Normal 
Oil........ 15B........ SO Mor rer eyets acumen MO) icets wtietoe INjOne rs): aate tee ato 60-cycle 
B34. ass Aa ateme DOO he MeCruietns cake Hi Per Rye ARS sate 83 crest 
OO agai. stockton QMO} ks,» eughst te None Normal 
Oil........ 16B........ BY Men Seats Tae eis che None 60-cycle 
Osis hava qatercacigss NeGWeGe ouueae None crest 
Billoo suehakeuste rete DAOD. ce eais.c pepe fs We ctcgtone ee orale ese 134 Normal 
Air.....-.. 15A........ 5 les Lemna cae Peer a os Seer None; ah ahh 60-cycle 
BOM Cieksnene) set can PAB UM BM cn catote a ed NOM@ i iarsiidic.c qed cus oteaceh crest 
BUS oie secs aire DROS) eiske eter cise tein Hees ovo 143 Normal , 
Air... 16A........ SOME oe tare POP Ramen po'a 6 INonedy Jes inaneetoe se 60-cycle 
bee 8 He een On cates tacksums INONG sic silsieteene oietaniotets crest 
AIRS rt { 17A } aa Taken with air-blast breaker open and the line de-energized from the Howard 
18A end, with a conventional five- cycle oil circuit breaker. Peak voltages of 


250,000, 220,000, and 170,000 volts to ground were recorded, the maximum 


being 2.2 times normal crest 


* This is measured to the beginning of resistor current or to interruption of restrike on the oil breaker; to 


fina] interruption on the air breaker. 


**Does not include restrikes through resistors on oil breaker. 


in some cases. The air-blast breaker, how- 
ever, demonstrated unquestioned perform- 
ance at 3,500 megavolt-amperes, and at 
three cycles or less on all of the tests. 


Figure 18. Stationary 

and moving contacts of 

air-blast circuit breaker 
after August 6 tests 
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2. Judging by the performance of both of 
these breakers in tests at or near 3,500 
megavolt-amperes, it seems apparent that a 
goal of 5,000 megavolt-amperes is attainable 
with both oil and air-blast designs, and un- 
questionably with the latter. 


3. It also has been demonstrated that 12- 
cycle reclosing is entirely feasible in the case 
of the air-blast breaker, even though not 
fully accomplished in the tests described. 
The deficiency is quite small, only one half 
to one cycle, and it is believed that this can 
be eliminated by relatively minor design 
changes. 

4. It has been shown that field tests at 
short-circuit values as high as 3,500 mega- 
volt-amperes can be conducted smoothly 
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aad safely on a large aud extensive inter- 
connected power system without serious 
operating disturbances. 


5. These tests have demonstrated again 
the value of full-capacity field tests to prove 
the adequacy of circuit-breaker designs. 
Such tests, made on a full three-phase 
basis, are most certain to disclose design 
weaknesses or even manufacturing irregu- 
larities in any part of the breaker. For ex- 
ample, it is quite apparent that single-pole 
tests on the oil breaker readily might have 
failed to disclose the excess over three-cycle 
timing which occurred on only one out of 
three poles. For the final over-all test on a 
completed circuit breaker, no other type of 
test can be as satisfactory and fully con- 
vincing. 


6. It is interesting to point out that the 
carrying out of these tests, believed to be the 
first field tests ever made at values even 
approaching 3,500 megavolt-amperes, was 
accomplished without mishap, either to test 
breakers or system equipment, and without 
encountering serious delay necessitating any 
important departure from prearranged 
schedules. On each of the three days of 
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test, the entire test program was completed 
successfully within the time available for 
testing, and substantially in accordance 
with the prearranged intervals of time. 


Finally, the authors desire to ac- 
knowledge the fine co-operation and 
efficient organization which was achieved 
by the General Electric Company per- 
sonnel and the personnel of The Ohio 
Power Company, which made the success- 
ful carrying through of these tests possi- 
ble. While, if space permitted, a con- 
siderable number of names would be 
mentioned, it is perhaps even more im- 
portant to note that the highly successful 
and gratifying -results were obtained 
through the splendid teamwork and co- 
operation of all the participants. 
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Evaluation of Electric 
Distribution Losses in 
Terms of Generating- 
Station-Capacity Investment 


Discussion and author's closure of paper 45-4 
by M. Mortara, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945, and published in AIEE 
TRANSACTIONS, 1945, January section, 
pages 1-7. 


M. J. Steinberg (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
The author has reduced to mathematical 
terms the procedure normally followed in 
evaluating a reduction in peak power-dis- 
tribution losses in terms of investment in 
generating-station capacity. By so doing, 
he has contributed materially to a better 
understanding of the fundamentals.involved. 
One feature of the paper which should prove 
to be of value to planning engineers is the 
derivation of three empirical formulas, 
indicated in the paper as equations 9’, 13’, 
and 17’, since their use will simplify the 
calculations involved without the introduc- 
tion of any appreciable error. This is obvi- 
ous by a comparison of the results shown in 
Table III of the paper. 

The writer independently has derived the 
equations in the paper and has found them 
to be correct within the assumptions made. 
Unfortunately, these assumptions are not 
indicated clearly in all instances. This is 
true particularly for equation 12 of the 
paper. 

Referring to Figure 2 of the paper, and 
using the same notation indicated therein, if 
fis the time when a unit is required under 
the reference plan represented by line B, 
then t+ D” is the time when a unit would be 
required under the alternate plan repre- 
sented by line B.. At time ¢, log h,, or the 
tangent of the angle of slope of trend line B 
is represented by 

log (G+g) — log G” 
log hm Fi ST eee 
or 


si G 
p'= ieee 
log hm (G) 
which is the correct expression for equation 


12, making the deferment period at any 
time /,, 
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and the correct expression for equation 13 as 


1 (2—k)p+n 
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~ log en 


It appears that equation 12 of the paper and 
the higher numbered dependent equations 
were derived on the basis that the vertical 
distance between lines B and B, is approxi- 
mately the same at time t+D” and time ¢. 
That this assumption introduces no appre- 
ciable error in the calculations is substanti- 


ated by a comparison of the values in column 
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Table | 


Column'd Corresponds to Column d in Table 
IV of the Paper 


Correct 
Unit No. Column d Value 
\ ls eee Bee ots s pais WROSZ ee sere eats Ae O00 
Zerradices chee Pathos OSTOZ acme tor ONT 
iar tka Seoas, sak Se ORS O Tea aeierites ec 4.89) 
raat eae rcp OVS6S ges ces 10.3056 
ee ray hee OL SO2h rake men o40) 
Geko citts Getic aan ene QRZ FAS setae 0264 
Gra Wo Ree eae 0.213. . .0.208 
Saws Cu wen Ee eT DS Lele . 0,167 
QC sk aah Me 0.141. ».0.138 
WO Sar estetecetere cet ha 0.227. 10). 228 
Dl aieyescpa cues sash ovaries 0.170. Ol OG, 
Summation..... re Rue 4.035 


d of Table IV of the paper with those de- 
rived by the writer in Table I by the use of 
the exact expression for the deferment 
period. 


R. F. Hamilton (Foreign Economic Ad- 
ministration, Washington, D. C.): Doctor 
Mortara has presented an ingenious method 
for determining present worth of future 
distribution losses, presumably with the 
idea of justifying immediate and future in- 
vestment in additional distribution-system 
copper. He is to be commended for his in- 
teresting and timely paper. 

In actual practice, one adds generating 
units in a station to care for additional load, 
not additional losses, which, though impor- 
tant, are incidental and often supplied by 
the least efficient and oldest generating units 
in the station. 

While agreeing in general with Doctor 
Mortara’s conclusions, I am prompted to 
suggest a somewhat different approach to 
this type of problem, using data from the 
paper. 

Refer to Figure 1 of this discussion; curve 
A is a typical utility-generation load curve, 
for which the load factor happens to be 0.64, 
the deviation factor 0.15, and, therefore, the 
loss factor 0.48. 

The area between curves A and Bisa 
measure of the variable system losses. The 
area between curves B and C is a measure of 
the fixed losses, curve C represents the 
metered load. Curve D shows the variable 
losses only.. 

Within a period of about 4!/, hours, dur- 
ing which the peak load occurs, 13.3 per cent 
of the maximum power generated is required 


0.0 


Pie 6 NOON 6 12 


Figure 1. Utility load curve showing variable 


and constant distribution losses 
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to supply the variable losses, and is useful 
for no other purpose. Note that the 
amount of capacity involved, when consid- 
ered by itself, is operating on a load factor of 
11 per cent only. At $100 per kilowatt- 
installation cost and 13 per cent for fixed 
charges, these alone amount to 131/, mills 
per kilowatt-hour. Add 21!/, mills for 
operation and the minimum cost assignable 
to the energy produced by the machines 
carrying the peak losses becomes 16 mills per 
kilowatt-hour. This energy represents 35 
per cent of the total variable losses. If the 
balance is valued at three mills per kilowatt- 
hour, at least 71/, mills shouldbe used, in 
determining economic copper sizes. 

Note that these quantities are related only 
to the shape of the load curve and the per- 
centage of losses involved. If these remain 
substantially unchanged as the system 
grows, the cost per kilowatt-hour for energy 
lost in distribution will not vary. If these 
are expected to change in a known manner 
the effects are ascertained easily. 

Assume that this capacity for variable 
losses is supplied by two equal machines 
fully loaded. What usually happens as the 
generation peak increases? For a time we 
may draw upon the spinning reserve or even 
upon spare capacity. A new unit is added 
eventually, but we are likely to be thinking 
in terms of load, present and future, and not 
losses, and the new unit probably will be 


larger and more efficient than those in use 


and go in as a base-load generator. If this 
machine is added at once, has the same 
capacity as the others, and is charged en- 
tirely to losses, the fixed charge per kilowatt- 
hour increases to 20!/, mills per kilowatt- 
hour and returns to 131/, mills only when 
the variable losses will have reached the 
capacity of the three machines. The aver- 
age energy cost for all variable losses over 
this period of growth can be hardly less than 
ten mills, but the actual value can be deter- 
mined from the shape of the growth curve. 

I would be inclined to charge to distribu- 
tion losses only that portion of generator 
capacity which is needed to supply them 
day by day, either at present or in the future. 
By integration of the losses over any given 
period the values may be determined, either 
in terms of kilowatt or kilowatt-hour, and 
reduced to present worth by assigning the 
proper costs and interest rates. Often too 


low a cost has been assigned to variable. 


losses and most systems profitably can use 
more copper. 


In addition to the symbols of the paper, 


let q be the ratio of the yearly rate of power | 


growth to the yearly rate of money growth, 
or g=h/(1+7). If z represents the yearly 
charge in dollars per kilowatt of capacity, 
then take : 


T oy 
= i= igo Ty 
2 ah *4 log. g 4 
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= 0.43429 Iqg7—-1] (1) 
logio q ; ke 
or 
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The 2 of equation 1 gives the integral 
summation to determine present worth for 
continuous growth, 


eae 


tion to determine present worth for ‘growth 
calculated over equal recurring periods of 
time. There is little to choose between 
these two forms of 2. 

Annual charges per kilowatt would be 
given by 


z=(Cr+8,760 $v) (3) 


®@ being the annual load factor for the 
capacity supplying the losses and v the 
kilowatt-hour operating cost in dollars. 

Then 2; or Z2 would give the present worth 
per kilowatt of original loss reduction for a 
period of T years, presuming that the per- 
centage loss remains constant during this 
time. If the growth in losses is at a different 
rate than that of the total load, the rate for 
the losses would be used instead of h. The 
integral of equation 1 may be set up in a 
variety of ways to suit conditions. 

As an example of the methods proposed, 
take 


T =10 years 

C=$100 per kilowatt 
r=0.13 

@=0.11 

h=1.08 

14=0.06 

v=$0.003 per kilowatt-hour 


Then 


q=1.0189 

Cr =$13 per kilowatt, yearly fixed charges 
8,760 év=$2.89 per kilowatt operating costs 
2=$15.89 per kilowatt 


and, to the nearest dollar 


>, =$175 per kilowatt of original loss reduc- 
tion 

D2 = $176 per kilowatt of original loss reduc- 
tion 


If the original and final capacities, or 
original and final losses, are given, T to use 
in these formulas would be found as in 
equation 6 of the paper, or specifically: 


rok Gi/Go. pales UES 
log h 


ee log h 

The figure of $13 per kilowatt for fixed 
charges, compared to $2.89 for operating 
costs, would seem to confirm the author’s 
concluding statement to the effect that the 
worth of power losses (demand) may be 
appreciably above the corresponding energy 
losses. 


Harold Goodwin, Jr. (consulting engineer, 
Wyncote, Pa.): It is good to see someone 
again taking up the economics of distribution 
and particularly distinguishing between 
power and energy losses. 

The title refers to ‘‘distribution losses,” 
but part of the text appears to refer to 
‘transmission. This should be clarified as 
there are some interesting distinctions be- 
tween transmission and distribution losses. 

In other points the phraseology might be 
clarified, as in the fifth paragraph: ‘‘eco- 
nomic value of peak power losses,’’ might 
better read, ‘“‘economic cost of peak power 
losses.”’ Vv 

The load curve presented goes back 40 
years. It is not necessary to divide it more 
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for there are certain logical divisions the 
adoption of which greatly clarifies thinking. 
This is shown and discussed in the United 
States Geological Survey and will not be 
repeated here.! 

One might wonder how it is that so many 
electric systems are in successful operation 
if these fundamental costs had not been 
determined. One reason is that the curve 
of costs versus wire size is very flat so that 
the selection of the wrong size of conductor 
is not ruinous; in fact it is so flat that it is 
practically impossible to justify replacement 
of existing small conductor with larger till 
the current has grown heavy enough to an- 
neal the copper. 

The situation was summed up well by the 
late Professor Harris J. Ryan, AIEE Past 
President, who counseled choosing a wire 
large enough to satisfy the regulation re- 
quirements and then as much larger as 
finances would permit. 

Apparently there have been no papers on 
this subject for many years. It would be 
very helpful, if the author has found such, 
to record them in a bibliography at the end 
of the paper, starting perhaps with the 
Geological Survey to which reference is 
made in this discussion. 

Apparent criticism of some points is not 
intended to minimize the value of the paper, 
but rather to be constructively helpful, as 
there is still much to be done in the correct 
evaluation of distribution losses. 
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W. R. Bullard (Ebasco Services, Inc., New 
York, N. Y.): This paper presents a very 
comprehensive method of analyzing the 
effect of distribution losses on generating- 
station investment, but, unfortunately, 
there are implications as to the use of the 
results that are likely to lead to definite mis- 
application. Also, the examples chosen for 
illustration are of such type that practically 
the same results can be obtained in a much 
simpler manner. 

In order to present in simple form a pic- 
ture of the elements of the problem being 
considered, I submit Figure 2, in which 
straight-line load growth is assumed. Con- 
sider first only the two slanting straight lines. 
Assume that the lower of these two lines 
represents useful load and that the upper 
represents load plus a constant amount of 
losses. If it be assumed further that gen- 
erating capacity is kept exactly in con- 
formity with the total load (either with or 
without losses) by minute increments con- 
tinuously added, then the two lines also can 
be used to represent generating capacity re- 
quired (neglecting reserve capacity for sim- 
plification). Also, by a suitable change in 
scale, the lines may be made to represent 
capital investment in generating capacity. 
By a further change in scale, in proportion 
to any rate assumed for fixed charges, the 
lines may be made to represent instantane- 
ous levels of fixed charges. In this case the 
area between the two lines (or annual fixed 
charges on generation required for losses 
times time in years) represents total fixed 
charges for generation required for losses 
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these hypothetical assumptions that the an- 
nual cost of generating investment to carry 
the losses equals fixed charges on an inyest- 
ment corresponding to an amount of gener- 
ating capacity equal to the kilowatt de- 
mand of the losses. 

Now consider the two stair-step lines 
representing the practical case where gener- 
ating capacity is added in blocks. Total 
generation required, including losses, may be 
represented by the solid stair-step line, and 
the corresponding requirement without 
losses, by this line with the areas marked xX 
removed, which brings the line down to the 
dotted lobes. As before, the two stair-step 
lines can be used to represent capital, and 
also levels of fixed charges, by the same 
changes in scales. The areas X represent 
individual savings in fixed charges by post- 
ponement of investment permitted by the 
removal of losses. Now it is significant that 
the sum of the areas X is equal to the area 
between the two slanting straight lines, pro- 
vided the steps are equal in amount and 
there are enough of them (or the termina- 
tions of the curves are made correctly) to 
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getatruecomparison. This fact can be seen 
easily by inspection since it is evident that 
the total area under the solid step curve 
differs from the total area under the other 
step curve by the area included between the 
two slanting straight lines. (One is merely 
shifted that much with respect to the other.) 
The purpose of this discussion so far is to 
show that, under the simple and uniform 
conditions assumed, the total fixed charges 
representing annual demand cost of losses 
for a given long period, or the average 
annual value of these fixed charges, is the 
same whether the generating investment be 
increasing continuously or added in blocks, 
This is true regardless of the amount of the 
uniform rate of load growth, or the size of 
generating units, provided the period chosen 
is long enough to obtain a true long-period 
average. 

Now consider the more complicated load- 
growth assumptions of the paper. With a 
constant size of generating units added, and 


a constant unit investment per kilowatt, it . 


would be expected that the summation of 
deferments of fixed charges over a long 
period of time would not differ greatly, 
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under the exponential load-growth assump- . 


tions used, from those under a straight-line 
load-growth assumption as outlined in the 
foregoing. Such is found to be the case by 
examination of the examples of the paper. 
In example 1 of the paper the amount of 
losses increases continuously during the 
period considered, but, by integrating and 
averaging the loss curve, the average for the 
50 years is found to be 29.6 megawatts. 
This times $100,000 per megawatt ($100 per 
kilowatt) gives an average capital invest- 
ment of $2,960,000 for an equivalent amount 
of generating capacity. Fixed charges on 
this amount of capital for the 50-year period 
at 13 per cent are $19,250,000 total, which 
can be compared to the $18,700,000 total 
deferments obtained by the method of the 
paper. 

In Doctor Mortara’s example 2 the result 
of the calculations is given in terms of value 
of a fixed unit amount of loss, namely, one 
kilowatt. His use of present worth factors 
introduces a complication, but if these, repre- 
sented by column } of Table IV of the paper, 
be eliminated from the resulting fixed charge 
deferments, represented by the middle 
column of Table III, the resulting summa- 
tion of deferments for the 32-year period of 
the example is 4.25 C or $425. Theresult by 
the simple method of multiplying an annual 
fixed charge (13 per cent of $100) by the 
number of years (32) is $416 or a departure 
of approximately two per cent from the 
foregoing result obtained from the method 
given in the paper. 

I come now to the chief point of my dis- 
cussion, which is that the results obtained 
‘by present worth factors, as presented in 
example 2 for illustration, are misleading in 
that they easily may be applied improperly 
‘by the unwary engineer. Actually, all the 
217 C, or $217, end result of example 2 
means is that the periodic deferments of 
fixed charges on generating equipment 
-caused byeliminating onekilowatt of loss can 
‘be represented by a present sum of $217 earn- 
ing six-per-cent interest. The reason this 
-sum differs widely from the capital invest- 
‘ment of $100 per kilowatt of generating- 
station capacity is chiefly that the fixed 
-charge deferments are calculated at an 

_annual rate of 13 per cent whereas the 


- present worth is figured at an interest rate 


\ 
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of six per cent. Note that the ratio of 13 
per cent divided by six per cent, or 2.167, is 
_almost exactly the ratio between $100 and 


- $217. This is closer correlation than might 


“be expected in consideration of the rela- 
tively short period involved. Nevertheless, 


_as an approximation, it is significant. The 
misapplication that may be made of the 
-present-worth value is illustrated by the 


following example. Suppose that, by the 


- purchase of a piece of distribution equipment 
costing $150 and requiring an annual fixed 
-charge of 13 per cent, a constant saving of 


one kw of loss can be made, various other 


_assumptions being as given in example 2 of 


the paper. The unwary engineer may make 


the calculations as indicated and may as- 
-sume immediately that because he obtains a 
- present worth of generating deferments equal 
to $217, the saving will be considerably 
_greater than the cost represented by the dis=—— : 
tri 1 for the first term (w=0) and decreases . 


tion investment of $150. Actually, the 
50 purchase will represent a loss because 
carries a fixed charge of 13 per cent, not 
? sent (energy component of cost of 
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_the case, as this discussion discloses. 
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losses being ignored for simplification). To 
get a true comparison he should calculate 
the annual fixed charges at 13 per cent on 
$150 year by year for the 32 years (a fixed 
amount each year) and then make a summa- 
tion of the present worths of each annual 
charge on a six-per-cent interest basis. A 
short-cut approximation (fully valid only 
for very long periods of time) merely is to 
multiply the $150 by the ratio of 13 to 6, 
which gives $325. This compared to the 
present worth of generating deferments of 
$217 indicates that the project is uneconomi- 
cal insofar as the demand component of 
cost of losses is concerned. Of course, an 
even simpler method in this particular case 
is to compare the $100 generating invest- 
ment with the $150 distribution investment, 
the ratio being the same as that of $325 to 
$217. 

The foregoing misapplication might be 
prompted by casual interpretation of the 
meaning of the results based on the manner 
of presentation used in the paper. For ex- 
ample, the phrase in the title “‘In Terms of 
Generating-Station-Capacity Investment” 
may be construed easily as implying that the 
$217 is in direct terms of generating-station 
investment. This, of course, is not the case. 
As another example, note the following 
statement in the text under example 2. 


“Tt may be observed that all values of peak power 
losses calculated are greater than the capital cost C 
of new generating capacity, contrary to assumptions 
frequently made.”’ 


This, in general, would be interpreted as 
indicating, in consideration of the figures 
quoted, that the common practice of apply- 
ing directly the capital cost of new genera- 
tion in engineering problems, such as the 
foregoing, is greatly in error. Such is not 
The 
$217 present worth derived in example 2 is 
merely a convenient but intangible gauge for 
discontinuous fixed-charge deferments based 
on an arbitrary interest rate. It definitely 
is not the same as unit capital investment 
involved in generation required to carry the 
losses. The method presented in the paper, 
if properly applied, should be of consider- 
able value in problems involving large de- 
partures from uniformity and large discon- 
tinuities in plans for expansion of gener- 
ating facilities. It is to be hoped that mis- 
applications, such as that outlined, will be 
avoided carefully by users of the method. 


M. Mortara: With reference to Mr. Stein- 
berg’s discussion, it is recognized that the 
approximation on which was based the 
derivation of equation 12 of the paper should 
have been stated explicitly, although the 
error introduced by such approximation is 
small in most cases which can be considered 
in practice, as shown by the comparison 


presented by Mr. Steinberg. For values of 


(hm—1) and (1—k) smaller than 0.10, the 
ratio between the approximate and the cor- 
rect expression of the individual terms under 
summation sign in equation 17’ is 
we alae 
kp-+n 
It is easy to see that this ratio equals 1/k 
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rapidly for the sticcessive terms, gradually 
approaching unity. 
If, however, it is desired to use the correct 


value of D”, equation 17 and 17’ of the paper 
should be modified as follows: 


i 1 o> Cr 
G=bp Ly (+i) 108 fin” 
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Nothing else is changed in the procedure 
illustrated by the paper, and, if the simplified 
form 17’ is chosen, as recommended, the 
nomogram Figure 5 of the paper still can be 
employed, provided the first scale to the left 
is labeled (p) instead of (kp) and the fifth 
scale, giving the final results, is labeled 
[1/(h—-1)(p+n)] instead of [1/(h-1)X 
(hp-+n)]. On the basis of the preceding ex- 
pressions, the worth s calculated in example 
2 of the paper is to be corrected from 2.17 C 
to 2.10 C. 

The procedure suggested by Mr. Hamilton 
seems to include substantially the following 
steps: determine the amount of energy 
which is lost yearly during the daily periods 
of peak demand; assign to this energy a unit 
cost including charge on capital investment 
and operating cost; and, finally, calculate 
the totalized “‘present value’’ of such losses 
over a certain number of years. It is not 
thought that this method takes into account 
correctly the different way in which power 
losses and energy losses affect the economy 
of the system, as explained in the paper. 
Incidentally, it may be observed that, if 
Mr. Hamilton’s conception of a separate 
generating capacity supplying the losses 
were accepted, the yearly load factor of this 
capacity, appearing in his equation 3, 
should be considerably smaller than its 
daily load factor, while in his discussion the 
same value is used for both. 

Mr. Goodwin requests a clarification 
about transmission losses. That these 
should be considered as a separate problem 
is stated in the last paragraph of that section 
of the paper which outlines the procedure 
for evaluation applying to independent 
hydroelectric systems. The statement of 
Mr. Goodwin referring to annealing tempera- 
ture of copper as the only practical justi- 
fication for replacement of small-size con- 
ductors might be questioned. | ; : 

Mr. Bullard’s discussion shows that the 
significance and use of the worth of losses, 
designated in the paper by s, may be subject 
to misinterpretation and that a clarifying 
statement is necessary. This. matter was 
briefly treated by the author in the oral 
presentation at the winter technical meeting 
and it was thought that no misunderstand- 
ing of the kind suggested by Mr. Bullard 
possibly could arise. 

The value of s calculated by the paper’s 
formula 9 (alternately 9’) is the totalized 
amount of savings on a limited series of 
carrying charges and the similar value cal. 
culated by formula 17 (alternately 17’) is 
the totalized “‘present value’’ of such sav- 
ings. Therefore, it is clear that in neither 
case s can be interpreted as the equivalent 


of a capital investment, because it lacksthe 


basic characteristic of such an investment, 
that is, to generate the burden of yearly 
charges on itself, which include return, 


amortization, taxes, and so forth. Conse- 
quently, a direct comparison between s and 
the capital expenditure required to produce 
one-kilowatt power-loss reduction would be 
erroneous. Furthermore, the worth of sav- 
ings on energy losses, which are consequen- 
tial to this reduction of power losses, is to 
be taken into account in such comparison. 
The procedures suggested are as follows: 


(a) Case of two plans with different per- 
centage of power losses (formulas 9 and 9°). 
The savings s accumulated up to the ulti- 
mate development of the system, if invested 
at the interest rate 7 (in decimal) will yield 
an annual return 1 s. The yearly energy 
saved through one-kilowatt power-loss re- 
duction is 


w =8,760d 


where } is a loss factor which can be deter- 
mined for each system on the basis of typical 
load curves. If the “incremental cost” of 
energy in dollars is e, the corresponding 
yearly economy will be we. 

The capital investment in the distribution 
system required to obtain one-kilowatt 
power-loss reduction being designated by it 
and the yearly rate of carrying charges (in 
decimal) applicable to that investment by r’, 
the annual charge will be r’J. The invest- 
ment I is justifiable, as long as 


r'I <si+we 
or 
sitwe 


La; (1) 


f 


With the data of example 1 of the paper, 
and assuming 


r’=r=0.13 1=0.06 A=0.30 e=$0.003 


condition 1 becomes 


I <$[1.715C+60.65] (2) 


For C=$100, the maximum justifiable in- 
vestment per kilowatt of power-loss reduc- 
tion would be approximately $232. It 
should be noted that r’ is not necessarily 
equal to r, because it applies to a different 
kind of capital investment. 


(b) Case of individual power-loss reduc- 
tion (formulas 17 and 17’ of the paper). In 
this case s is the “‘present value”’ of the future 
savings procured by one kilowatt of power- 
loss reduction, at the time of outlay of the dis- 
tribution investment I, required to obtain such 
a reduction. Therefore, the conversion of s 
into an equivalent annual charge, for the 


_ purpose of comparison with the capital 


investment, should be made by determining 


_ the uniform annuity equivalent to s over the 


time interval necessary for the amortization 


of the aforesaid investment. 


This annuity a, can be derived from an- 


nuity tables, or calculated by the formula 


a(1+i)* ; 


ea a (3) 


where 7 is the rate of interest in decimal and 
N is the number of years over which the 


annuity is assumed to extend, that is, the 
_ interval required for the amortization of the 
investment J at the straight depreciation 


rate included in the carrying charges r’. 
The worth of the consequent savings on 
energy losses is the same as indicated in the 


previous case, and therefore the condition of 
justifiability of investment I can be written 


r'I <a,+we 
or 


Sig eal 


r! 


(4) 


With the data of example 2 of the paper, 
corrected according to Mr. Steinberg’s dis- 
cussion, and assuming 


(i= 7 ONS 
N=80 years 
4 =0.06 

» =0.30 

e =$0.003 


condition 4 becomes 
(5) 


For C=$100, the maximum justifiable in- 
vestment per kilowatt of power-loss reduc- 
tion would be approximately $178. 

The general characteristics of the two 
examples being very similar, it appears that 
a greater investment is justified for a sys- 

j 


I <$[1.17C+60.65] 


Qsy- 3 


KW OR DOLLARS 


TIME 


Figure 3. Figure 2 as it would appear assum- 
ing a condition of constant percentage of losses 


tematic reduction of the percentage of peak 
power losses than for an occasional such re- 
duction, not followed by further attempt to 
maintain the lower loss percentage. 

The preceding clarification answers the 
closing paragraphs of Mr. Bullard’s dis- 


cussion and it is hoped it will be effective in © 


preventing misapplications that Mr. Bul- 
lard feared might be prompted by unwar- 
ranted interpretation of the title of the 
paper, or of the sentence he quoted from the 
text. Mr. Bullard is to be thanked for call- 
ing attention to such possibility, but some 
of the propositions formulated in his dis- 
cussion appear to be questionable. 

To begin with, Mr. Bullard presents a 
diagram based on a very unusual hypo- 
thetical condition of constant losses and in- 
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. ing capacity. 


tended to prove that the total fixed charges 
on a number of generating units installed 
over a certain period are the same as the 
analogous charges which would result from a 
continuous gradual increase of the generat- 
If the condition of constant 
percentage of losses, much more likely to 
occur, is assumed, Mr. Bullard’s diagram 
will change as shown by Figure 3: the two 
lines representing load and generation are 
at an angle, instead of being parallel, and his 
geometric demonstration does not hold, be- 
cause the area between those lines for each 
step of additional generating capacity ex- 
ceeds the corresponding area X by the 
shaded triangular area Y. It can be proved 
that, for a number m of generating units of 
capacity W and using the various symbols 
adopted in the paper, the ratio of the area 
A enclosed between the two slanting lines 
and the two verticals at the origin and at the 
time of installation of the (n+1)th generating 
unit, to the area A’ summation of the 
areas X, is 


A (14+) 
TOR 2Qp+n—1 


For p=1 and »=10 this formula indicates 
an error variable from +9 per cent to —2 
per cent as k varies from 0.99 to 0.90. 
With the data of example I of the paper, the 
error is practically zero, but this result can- 
not be generalized: it. happens also, with 
those same data, that the weighted average 
of the loss reduction (29.6 megawatts) is 
almost identical to the mean value (29.5 
megawatts) ofitsinitialandultimate amount. 
No one, however, would deduce from this 
particular casé that the same is true in 
general. : ' 
Therefore, the statement of Mr. Bullard 
that his ‘“‘simplified’’ method of calculation 
can be used, regardless of the assumptions on 
load growth and variation of losses, does not 
appear acceptable without qualifications. 
The procedure proposed in the paper, on the 


(6) 


other hand, is not vitiated by any such sys- 


tematic error and the use of formula 8 for 
the calculation of the total worth of losses 
is not more laborious than the process of 
“integrating and averaging the loss curve,” 
suggested by Mr. Bullard. 

A second question discussed by Mr. Bul- 
lard has reference to the “‘present value’ 
of losses, calculated by formula 17 (or 17’). 
He observed that, if the “present value” 


were calculated on the basis of the rate of - 


fixed charges rather than on the basis of the 
rate of interest, it would become equal to. 
the unit cost of generating capacity C. Here 
again, an accidental result obtained using 
the data of example 2 is pointed out to con- 
firm such contention, but there would be less. 
close coincidence if the corrected present. 
worth of 2.10 C were used. 

It is well to emphasize that the definition 


of ‘‘present value”? makes it inadmissible to _ 


use the rate of fixed charges as suggested, 
because these charges are applicable solely 
to generating-capacity investments and in- 
clude: return on capital investment (which. 
is not necessarily equal to the normal rate of 
interest), amortization, taxes, and other 
minor items. Furthermore, it is not clear 


what would be the significance of the. 
present value’ being equal to the capital. 
cost of generating capacity, since, later on,’ 


Mr. Bullard himself very rightly states that 
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such worth of the losses should not be as- 
sumed as the equivalent of a capital invest- 
ment. 

Attention is called to a typographical 
error existing in Tables IV and V of the 
paper: the time of installation of unit 
number 11, shown in both tables as 26.5 
years, should be corrected to 28.5 years. 


Use of Dielectric- Absorption 
Tests in Drying Out 
Large Generators 


Discussion and author's closure of paper 45-9 
by H. C. Marcroft, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945, and published in 
AIEE TRANSACTIONS, 1945, February 
section, pages 56-60. 


J. S. Johnson (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): There is a need for factual data rela- 
tive to the insulation characteristics of large 
machines, such as is presented in this paper 
both on new machines and on machines 
during service life. As the author points out, 
dielectric-absorption or insulation resist- 
ance-time curves are of value in that they 
afford more definite information relative to 
the order of dryness of generator insulation. 
An expression describing the slope of the 
absorption curve for a given insulation as a 
function of dryness is advantageous in that 
it has the nature of a material constant and 
would be expected to be substantially inde- 
pendent of machine size. 

As is stated in the paper, experimentation 
indicates that when a continuous voltage is 
applied to a solid insulating material the 
leakage current is characterized in general 
by three components. 


1. The transient charging current resulting from 
the geometric capacitance of the insulation system, 
which is of very short duration. 


2. The anomalous or absorptive charging current, 
which for most solid materials is proportional to the 
applied voltage and which decreases with time and 
finally disappears, obeys the superposition prin- 
ciple. 

3. Thenormal leakage current which flows in the 
final steady state. 


Moisture contamination in solid insulat- 
ing materials results in an increase in both 
the steady-state leakage and in the absorp- 
tive current. For wet insulation the resist- 
ance—time curve becomes flat after very few 
minutes of electrification. From this it 
follows that under these conditions a rela- 
tively short time after electrification the 
steady-state leakage is large compared with 
the absorptive current. As insulation is 
subjected to drying treatment the insulation 
resistance-timé curve flattens after increas- 
ingly longer times of electrification. As dry- 
ing progresses the steady-state leakage there- 
fore decreases faster than the absorptive 
current as measured at any given time after 
voltage application. For extremely dry 
conditions the insulation resistance-time 


curve on some insulations may continue to 


increase for days. 


One fact that is significant is that, while © 
the insulation resistivity as ‘measured after 


— 


any given time or at steady state increases to 
very high values with continued drying, the 
time rate of increase of resistance for a 
specific material is substantially constant on 
the portion of the resistance-time curve 
where the effects of the absorptive current 
predominate. 

The slope factor as defined in the paper 
would be expected to increase from zero for 
wet insulation to some constant value after 
the insulation has become sufficiently dry 
so that up to ten minutes the absorptive 
current is still large compared with the 
steady-state leakage current. With further 
drying very little increase in slope factor 
would be expected. The slope factor there- 
fore would appear to give a convenient 
means of determining a level of dryness in 
machine insulation. 

As the author points out, it should be 
recognized that, whereas machines of vary- 
ing size but with identical insulation would 
be expected to have the same order of maxi- 
mum slope-factor, differences in insulating 
techniques and materials will affect the 
value of the maximum slope factor. 

The value of maximum slope factor for a 
specific type of insulation is not a measure 
of the quality of the insulation but merely a 
convenient means of measuring the order of 
dryness. 

In our insulation-resistance studies we 
use the ratio of the insulation resistance as 
measured after ten minutes and one minute 
of voltage application as a measure of the 
slope of the absorption curve. This is used 
because the insulation resistance-time curve 
approximates a straight line when plotted 
on log-log paper. This slope is equal to the 
logarithm of the ratio Rio/R:. However, it 
can be shown that the slope factor as de- 
fined in the paper differs from this ratio by 
unity and that for practical puro. either 
is equally useful. 

The author’s data on temperature effects 
show that temperature-resistance charac- 
teristics of class-B insulation vary over 
rather wide limits. It would appear that the 
use of any general temperature-correction 
curve applicable to all machines is apt to 
result in rather large errors in some cases. 

This paper is interesting and is a construc- 
tive contribution. The data given on the 
insulation-resistance characteristics of large 
generators-as affected by drying treatment 
should be of value to the industry. 


E. W. Whitmer (American Gas and Electric 
Service Corporation, New York, N. Y.): 
This paper deals with the interpretation of 
nondestructive tests of insulation that covers 


a very large area and therefore may not be © 


of uniform quality throughout the entire 
winding of a large generator. In interpret- 
ing the results of such tests it is often help- 
ful to segregate the windings into as many 
insulating paths as possible. When this is 
done a more comprehensive interpretation 
of the condition in the winding insulation 
may be obtained than is otherwise possible. 
In addition to this a comparison of the d-c 


tests to 60-cycle a-c test is of interest in ~ 


determining the dryness of insulation. 
Power-factor tests for indicating the dry- 
ness of insulation have been used quite 


- widely for equipment such as transformer 


windings. For such purpose we have found 


‘the d-c insulation resistance may rise to a 
very high value prior to the time that dry- 
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‘itself. 


ness is indicated by a power-factor test. 
For instance, in a group of 25-kv oil-filled 
instrument current-transformer windings 
which were dried in air, the insulation re- 
sistance at oven temperature rose from 
about 30 to, well over 2,000 megohms in 
approximately the first 20 per cent of total 
time required to dry out all of the insulation 
in the windings. These windings consisted 
mainly of a pad of varnished cambric in 
series with wooden blocks. It is probable 
that the wooden blocks dried out long before 
the varnished-cambric insulation, thus caus- 
ing the d-c insulation resistance to increase 
to a very high value, while the remaining 
varnished-cambric insulation was still quite 
wet, as indicated by power-factor tests. It 
is not intended to compare this small trans- 
former winding to that of a large generator, 
but the instance does serve to illustrate that 
there is a possibility that some part of a 
fabricated-winding insulation may become 
dry before other parts and therefore cause 
premature indication of dryness by d-c 
insulation-resistance tests. Whether or not 
such a condition occurs in drying large gen- 
erator windings depends on tests and experi- 
ence. Possibly the author of this paper has 
had some experience along this line that 
would be quite helpful. 


E. H. Povey (Doble Engineering Com- 
pany, Medford Hillside, Mass.): There 
has been a growing interest among operat- 
ing companies in nondestructive d-c 
testing. Mr. Marcroft’s excellent paper 
shows that definite progress is being made in 
this field. 

There are two formulas being used to re- 
duce the absorption characteristic to a 
single figure. The formula Mr. Marcroft 
R,/Ri,) called the slope factor, is 
the fractional increase in resistance over a 
nine-minute period. The other formula is 
simply Rio/R, and gives a value greater than 
the slope factor by a constant of plus one. 
In the interest of simplicity it is suggested 
that the latter formula be used in evaluating 
the absorption characteristics and that some 
descriptive term, such as ‘‘absorption index’”’ 
be applied to the resulting value. 


R. W. Wieseman (General Electric Com- 
pany, Schenectady, N. Y.): Rotating-ma- 
chine windings have many varieties of coils, 
insulations, and mechanical arrangements. 
Individual coil tests cannot be made on ar- | 
mature windings for practical reasons. A 
single reading of insulation resistance, there- 
fore, does not give a good perspective of the © 
winding insulation condition. 

The rate at which insulation resistance © 
increases after one minute of voltage appli- | 


cation is an important feature of winding- 


insulation resistance. This rate of insula- 
tion-resistance increase known as dielectric 
absorption or polarization is a better insula- 
tion barometer than insulation resistance 
The greater the observed polarization 
effect the lower is the moisture content of the 
insulation, and so we have a good indication | 
when a dry-out run can be terminated. 

Mr. Marcroft has demonstrated well the 
usefulness of the absorption characteristic — 


as a moisture indicator of winding insulation. « — 


The paper also calls attention to an impor- 
tant item, namely, the necessity of having a 
constant direct voltage for the absorption 


a1 


x 


} 


x 
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the slightest variation. The slope factor 
(Ri—R:)/R, can be used to denote the de- 
gree of polarization. It is suggested that 
simply Ri/R: be used and that this term be 
called the polarization index. Ryw/R, will 
vary from one to about seven for class-B 
insulation. A convenient method of judg- 
ing the slope of the resistance curve is to 
plot the resistance on log-log paper with 
the resistance at one mintite equal to unity. 
On this plot the polarization index is equal 
to the ordinate at ten minutes of voltage 
application. If a class-B winding is bone 
dry and if conducting paint has not been 
used on the end portion of the coils, the 
slope approaches 45 degrees. 

Testing for insulation resistance at any 
temperature and then correcting for tem- 
perature should be avoided, because tem- 
perature coefficients are not necessarily the 
same for a given winding over a period of 
time. This is shown clearly in Figures 4 
and 5 of the paper. Insulation-resistance 
testing, therefore, should be made at a tem- 
perature which can be reproduced in sub- 
sequent periodic tests. This and other 
variables encountered in insulation testing 
show the need for standardization. For 
comparison, values of insulation-resistance 
and polarization coefficients obviously must 
be on the same basis. 


R. L. Webb (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
Mr. Marcroft’s paper adds materially to the 
information which has been published on 
insulation-resistance testing. His sugges- 
tions will be found valuable by users of 
generators and other rotating electric equip- 
ment generally. 

The author indicated that comparison of 
test values taken at different voltages also 
are useful in detecting excessive moisture in 
insulation. We have used this method for 
several years by taking periodic dielectric- 
absorption curves on 13.8-kv generator 
stator windings at 1,000, 5,000, and 22,000 
volts direct current. With the 1,000-volt 
five-minute megohm value used as 100 per 


' cent, testing experience has shown that the 


five-minute values at 5,000 and 22,000 volts 
should be 75 per cent and 45 per cent or more 
respectively, if windings having class-B in- 
sulation are satisfactory so far as moisture 
content is concerned. 

In addition to the use of slope factor to 
determine the degree of dryness in insulation 
the author might have added that certain 
minimum values of megohms also must be 
obtained. Asa general rule, high insulation 


resistance will follow automatically with | 


satisfactory slope factor, but its value should 
be taken into account in each case. 

Slow drying of high-voltage stator wind- 
ings at 75 degrees centigrade to 100 degrees 
centigrade is desirable. Any attempt to use 
higher temperatures and less drying time 
may cause damage to the insulation due to 
formation of steam pockets between layers 
of tape. Also fast drying may produce an 
increase in insulation resistance up to some 
minimum value in a short time, because only 
a portion of the winding is free of moisture. 
In such cases the coils in the lower part of 


- the machine still may be too wet to permit 


‘application of normal voltage with safety. 


eas The drying, time for a stator winding rarely 
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moisture present. Field windings of turbo- 
generators also require comparable periods 
of time for drying. 

In Table II of the paper it is noted that 
generator B had a slope factor of 1.83 at 
15 degrees centigrade before drying was 
started. Since generator D in Table IV 
had a lower slope factor when cold after 
dry-out, I would like to ask the author what 
it was that made him decide to dry the wind- 
ings of generator B. Possibly the insula- 
tion-resistance value in megohms was con- 
sidered too low for that machine. 


H. C. Marcroft: The increasing use of 
dielectric-absorption testing for generator 
insulation is evident from the discussion on 
this subject. The use of absorption tests on 
insulation was described by R. W. Wiese- 
man.! In using the Wieseman method, a 
numerical index for referring to absorption- 
curve slopes was desired, and, as none had 
been proposed previously, the term slope 
factor was used. This value was the differ- 
ence between the ten-minute and one- 
minute values of resistance divided by the 
one-minute value. The minimum slope 
factor is then equal to zero for a completely 
wet machine. 

However, as pointed out by Wieseman, 
Askey, Johnson, and Povey, the ratio of 
Rio to Ry is simpler to use than the slope fac- 
tor and is to be preferred. A completely 
wet machine would have a minimum value of 
Ry /R; of unity on this basis. Mr. Wieseman 
suggests the term ‘‘polarization index’’ for 
the Ri/R, ratio, and in the interest of stand- 
ardization we agree to this as being a de- 
sirable term for the absorption characteris- 
tic. Polarization index is numerically equal 
to slope factor plus unity. 

There has been some oral discussion on 
the difference in curve slopes to be obtained 
from the battery-power test equipment de- 
scribed in the paper, and other equipment. 
It is true that, if the instrument has high 
impedance in its output terminals, a variable 
voltage will be applied to the generator dur- 
ing a test, and this will result in a faulty 


curve and an erroneous polarization index.. 


Ohmmeters with manually generated power 
usually have relatively low impedance and 
give values which agree well with battery 
tests. 

Mr. Whitmer’s comments on uneven dry- 
ing are interesting. Some of the curves ob- 
tained on generators have shown evidences 
of this, as shown in the uneven resistance in- 
crement with time. Figure 3 of the paper 
shows this effect to some degree. The di- 
electric-absorption-curve method is a better 
indicator of the moisture content than the 
single one-minute-reading method and gen- 
erally will show that drying should continue 
beyond the point that the short-time tests 
indicate dry insulation. 

R. L. Webb has commented on a point 
along this same line, relative to the dry-out 
of generators B and D of Tables II and IV, 
respectively, of my paper. Generator B had 
been in steady service nine years when it 
was taken out of service for two months, 
during which time one quarter of the wind- 
ing was replaced with new coils. The data 
of Table II are for the dry-out following this 
work. The dry-out was for the benefit of the 
new coils. Generator D of Table IV was a 


Discussions 


good example of a machine with uneven 
drying, the point raised by Mr. Webb and 
Mr. Whitmer. In such a case the arbitrary 
limits must be raised to allow for the dry 
portion of the winding. In this case the dry- 
out could have ended at 72 hours, when the 
slope-factor rise became negligible, but other 
considerations allowed a continuation of the 
run until 108 hours. We have an arbitrary 
minimum standard of five megohms at one 
minute, regardless of temperature or size of 
generator, but the generator resistance gen- 
erally exceeds many times this value. 
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Frequency Changers— 
Characteristics, Applica- 
tions, and Economics 


Discussion of paper 45-34 by S. B. Crary and 
R. M. Easley, presented at the AIEE winter 
technical meeting, New York, N. ¥., Janu- 
ary 22-26, 1945, and published in AIEE 
TRANSACTIONS, 1945, June section, 
pages 351-8. 


John G.-Holm (Boston Port of Embarka- 
tion, Boston, Mass.): As the atthors 
pointed out in their very interesting 
paper, the electronic load-regluating type of 
frequency changers has numerous advan- 
tages of its own and may be used more ex- 
tensively when it is made economically 
competitive. It is realized with the authors 
that no economic comparison of a perma- 
nent nature could be made at this time be- 
tween this type of frequency changers and 
those using the rotating equipment. How- 
ever, in F of Figure 12 of the paper, it would 
be very desirable if the authors would give 
the cost of the 10,000-kw 60- and 25-cycle 
zigzag transformers of the voltages indi- 
cated, on the same comparative percentage 
basis as the cost of the two synchronous con- 
densers. The cost of these transformers 
probably will remain more or less constant 
for quite some time to come. If, therefore, 
this cost is given, as requested, the rectifiers, 
inverters, their accessory operating equip- 
ment, and their foundations will remain the 
only equipment whose cost cannot be 
fixed at this time. It then will be possible 
to compare the total capital cost, of the elec- 
tronic converters, with the cost of the 
synchronous-type induction-frequency con- 
verter. A comparison with the cost of the 
most expensive of the rotary frequency 
changers will give an indication of what 
should be the order of magnitude of the 
cost of the electronic converters, in order 
for the electronic load-regulating type of 
frequency changers to compete, on purely 
capital-cost basis, with the other types. 


Vd 
Harry P. St. Clair (American Gas and Elec- 
tric Service Corporation, New York, N. Y.): 
The authors of this paper have presented a 
very interesting and useful summary of the 


AIEE TRANSACTIONS 


‘ 


various types of frequency changers avail- 
able, along with comparative characteristics 
and costs. In the problem of power supply 
to main-line railroad electrification using 25 
cycles, the cost of frequency conversion, 
especially for single-phase operation, be- 
comes a major item. For this reason we 
have been greatly interested in develop- 
ments and possibilities of electronic fre- 
quency conversion in the hope that such a 
radically new principle might give promise 
of ultimately reduced costs. 

Although the authors, as pointed out, pur- 
posely have deleted the numerical cost 
comparisons on the electronic three-phase 
to three-phase frequency changer, from the 
other comparisons shown in Figure 12 of 
the paper, I recall that the over-all cost of 
this equipment including synchronous con- 
densers, was of the order of 300 per cent 
compared with 100 per cent for the straight 
synchronous-synchronous outfit. Even if 
the 60-cycle condenser should not be needed, 
the comparison would not be improved 
greatly and would be made even worse for 
conversion to single phase, requiring addi- 
tional synchronous equipment for balanc- 
ing out the single-phase power pulsations. 

For this reason, even though the electronic 
cost figures omitted by the authors are re- 
duced substantially, there does not seem to 
be much promise in electronic-frequency 
conversion for single-phase main line rail- 
road situations for a long time to come. 

It is desirable, however, that electronic 
developments along these lines should con- 
tinue, and to this end it is gratifying that a 
sufficient number of favorable factors were 
found in the case of the large installation at 
Pittsburgh to permit going ahead with a 
full-scale project of that nature. 


Electrification and Signaling 
of the Canadian National 
Railways Terminal, 


Montreal, Canada 


Discussion of paper 45-10 by R. G. Gage, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 22-26, 1945, 
and published in AIEE TRANSACTIONS, 
1945, February section, pages 41-4. 


C. C. Herskind (General Electric Company, 
Schenectady, N. Y.): This paper describes 

a rectifier application which differs from the 
usual practice in the United States in that 

: it employs glass tubes instead of rectifiers of 
metal construction. American manufactur- 
ers never actively have sponsored large- 

- size glass-tube mercury-arc rectifiers despite 
the wide acceptance and use of such rectifiers 
abroad. While the use of glass tubes has 
received serious consideration by American 


‘ _ the following reasons: 


~ The gies tube has definite size 


4 . Strength. 
g ee a arising” from the thermal stresses and 
: short-circuit forces” applied to it. Metal tubes are 
easier to ship and handle than the corresponding 
a,  glass-tube equipment. i 3 
acs Metal tubes are 
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a 
a manufacturers, metal construction has been | 
: adopted in the sealed ignitron bectiticrs RS 


suited better to American manufacturing methods, 
requiring less highly skilled labor than do glass 
tubes. A simpler structural arrangement and more 
accurate assembly is possible by the use of metal 
tubes. 


3. Fault Protection. The definite size limitations 
of glass tubes require the operation of a number of 
tubes in parallel where rectifier equipment of large 
capacity is desired. Parallel operation presents dif- 
ficulties in the design and arrangement of equip- 
ment to protect the tubes from damage by high cur- 
rent obtained during arc-back. With metal con- 
struction, the number of anodes required for a recti- 
fier equipment may be kept at a minimum consistent 
with the desired performance characteristics and 
the problem of fault protection is minimized. 


4. Cost. Factors. The choice of glass construc- 
tion to such’a large degree by European manufac- 
turers, instead of metal construction, appears to be 
based on differences in material and labor costs. 
Skilled labor capable of manufacturing the glass 
designs is available in Europe at relatively lower 
costs than in the United States. Also, glass provides 
a lower-cost material than metal insofar as European 
manufacturers are concerned. 


While metal construction of small recti- 
fiers of from 10- to 500-kw capacity has been 
established firmly in American manufacture, 
the wide use of the glass rectifier abroad 
should be recognized, as it yet may compete 
with rectifiers of metal construction. 


W.R. Bunting (nonmember; Northern Elec- 
tric Company Ltd., Montreal, Quebec, 
Canada): I would like to make a few com- 
ments regarding the glass-bulb rectifiers 
installed at the Montreal Terminal. 

The Hewittic Electric Company Ltd., 
the manufacturer of these rectifiers, was a 
manufacturer of glass-bulb rectifiers of 
moderate requirements before the first 
World War. After the war, they recognized 
the possibilities of rectifiers for large power 
applications, and were faced with the neces- 
sity of deciding whether they should pursue 
the use of glass or develop steel-enclosed 
rectifiers. 

They decided in favor of the former, and 
today have many installations in successful 
operation and can cater to any current or 
voltage requirement within the limits of 
practical power distribution. 

Glass is a very useful constructional ma- 
terial and; in fact, has ideal characteristics 
for this purpose. Think of the millions of 
lamps and vacuum tubes in existence today 
which could not possibly be produced with- 
out glass. The step to power bulbs is but a 
small one. 


Insofar as the structural strength is con- ° 


cerned, the bombing of London has demon- 
strated the ability of the glass bulb success- 
fully to withstand bomb concussion. Such 
bulbs as have been damaged have been in- 
jured by being struck by bomb fragments. 
Little consideration of the bulb is needed 
to realize that its shape is fundamentally 
strong. 

The protection used on the Canadian 
National Railway rectifiers consisted of three 
elements: 

1. An induction-type overcurrent relay. 


2. A main d-c breaker arranged for high-speed 
tripping in the reverse direction. 


3. Anodefuses. 


The induction relays were supplied from 
current transformers in the main trans- 


former tank and were arranged to cater to 


the normal overloads the rectifiers were ex- 
pected to carry. In case of operation, the 
relays tripped the main d-c breaker, this 


_ operation being at normal speed. The main 


breakers were equipped also to trip at high 
speed in case of a feedback to the rectifier. 

Fuses in the anode circuits provide a 
simple and effective protection against back- 
fire. The incidence to backfire is so infre- 
quent that this protection is ample. 

I would like to add a thought about 
backfires although I do not claim to be a 
rectifier expert. Basically I think we can say 
that backfires are the result of anodes be- 
coming too hot, whatever may be the actual 
cause of excess temperature. The glass-bulb 
rectifier for large powers uses a number of 
bulbs in parallel so that the current is di-’ 
vided into a number of, or even many, 
paths. The arc to an anode tends to go toa 
spot. So, if the anode is to carry much cur- 
rent, increasing the size does not help a 
great deal even though the heat-dissipating 
capacity is increased because the arc per- 
sists in going to a spot. This spot, becom- 
ing too hot, emits electrons and a backfire 
follows. The use of many paths eliminates 
much of the possibility for the anode to 
reach excessive temperatures. 

The anode fuses are selected then to pass 
successfully normal overloads and, shall I 
say, normal short circuits, if a short circuit 
may be considered a normal thing. In the 
remote instance of a backfire, the fuses act 
rapidly, being in fact a current-limiting fuse, 
blowing more quickly than the rate of rise. 

In addition, there are feeder breakers of 
the high-speed variety which clear track 
short circuits so quickly that other protec- 
tive equipment is not called upon to func- 
tion. 

The main a-c breaker also is equipped with 
protective equipment similar to that which 
would be used for any radial feeder. 

To put a rectifier in operation, it is only 
necessary to close the main a-c breaker when 
direct current is available immediately. 
The absence of pumps, either water or vac- 
uum, and such auxiliaries, is so desirable that 
emphasis hardly need be expressed about it. 


Grounding of Circuits on 


Self-Propelled Wehicles 


Discussion of paper 45-11 by D. D. Ewing, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 22-26, 1945, 
and published in AIEE TRANSACTIONS, 
1945, February section, pages 48-50. 


W. S. H. Hamilton (New York Central 
System, New York, N. Y.): The comments 
presented here apply to vehicles running on 
steel rails only. While Professor Ewing’s 
paper refers to self-propelled vehicles only, 
these comments also include vehicles on 
steel rails which are not self-propelled, such 
as main-line passenger cars, hauled by loco- 
motives. 


_SELF-PROPELLED VEHICLES 


The circuits on these eed be classified 
as follows: 

Circuits Connected to an External Power 
Supply (Third Rail or Trolley). These of 
necessity have one side grounded, and the 
practices in regard to them are so well 
known as to need no further comment here 
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Traction-Motor Circuits Not Directly Con- 
nected to an External Power Supply. Ex- 
amples of these are transformer secondary 
circuits on a-c locomotives, and traction 
motor circuits on Diesel-electric locomotives. 

It is my opinion that these should be of 
the metallic-return type with both sides of 
the circuit insulated from the frame of the 
vehicle but with a ground established 
through a ground relay. Professor Ewing 
has discussed the greater reliability of the 
complete metallic circuit, and I wish to 
stress the importance of having a definite 
ground on the circuit in order to limit the 
potential to ground to a known value and 
to indicate by the operation of the ground 
relay when an undesired ground occurs. 

When the total voltage of the circuit is 
over 600 volts, and the circuit is such (as in 
the case of a transformer secondary winding) 
that the ground relay can be connected to 
the mid-point of the circuit, then that con- 
nection should be used. When the total 
voltage of the circuit is between 250 and 600 
volts, the connection should be made either 
to the mid-point or to one side, and, when 
the voltage is 250 or less, the connection 
should be made to one side of the circuit. 

A grounded mid-point in a circuit is some- 
times a nuisance, which is the reason for the 
above recommendation for voltages between 
250 and:600 volts. In some cases it may be 
better te connect the ground relay to one 
side of the circuit. 

When the circuit is such that the ground 
relay cannot be connected to the mid-point, 
then it should be connected to one side of 
the circuit and a switch provided to discon- 
nect the relay in case of a second ground, 
in order to permit the vehicle to be operated 
to a repair point under its own power but 
with the operator knowing that an unde- 
sired ground exists. Under normal condi- 
tions it always will be known that one side 
of the circuit is alive with respect to the 
frame of the vehicle, and proper precautions 
can be taken against accidental contact. 
These precautions cannot be taken so readily 
when a circuit is completely ungrounded (or 
supposed to be). 

Control Circuits Which Control Motion of 
the Vehicle. It is my opinion that these 

- should be of the metallic-return type but 
with one side grounded to the frame of the 
vehicle. This grounding should be through 
two or more ground connections in easily 
reached locations to insure continuity of 
the ground connection and yet permit it to 
be readily broken for testing. 

Circuits of this type require somewhat 
greater maintenance than ungrounded cir- 


cuits, but there is greater assurance against 


false operation due to short circuits, crosses, 
and undesired grounds. Such faults usually 
blow the control fuse and may render the 
vehicle temporarily inoperative until the 
fault can be located, but this is better than 


' the possibility of false operation. 


_ Such a connection also provides consider- 
able assurance against the presence in the 
control circuits of higher voltages from the 
traction-motor circuits, due to either leak- 
age or an accidental cross. This is a highly 


- desirable feature. 


‘On most modern vehicles such circuits will 


_ include a storage battery. Accidental 


grounds due to liquid leakage over the bat- 
tery trays can be prevented by washing the 
_ batteries monthly when the vehicle is in for 


tion (if required) and by proper insulation 
of the trays. 

Other Control and Auxiliary Circutts. 
When there are also circuits isolated from 
the traction motor and control circuits, it 
is my opinion that these also should have 
one side grounded in the same manner as 
the motion-control circuits. Professor 
Ewing has pointed out the desirability of 
grounding such circuits when fed from the 
secondary windings of transformers, and I 
concur with his statement. 


Non-SELF-PROPELLED VEHICLES 


Obviously there are no traction-motor 
circuits on such vehicles nor any circuits 
controlling motion. Such circuits as exist 
are used for lighting, air conditioning, and 
so forth and their associated control. 

D-C Circuits, 0-110 Volts (Nominal). 
These in general include a battery, and, on 
account of the difficult conditions under 
which main-line cars operate, it generally 
has been considered that it was better not 
to ground such circuits. It is not feasible to 
give batteries on these vehicles the periodic 
washings at frequent intervals, which can 
be done with self-propelled vehicles, and, as 
accidental grounds cannot cause false mo- 
tion, the practice of using ungrounded cir- 
cuits seems to be justified. 

D-C Circuits Over 110 Volts (Nominal). 
Such circuits have not yet been used, so far 
as know, but, if they should be introduced, 
they should be grounded either on one side 
or at the mid-point, as circumstances may 
indicate to be most desirable. 

A-C Circuits Not Connected toan External 


Supply. These may be either polyphase 
or single phase. 
(a). Polyphase Circuits. These should be 


grounded at the mid-point in order to limit the 
voltage to ground at any point. 


(b).  Single-Phase Circuits. These should be 
grotnded on one side as recommended by Professor 
Ewing in his conclusion 10. An exception might be 
made to this recommendation insofar as circuits 
supplying high-voltage fluorescent lamps are con- 
cerned. In such cases it may be preferable to 
ground the mid-point instead of one side. 


A-C Circuits Connected toan External Sup- 
ply. Under this category come the 220- 
volt three-phase circuits used for stand-by 
power supply for air conditioning, and other 
services on passenger cars. It is standard 
practice to ground the neutral of the power 
supply at the transformer (not on the car) 
and to carry a ground wire in the connecting 
cable up to the plug itself so as to protect 
persons handling the plugs from possible 
shocks. 

On plugs used to service cars in electri- 
fied territory the two halves of the plug are 
insulated from each other to prevent any 
chance of carrying propulsion current 
through the ground wire. The portion of 
the plug which usually is handled still is 
connected to the ground wire.! 

Single-phase circuits of this category 
should be grounded either at the mid-point 
or on one side. 


GENERAL COMMENTS 


The foregoing remarks all assume that 
care will be taken to ground the body of the 
vehicle effectively to the trucks (and to the 
rails) and all metal parts that might become 
charged with potential to the body.’ This is 
very important in the case of vehicles using 
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external power for propulsion but also 
should be done on the other classes of ve- 
hicles mentioned, although the methods 
used for grounding need be for potential 
only and do not have to be arranged to 
carry the relatively heavy currents neces- 
sary when propulsion from external power is 
used. 

The term “grounding” as used in this dis- 
cussion is intended to indicate a metallic 
connection between the circuit involved and 
the frame of the vehicle and not a ground 
that is subject to interruption, as in the case 


-where a circuit is grounded through a fuse. 


Although I have recommended in several 
cases in the foregoing, grounding the mid- 
point of circuits, at the same time, I per- 
sonally afn not too enthusiastic about such 
an arrangement, when potentials of 600 
volts and less are involved, and, when there 
is a choice, I would prefer to ground one side 
instead. The first locomotive of our fleet of 
combination third-rail engine battery loco- 
motives, usually called three-power locomo- 
tives had a 218-cell battery grounded at the 
mid-point, but, as a result of experience with 
it, we changed it to a battery grounded on 
one side instead, and all later locomotives of 
this type were built with 240-cell batteries 
grounded on one side through a battery 
break up and disconnecting switch. With 
the switch open the battery is split elec- 
trically into two halves, neither of which is 
grounded, and maintenance on the battery 
is done under this condition. Operation in 
the last 15 years has indicated that this 
arrangement is entirely feasible. 

The prize nightmare of all control circuits 
is one with the neutral grounded, on account 
of the faults that may occur due to acci- 
dental grounds. The next one to it is one 
that is not grounded at all, but which is at 
times connected to other circuits in which 
grounds can occur. I once worked in the 
field with some locomotives that had auxil- 
iary generators which were used for control 
and also for supplying power for head-end 
train lighting on passenger cars. Grounds. 
were often present on the batteries on these 
cars in varying degrees on either side of the 
circuit. As some of the switches used on the 
locomotives broke only one side of the cir- 
cuit, we had some weird occurrences, such 
as lights staying lit when the switch was 
opened, although no actual harm was done. 
After that experience I swore ‘“‘never again.” 

When ungrounded circuits are used, it is 
desirable that every switch break both sides 


of the circuit, and this is a nuisance in con- 


trol work. 

On the New York Central System we have 
152 electric locomotives equipped with 32- 
volt control batteries which either are 
grounded solidly on one side or else grounded 
on one side when the battery switch is 
closed. We have experienced no particular 
difficulty in maintaining them. 

When a battery is involved and the cir- 
cuit permits, it is good practice to use a 
battery switch so arranged that when the 
switch is open the battery is disconnected 
from both sides of the circuit. This permits 
rapid isolation of any partial grounds in 
the battery itself, should they occur. 
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Compressed-Aiir Circuit 
Breakers in A-C 


Railway Service 


Discussion and authors’ closure of paper 45- 
31 by H. M. Wilcox and D. C. Harker, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945, 
and published in AIEE TRANSACTIONS, 
1945, March section, pages 141-5. 


W. F. Skeats and E. W. Boehne (General 
Electric Company, Philadelphia, Pa.): 
As the authors point out, the component 
parts of this circuit breaker have all been 
applied in one way or another in the past. 
Thus the creation of the circuit breaker as 
described in the paper involves primarily a 
co-ordination of these items. Though this is 
a less spectacular and usually much less 
time-consuming job than such a thing as 
the development of a new interrupter, for 
instance, it offers an opportunity for the 
exercise of considerable skill and the 
authors on the whole appear to have done a 
very good job. 

With regard to the compressed-air system 
it should be noted that whereas the air 
entering the delivery system will have a 
moisture content substantially below satura- 
tion, a temperature drop of about 15 de- 
grees Fahrenheit will bring it to the dew 
point, and any further drop will deposit 
moisture in the 150-pound system. As a 
drop substantially greater than this may be 
anticipated between afternoon and evening, 
care still must be exercised in the layout of 
the unheated portion of the system. It 
would be interesting to see what arrange- 
ment the authors propose at this point. 

It is agreed that the latched-in type of 
mechanism is best adapted to a quick start 
of the moving contacts. However, it should 
be noted that the latch may be either 
mechanical with an electric trip coil, or 
magnetic. The magnetic latch, especially 
the flux-shifting type, has the advantage of 
operating on a short magnetic gap so that a 
relatively large change in flux can be pro- 
duced with a small input of energy. 

The flexibility of the magnetic latch is 
attested by its use on such widely divergent 
applications as railway circuit breakers for 
the duty discussed by the authors, the 287-kv 
0.05-second irapulse circuit breakers on 
the Boulder Dam line, and 138-kv 0.05- 
second tank-type oil circuit breakers. - 

In laboratory tests on such a circuit 
breaker as this, one is assured of a current 
zero very nearly 360 degrees after inception 
of short circuit, and, if the contacts are 
separated just a short time before this, the 
arc duration always will be relatively short 


and the current in the are considerably be- 


low crest value. In the field, because of 
more rapid decay of the d-c component or 
gradual development of the fault, there 
may be deviations from this rule with con- 


“sequent increases in arc duration and arc 


current. We should like to ask the authors 


whether the circuit breaker has been tested 


for its ability to perform satisfactorily under 


these conditions. 
The lowest current at which vie authors 

show tests on this circuit breaker is about - 

Have cosy investigated its : 
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ability to interrupt very light currents such 
as transformer magnetizing currents without 
producing overvoltages? 


H. M. Wilcox and D.C. Harker: In point- 
ing out the effects of a 15 degree Fahrenheit 
change in temperature between afternoon 
and evening, Mr. Skeats and Mr. Boehne 
refer to the unheated portion of the 150- 
pound system. Actually this portion con- 
sists only of the air line between the air- 
supply unit and the circuit-breaker unit. 
Since the volume of air contained in the pipe 
line is very small and since their discussion 
presupposes no air movement during the 
nterval in which the temperature change 
wakcs place, the amount of moisture de- 
posited in this line would be very small. 
The authors therefore believe that Mr. 
Skeats and Mr. Boehne refer to the circuit- 
breaker reservoirs and that they are unaware 
that the reservoir compartment of the cir- 
cuit breaker is heated. Thermostatically 
controlled heaters have been provided to 
insure that the reservoirs remain above 
ambient temperatures under all freezing 
conditions, and, hence, moisture may be 
expected to form only when the ambient 
temperature is 15 degrees Fahrenheit higher 
than the upper setting of the thermostat. 
The conditions assumed by Mr. Skeats 
and Mr. Boehne further require that the 
circuit-breaker reservoirs shall have been 
charged largely during the period of high 
temperature and that little, if any, charging 
take place at~low temperature. Conse- 
quently it-appears to the authors that any 
appreciable condensation in the 150-pound 
system is very remote. A little further 
consideration indicates that the amount of 
condensation that possibly may accumulate 
even under the higher-temperature condi- 
tions just described, may be expected to be 
negligible. As described in the paper, the 
air is compressed to 250 pounds storage 
pressure and then cooled to ambient tem- 
perature. By doing this, approximately 
94 per cent of the moisture content is pre- 
cipitated in the storage reservoirs, where it 
is collected in suitable drains. The air then 
is expanded and delivered to the 150-pound 
system. If under the remotely possible con- 
ditions previously outlined the air should 
saturate in the heated circuit-breaker res- 


ervoirs, then, at most, it could precipitate ' 


only six per cent of the moisture content 
originally in the air. To take care of the 
little amount which possibly may accumu- 
late over a period of time, drains have been 
provided both in the circuit-breaker res- 
ervoirs and in the 150-pound outlet of the 
air-supply unit, and it has been recom- 
mended that a slight slope be given the air 
line between the air-supply, unit and the 
circuit-breaker unit. 

Furthermore, in order to determine what 
effect moisture-laden air might have upon 
the circuit breaker’s interrupting ability, a 
small portable compressor was connected 
directly to the circuit breaker during a con- 
siderable portion of the outdoor testing 
period at the high-power laboratory. Raw 
air—without benefit of aftercoolers, inter- 
vening tanks, or expansion down from 250 
pounds—was fed directly into’ the circuit- 
breaker reservoirs. Under these conditions, 
which the authors believe are much worse 
than actual operating conditions, interrupt- 
ing tests under a variety of weather condi- 
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tions were taken over the entire current 
range, and no evidence of deterioration of 
insulation nor change in ‘he circuit breaker’s 
interrupting characteristics was observed. 

In regard to Mr. Skeats and Mr. Boehne’s 
question as to whether the circuit breaker 
was tested for its ability to perform satis- 
factorily under actual field conditions, as 
regards time of inception and growth of 
short-circuit, a considerable number of inter- 
rupting tests were taken at the high-power 
laboratory with the synchronous timer set 
to close the fault-initiating circuit breaker 
at ten-degree intervals over the full 360 de- 
grees. Thus, faults were obtained, ranging 
consecutively all the way from nearly com- 
pletely offset current with small first half 
cycle through symmetrical faults to offset 
current with large half-cycle. Oscillograms 
showed a wide variety of arc-duration times, 
ranging from a small fraction of a half 
cycle to slightly more than a half cycle. 
Since these tests were conducted over the 
entire current range and since a large num- 
ber of close-open shots were taken, it is 
believed that all possible field conditions of 
are duration and current were covered. 

Low-current tests, about which Mr. 
Skeats and Mr. Boehne inquired, were made. 
This circuit breaker was tested by the 
authors down to 53 amperes at 11,000 volts. 
Other interrupting tests at lower current 


‘values were made at reduced voltages as 


. 


necessitated by the test circuit. These low- 
current tests were made with an air-core 
reactor inserted in the circuit to give a more 
severe condition than might be expected in 
service. Reviewing these tests, as well as 
others made on a number of types of com- 
pressed-air circuit breakers over a period of 
years, has convinced the authors that such 
interruptions may be made without hazard- 
ous voltage conditions when the circuit 
interrupter is properly designed. 


Mercury-Arc Rectifiers 
for Railroads 


Discussion and author’s closure of paper 45-17 
by S. S. Watkins, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945, and published in AIEE 
TRANSACTIONS, 1945, February section, 
pages 84-6. 


Sidney Withington (The New York, New 
Haven, and Hartford Railroad Company, 
New Haven, Conn.): Mr. Watkins’ paper 
presents a very interesting summary of recti- 
fier operations recently developed. 

Mention is made of the operation of un- - 
attended mercury-arc rectifier substations 
on the basis of remote or supervisory con-_ 
trol. Consideration might be given in this 
connection to completely automatic sub- 
stations, especially those near the end of long 
lines, to accomplish starting at low voltage _ 
and cutting off at low current values. This — 
would eliminate the expense of the super- 
visory facilities. 

Mr. Watkins suggests daily visits to each 
substation. This would seem to be more fre- 
quent attention than is necessary, at least | 
under some circumstances. 
substations installed as long ago as 1927, 
and even rotary-converter substations 
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which are automatic, have been operated 
successfully with visits not more frequent 
than once a week. In at least one instance, 
a rotary substation maintained on this basis 
operated for 396 days without any trouble 
whatever, and there is no reason why mer- 
cury-arc substations should not have even 
better records. 


Mr. Watkins refers somewhat indiscrimi-' 


nately to multitank and single-anode recti- 
fiers. It would be advantageous to confine 
the designation to one or the other term. 

It is suggested that, in connection with 
railroad operation of single-anode type for 
high-voltage service, ‘‘the degree of present 
development in that direction varies.” It 
would beinteresting to learn how many recti- 
fier substations of this type for railroad serv- 
ice above 750 volts have been installed in the 
past 10 or 15 years. 

Sealed tubes show such a great advantage 
over rectifiers with mercury pumps that 
serious consideration might be given to 
standardizing this form of installation. It 
is understood that industrial development is 
very largely on this basis, and this may be 
indicative of the trend. 

Compounding characteristics are a de- 
cided advantage in railroad operation, as 
Mr. Watkins suggests, and he also might 
have included in his discussion the subject 
' of regeneration, which is used to some ex- 
tent, and which may develop worth-while 
advantages. 


J. H. Cox (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): By providing an up-to-date review of 
the various factors affecting the application 
of mercury-are rectifiers for railroads, Mr. 
Watkins has provided a valuable reference 
for those contemplating an increase in d-c 
power supply for traction apparatus. I 
would like to supplement a few of the points. 
With the earlier mercury-arc-rectifier in- 
stallations it was quite natural that the 
operators would be conservative and provide 
ample maintenance. As time added experi- 
ence, it was also natural that the amount of 
maintenance would be reduced, closer to the 
amount that was found actually to be 
~ needed. There is very little about a recti- 
fier that requires maintenance and the fre- 
quency of maintenance probably is deter- 
mined by the routine attention required by 
the switchboard devices. In normal sur- 
_ roundings, so far as the rectifier is concerned, 
the following should be adequate for routine 
maintenance; a visit to the station once per 
week; cleaning maintenance once per 
month; calibrating, checking, and overhaul 
of auxiliaries once per year; and water- 
pump and cooling-system maintenance as 
required. With sealed-tube rectifiers, the 
tubes should be replaced only as required 
by tube failure. With pumped rectifiers, the 
vacuum chambers should not be opened 
until required by actual troubles with vac- 
“uum or arc-backs. Experience indicates 
that this should not be required more often 
than once in five to ten or more years. 
Single-anode tanks provide greater service 
reliability and flexibility in that any tank 
can be isolated from the vacuum and elec- 
trical systems and the unit continued in 
operation with slightly reduced capacity. 
Questions have been asked regarding the 
reliability of vacuum pumps on pumped 
rectifiers. Very little attention is required 


by modern vacuum apparatus. F urther- 
more, with modern rectifier manufacturing 
technique, tubes, even though built for con- 
tinuous pumping, can be isolated from the 
vacuum pumps by closing the vacuum valves 
and maintain satisfactory operating vacuum 
for several days. This is true even through 
arc-backs. 

In the past the usual practice on railroads 
has been to hold a rectifier unit out of 
service for one minute following an arc-back. 
There is no reason why a rectifier should not 
be returned to service as fast as the breakers 
can be reclosed.. It has been established 
that an outage of ten cycles is adequate to 
restore the rectifier to satisfactory operating 
quality. Anode circuit breakers also have 
provided a possible improvement in operat- 
ing reliability. It is entirely feasible to se- 
quence the control so that only the pole to 
the arcing-back anode is opened and the 
remainder of the rectifier left in service. 
The pole which opened then can be reclosed 
without disturbing the others. In some cir- 
cumstances, it appears attractive to depend 
entirely on the anode breakers and omit the 
usual cathode and a-c breakers, substituting 
fuses in the a-c circuit to provide for trans- 
former faults. 

The modern small-unit-type rectifier sub- 
station offers an attractive means of placing 
small units of power along a right-of-way 
where traffic is not too heavy, and obtaining 
better service than is-possible with larger 
stations at less frequent intervals. By 
suitable choice of regulation characteristics 
and very simple voltage-control apparatus 
almost any desired load limitation at a 
station, or load division between station, can 
be obtained. 


C. C. Herskind (General Electric Company, 
Schenectady, N. Y.): Attention is called to 
the fact that there is a definite trend toward 
the elimination of vacuum pumps on all size 
rectifiers. Evidence of this trend is the in- 
creasing use of sealed ignitron rectifiers of 
the smaller sizes in industrial and mining 
applications in this country, as reported in 
the paper, and the growing use of the pump- 
less multianode rectifiers abroad. While 
vacuum pumps have been developed to the 
point where they are thoroughly reliable and 
require very little maintenance, the simpli- 
fication obtained by the elimination of vac- 
uum pumps is obvious and desirable. 

The overload rating of the rectifier and 
transformer combination, as given in the 
paper, reflects the service requirements for 


- railway applications. Attention is called to 


the fact that these ratings do not match the 
capabilities of the rectifying elements under 
short-time loading. For example, in the 
rectifiers for heavy-duty main-line service 
having an overload rating of 300-per-cent 
load for five minutes, these are designed to 
meet this short-time loading and generally 
will be of such size that they could carry sub- 
stantially more than 100-per-cent loading 
continuously. For some designs the ratio 
of the current capacity for one minute to the 
continuous capacity is approximately two 
toone. Data are being accumulated regard- 
ing the capacity of various rectifying ele- 
ments as determined by arc-back and struc- 
tural limitations, and it is hoped that they 
will be available to application engineers be- 
fore too long to assist them in obtaining the 
best application. 
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H. D. Brown (General Electric Company, 
Schenectady, N. Y.): Mr. Watkins should 
be complimented for his fine summary on 
the performance and operation of multi- 
anode and single-tank mercury-arc rectifiers. 
It is gratifying to manufacturers to learn 
that their decision to develop and further 
perfect this type of apparatus is justified. 

The question as to the ability of rectifiers 
to carry heavy-load swings is largely a func- 
tion of insufficient vapor pressure and this, 
in turn, leads to starvation and oscillation of 
the arc, especially at the higher currents. 
In the older designs where long arc lengths 
between anode and cathode were en- 
countered this condition was not infrequent. 

In the newer designs this difficulty has 
been overcome by employing shorter arc 
lengths and applying a more accurate con- 
trol of the vapor pressure. This is true 
especially of the ignitron single-tank rectifier 
in which the arc length is exceedingly short 
and the temperature control is very much 
more effective. 

By employing added baffling, it is entirely 
possible to construct the ignitron type of 
rectifier for the higher voltages, say, 3,000. 
As a matter of fact, a frequency changer put 
into operation about a year ago employs 
ignitron tubes operating at approximately 
20,000 volts direct current. 

It is quite certain that up-to-date design 
and construction, together with more ac- 
curate means of determining vacuum tight- 
ness, will make available rectifiers which will 
give even improved operation in the future. 

The fact that rectifiers have proved satis- 
factory as conversion apparatus leads one to 
expect confidently that many other applica- 
tions will be found for this type of apparatus 
in the industrial and transportation fields. 


A. Schmidt, Jr. (General Electric Company, 
Schenectady, N. Y.): We are gratified by 
the universal acceptance of rectifiers in the 
railway and electrochemical fields and their 
increasing recognition in other fields. We 
wonder if the gains of the last few years 
generally have been realized. Multitank 
ignitrons to the extent of over 2,000,000 kw 
have been installed since 1939. Develop- 
ment has kept pace with construction, and 
important gains in manufacturing technique 
and in performance have resulted. Progress 
has been so great that arc-back frequency is 
now usually less than one per year per recti- 
fier. Improved gaskets have reduced main- 
tenance; the opening of a tank is very rare 
indeed, and lost time for this purpose is 
negligible. 
Recognition of rectifiers in the industrial 
field is evidenced by the installation of over 
30,000 kw of industrial and mining units in 
the last year. The ease of installation of 


_these package units is an especially attrac- 


tive feature. The performance of these 
units has been outstanding. A note- 
worthy item in this connection is that opera- 
tors generally have no previous knowledge 
of this type of equipment. , 

While there has been general acceptance 
of rectifiers in specific fields, other fields, 
such as d-c transmission, motor control, and 
electronic frequency changing, have been ¥ 
explored to lesser degrees. As industry 
learns how best to utilize developments in 
these fields, we may expect further progress, 


-coimmensurate with the ultimate usefulness — 


of specific applications. 


Se 


SVMS 6S Paper contaims a graph 
of the estimated cost per kilowatt in- 
stalled, showing the variation from about 
$55 to $65 for the 3,000-kw units and from 
$87 to $102 for the 1,000-kw units of the 
steel type. The glass-bulb rectifier station 
in Montreal with 3,000-kw installed normal- 
capacity, cost $38 per kilowatt. It should 
be borne in mind that this Canadian total 
cost includes duty from Great Britain and 
the Canadian sales tax. 


S. S. Watkins: Completely automatic 
mercury-arc-rectifier substations, as sug- 
gested by Mr. Withington, should be con- 
sidered for some applications. If super- 
vision control is omitted, it would appear 
desirable to retain at least a single automatic 
alarm at a suitable attended location to 
signal the operator whenever a rectifier or a 
feeder circuit breaker automatically is 
locked out at the substation. No instance 
has come to my attention of a railroad instal- 
lation of the single-anode-type rectifier above 
750 volts. However, development by 
manufacturers has progressed to the point 
where the single-anode type can be furnished 
for railroad service at 1,500 or 3,000 volts. 


Investigation of Hot-Spot 
Temperatures in Fractional- 
Horsepower Motors 


(45-32) 


Investigation of Hot-Spot 
Temperatures in Integral- 
Horsepower Motors 


(45-33) 


Discussion and authors’ closure of paper 45-32 
by L. H. Hirsch, R. F. Munier, M. L. Schmidt, 
L. W. Wightman, F. S. Himebrook, T. C. 
Lloyd, O. G. Coffman, and C. P. Potter, and 
paper 45-33 by L. E. Hildebrand, B. M. 
Cain, F. D. Phillips, W. R. Hough, J. G. 
Rosswog, and C. P. Potter, presented at the 
AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945, and published 
in AIEE TRANSACTIONS, 1945, March 
section, pages 128-36 and 124-8. 
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Cyril G. Veinott (Westinghouse Electric and 
Manufacturing Company, Lima, | Ohio): 
Four methods of temperature measurement 
have been discussed by Mr. Hirsch and his 
associates: 

1. Embedded detector. 

2. Resistance. 

3. Thermocouple. 

4. Thermometer. 

Comparison of results obtained by various 
methods has been the principal topic for 
‘their paper. While we normally do not in- 
stall embedded detectors, we have, for 


many years, used the other three methods, 


extensively. A study of more than 200 
‘temperature tests on fractional-horsepower 
a-c motors shows that rise by thermocouple 


\ 
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tests were reported in June 1940.1 More of 
these tests, generally confirming previous 
results, were presented in a conference paper 
by E. M. Carville at the 1944 AIEE winter 
technical meeting. For these tests, the 
thermocouples were placed on the end wind- 
ings in the “hottest location accessible to 
thermocouples’; in general, the installa- 
tions were in accord with the surface-ther- 
mocouple method as defined in paragraph 
7.34 of ‘“AIEE Proposed Test Code for 
Single-Phase Motors, Number 502,” dated 
November 1941. 

As a result of these tests, the following 
conclusions, applying to fractional-horse- 
power a-c motors, were drawn: 


1. The surface-thermocouple method, as defined in 
paragraph 7.34 of the “Single-Phase Test Code,” 
should be an officially recognized method of temper- 
ature measurement. 


2. Temperature limits assigned to the surface- 
thermocouple method of temperature measurement 
generally should agree with rise-by-resistance limits. 


3. Temperature rise of enclosed motors should be 
65 degrees centigrade either by resistance or by 
thermocouple. 


Further experimental evidence presented 
by Mr. Hirsch and the others seems, in my 
opinion, to support the foregoing conclu- 
sions. ‘However, it is not intended that 
these same conclusions necessarily be ap- 
plied to integral-horsepower motors. 

Thermocouples are used so widely and 
are so convenient that a more precise recog- 
nition of them should be given in AIEE 
Standards. Confusion has resulted from 
the practice of installing them in places 
“accessible to mercury thermometers” and 
using thermometer limits. This practice 
has penalized the fractional-horsepower 
motor industry, because thermometer limits 
then are applied to thermocouple tempera- 
tures. Automatic recording potentiometers 
for thermocouples, which are now available, 
have added considerably to the convenience 
of the thermocouple method. 

Some additional results recently have been 
obtained on the correlation of thermocouple 
temperatures with resistance temperatures; 
these are of particular interest because the 
temperatures involved were all high—of the 
order of 180-degree-centigrade to 200-de- 
gree-centigrade total temperature. These 
tests were taken in connection with the ap- 
plication of thermoguards to a 4/;s-horse- 
power d-c aircraft motor. Thirteen locked- 
rotor tests were'taken. Temperatures were 
measured by means of thermocouples sol- 
dered to the bare copper of the end wind- 
ings. Temperatures also were measured by 
resistance. However, for these tests, re- 
sistance was measured by the voltmeter-— 
ammeter method, while the armature was 
energized. (Voltage-drop leads were sol- 
dered to commutator bars in order to avoid 
errors due to brush contact drops.) In gen- 
eral, temperature rises by thermocouple 
averaged about six per cent higher than the 
rises by resistance; this amounted to nine de- 
grees centigrade in the measured rises which 
were approximately 150 degrees centigrade. 

Many of the tests presented give results 
obtained by use of embedded detectors lo- 
cated—it was hoped—at the hot spot. It 
may be well to point out, in this connection, 


‘that the magnetomotive force of the stator 


winding is not the same for all teeth. For 
example, in a full-pitch two-phase winding, 
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the tooth in the center of the belt. Even 
more variation than this may be found in 
irregular windings, which fall outside the 
familiar least-common-multiple arrange- 
ment. One such winding is a three-phase 
six-pole 24-slot winding. Though these dif- 
ferences in magnetomotive force acting on 
stator teeth are largely damped out by the 
squirrel-cage rotor, there probably is a ten- — 
dency for certain teeth and certain coils to 
get somewhat hotter as a result of this effect. 
This factor is but one of many variables 
involved in measuring the hot-spot tem- 
perature. 
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H. Weichsel (Wagner Electric Corpora- 
tion, St. Louis, Mo.): The industry as a 
whole should be grateful to Mr. Hirsch and 
his associates for their paper. It reveals a 
wealth of information regarding the distri- 
bution of temperatures in electric ma- 
chines which was not up to the present 
readily available in such concise form. 
There is no doubt that the large amount of 
work spent on the necessary tests is well 
paid by the information obtained thereby. 

In practically every one of the tests the 
authors used a large number of thermo- 
couples, and in some cases thermometers, 
along the free ends of the stator winding. 
It is to be regretted that not all of these 
readings are recorded in the paper. They 
doubtlessly would give a very clear picture 
of the temperature variation along the free 
ends. Evidently the only readings recorded 
in this paper are the highest readings. The 
same reasoning holds true for the readings 
of the thermocouples mounted inside of the 
slot. If the complete information could be 
made available, it would assist the readers 
to predetermine ‘in future tests with fair 
accuracy the position at which the thermo- 
couple must be placed to obtain the highest 
temperatures. , 

It also is noticed that all temperature 
readings were taken while the motor was 
running. It is my experience that in cases 
where the free ends of the windings are sub- 
jected to a draft of cool air, the temperature 
readings taken on the surfaces of the free 
ends while the rotor is running are fre- 
quently considerably below the tempera- 
ture readings indicated a few minutes after 
the machine has come to a standstill. Mr. 
Lloyd and Mr. Coffman refer to this phe- 
nomenon and explain it by the reflected 
heat from the rotor whose temperature is 
higher than that of the stator winding. 
Many cases are known to me where this 
phenomenon occurred, but the rotor did 
not have a temperature materially higher 
than the stator. It must, therefore, be 
reasoned that the heavy air draft over the 
stator coils while the machine was running 
extracted such a large amount of heat out of 
the free ends of the winding that a decided 
temperature drop existed between the inside 
of the winding and the outside of the wind- 
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ing. After the machine had come toa stand- 
still, the hot parts inside of the winding 
gradually heated up the outside of the wind- 
ing. It may be said the heat crept to the 
surface. It appears, therefore, more logical 
to consider, as the final temperature read- 
ing of the free ends, the highest reading 
found, no matter if this is obtained when the 
machine is running or shortly after the 
machine has come to a standstill. 

Only a few of the authors state the 
method used for measuring the resistance. 
Particularly in the olden days, it was quite 
common practice to determine the resist- 
ance by sending direct current through the 
winding and measuring the volts and am- 
peres required. The general tendency now 
seems to be to use the bridge method. The 
latter, according to my experience, is more 
reliable than the former. It is, however, 
essential that proper care is taken to elimi- 
nate the influence of the contact resistance. 
This, for instance, can be done by using a 
Kelvin bridge. The bridge method is fur- 
ther very advantageous for determining 
the resistance as a function of time, after 
the motor has come to a standstill. In re- 
cording the time-resistance curve, it would 
be very useful if a curve drawing bridge 
were available, similar to the well-known 
Micromax instrument which records the 
temperature as function of time. 

Only one of the authors mentioned that 

. for determining the cold resistance reading 
the motor was soaked ina room of constant 
temperature. Doubtlessly it is very im- 
portant that this precaution be taken in 
every case. 

' From the data published in this paper, it 
follows that the temperatures derived from 
resistance readings, when taken properly, 
equal within a few per cent the hot-spot 
temperature of the machine. The tempera- 
ture measurements by thermometers seemed 
to be by far the least reliable. The reason 
for this is to be found in the difficulty of 
locating the thermometers on the most de- 
sirable place and the difficulty of placing 

‘more than one thermometer on the winding. 
There also exists the danger that the binder 
used for joining the thermometer bulb to 
the winding cracks and thus leads to low 
temperature readings. 

\ One of the authors stated that the motor 
- under test was clamped to the metal bed- 
plate of the dynamometer stand. It is fair 

to assume that during the reported test the 
heat flow from the motor frame to the bed- 
plate of the dynamometer did not influence 
materially the distribution of the tempera- 
tures. On the other hand, it is essential to 

‘point out that the actual temperatures on 

small machines frequently are influenced 
_ seriously by mounting the motor frame di- 
rectly on a heavy metal plate. Cases are 
_ known to me where the motor showed a 
_. considerably higher temperature rise when 
a sufficiently heavy layer of heat-insulating 
material, such as bakelite or wood, was 
Ba placed between the feet of the motor and 
the heavy bedplate than it did when the 
motor was mounted directly in the bedplate. 
In any future standardizations, this should 
be taken into consideration. 
__ Several instances are cited where certain 
parts, for instance parts of the free ends, of 
__ the machine were found to be hotter than 
other parts of the free ends. In the ma- 
Shi jority of cases, common sense tells us that 
ea such conditions must exist. It is self-evident 
een. 
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that the free ends of the winding are hotter 
on that end of the machine which is oppo- 
site to the end on which a single ventilating 
fan is located, because the cooling air al- 
ready is heated when it reaches the free ends 
opposite to the end where the blower is 
located. In another instance, the flow of 
the cooling air was such that not all parts 
of the free ends were contacted equally by 
the cooling air, and naturally the tests 
showed the highest temperature where the 
air flow was a minimum. This proves the 
importance of placing the thermocouple at 
those parts of the winding which, in accord- 
ance with common-sense reasoning and past 
experience, can be expected to give the high- 
est reading. 

Another result brought out by the tests, 
and this is in full agreement with common- 
sense reasoning, is that the temperature dis- 
tribution is more uniform in totally en- 
closed motors than in well-ventilated 
motors. 

Besides the information obtainable from 
these tests for arriving at the best methods 
and means for determining the temperature 
rise, there are other interesting facts brought 
out. For instance, in the majority of cases 
the treated windings gave somewhat lower 
temperatures than the untreated windings. 
This is in harmony with the general expe- 
rience in motor and transformer work. 

From the foregoing, it is concluded that, 
in preparing future standards for measuring 
temperature rises of machines, the following 
items should be considered: 


1. The thermometer reading is the least reliable. 


2. Thermocouple readings give fair agreement 
with the hot-spot readings, but it is advisable to 
use a number of thermocouples well distributed, and 
judgment is required to locate the thermocouples 
in places which are expected to show the highest 
temperatures. 


3. The resistance readings give the nearest ap- 
proach to hot-spot readings. It is advisable to 
standardize the method of measuring the resistance 
(Wheatstone bridge, Kelvin bridge, volt-ampere 
meter, or other means) and also to specify that re- 
sistance readings must be taken in a succession of 
time intervals immediately after the motor has come 
to a standstill. For determining the so-called cold 
temperature, the motor must be subjected to a soak- 
ing in a room in which the temperature is held rea- 
sonably constant and which is free from cold drafts. 


The general statements made in my dis- 
cussion of the paper by Mr. Hirsch and his 
associates are equally true for that of Mr. 
Hildebrand and his collaborators. There 
are a few additional items in the paper on 
integral-horsépower motors which deserve 
consideration. 

In the report by Hildebrand and Cain an 
uncertainty exists in Table I. Two tests 
are given for plain enclosed motors, and two 
tests are given for fan-cooled motors. It is 
assumed that the two tests for a given type 
of machine are two runs on the same ma- 
chine, as in the beginning it is stated that 
tests were made on a three-horsepower 
motor. It is thought advantageous to 
clarify this and to state definitely if these 
are two independent tests on the same mo- 
tor or if they are tests on two different mo- 
tors. 

In the same paper, it is stated that ‘“‘tem- 
perature resistance readings are obtained 
from a single hot resistance reading taken 
within 50 seconds after shutdown. Since 
cooling curves require more effort to obtain 


_and interpret, their use does not appear to 


be justified.”” But immediately thereafter, 
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it is stated that ‘“‘The chief disadvantage is 
the uncertainty of relying on a single read- 
ing which must be taken with extreme 
care.’”’ It appears to me that said chief dis- 
advantage can readily be avoided by not 
relying on a single reading but taking the 
cooling curve. In this connection, it 
should be brought out that the most impor- 
tant part in determining the temperature 
rise by resistance readings is the necessity 
of the correct cold temperature. If the cold 
temperature is not determined correctly, all 
other readings for determining the tempera- 
ture rise are useless. It is self-evident that 
it is essential to have the thermocouples 
calibrated against the thermometer or 
other instrument that is used for measuring 
the ambient temperature. 

In Table II by Mr. Phillips, an interest- 
ing feature is the fact that in several cases 
the temperature of the laminations is higher 
than either the temperature measured by 
thermocouples or the temperature measured 
by resistance but is lower than the tempera- 
ture of the hot spot. This suggests that it 
may be wise in the standardization to con- 
sider that the highest temperature reading 
during the heat run, no matter if it is the 
winding temperature or the lamination 
temperature, is taken as the temperature 
nearest to the hot-spot.temperature. This 
Table II discloses another interesting fact, 
which more or less is predictable, that the 
temperatures of the different parts of the 
machine are more uniform the less ventila- 
tion is used. In all cases the thermometer 
readings appear to be the least reliable. 

The tests reported by Mr. Hough and 
Mr. Rosswog clearly bring out the impor- 
tance in measuring the temperature rises 
not only during the running of the machine 
but also immediately after the machine is 
stopped. These readings again lead to the 
conclusion that that temperature should be 
considered ‘as the one nearest to the hot- 
spot temperature, which is found to be the 
highest either during the running test or 
after stopping. 

The tests reported by Mr. Potter verify 
the statement made previously in the dis- 
cussion that the more ventilation a machine 
is subjected to, the larger the variation in 
the measuring of temperature rises and that 
thermometer readings are less reliable than 
thermocouple readings or resistance readings. 

Summing up, we may say that the follow- 
ing features must be taken into considera- 
tion when preparing new standards. 

1. Temperature readings taken by ther- 
mometer are the least desirable because it is 
difficult to place a therometer in such a posi- 
tion as to measure the actual temperature at 
the point at which the thermometer is placed. 
Further, in many cases the physical construc- 
tion of the machine does not allow the placing 
of more than one thermometer on the wind- 
ings, and in some cases it is impossible to use 
a thermometer at all. 

2. Thermocouple readings are preferred 
to thermometer readings. A number of. 
thermocouples must be used. The highest 
reading thus found approaches the hot-spot 
temperature. It is essential that great care’ 
be taken in selecting the positions of the 
thermocouples in accordance with best 
judgment and past experience to locate 
them at places which can be expected to be 
the hottest. ‘It is desirable to take thermo- 
couple readings not only while the machine 


is running but also somewhat after the — ae 
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machine has stopped, and the highest reading 
should be considered the correct reading. 

3. Temperature readings by resistance 
approach in most cases the hot-spot tem- 
perature more closely than any other read- 
ings. It is recommended, however, not to 
tely on a single resistance reading but to 
take a cooling curve and by extrapolation 
find the resistance at the moment of shut- 
down. So far no resistance readings have 
been found after shutdown which are higher 
than the resistance reading at shutdown. 
If later experience should show that this is 
not generally true, then the highest resist- 
ance reading, no matter if found at shutdown 
or after shutdown, should be considered 
as the reading nearest to the hot-spot tem- 
perature. 

4. It is very essential that the machine 
be allowed to stand in a room with constant 
temperature for a sufficiently long time to 
soak it, that is to insure that all parts of 
the machine have the same temperature as 
the surrounding air. It is desirable to take 
ambient-temperature readings as well as 
thermocouple and resistance readings during 
the soaking period. It is extremely im- 
portant that the thermocouples be cali- 
brated against the instrument used for 
measuring the ambient temperature. 

5. It is desirable to standardize the 
method to be used for measuring the resist- 
ance (Wheatstone bridge, Kelvin bridge, 
volt-ampere, or other methods). 

6. It appears wise to consider that tem- 
perature as approaching nearest the hot 
temperature which is the hottest, no matter 
if this reading was obtained on the wind- 
ings or on the laminations or if it was ob- 
tained during running or after the machine 
was stopped. 


F.S. Himebrook (The Master Electric Com- 
pany, Dayton, Ohio): Some of the data 
presented in the paper by Mr. Hildebrand 
and his associates indicate that, when the 
coil ends of open motors are ventilated by 
relatively high-velocity air, the rise by re- 
sistance is not a satisfactory method of ar- 
riviny at hot-spot temperatures. In par- 
ticular, tests on one motor (rated 150 horse- 
power when operated from a 60-cycle 
source) reported by Mr. Phillips, showed a 
resistance, rise of 68 per cent of hot-spot 
value when the motor was run on 60-cycles, 
but, when the motor was run on 265-cycle 
power, the resistance rise jumped to 93 per 
cent of the hot-spot value. This suggested 
that perhaps the same characteristics might 
be observed in motors of smaller size when 
operated with single-end ventilation. 


DESCRIPTION OF Motor TESTED 


To determine whether or not this was t e 
case, a Master Electric 284-frame four-poie 
60-cycle three-phase motor rated 71/2 horse- 
power was built and tested. Tests were 
made as a 


1. Standard open (dripproof) motor. 
2. Totally enclosed ronventilated motor. 
3. Totally enclosed fan-cooled motor. 


- The stator was wound as a standard one, 
except that it had a number of embedded 
detectors (thermocouples) inserted in. the 
slots and coil ends. All the parts were those 


used in standard production. Pe, 
: When the motor tested was built as an — 
open motor, the ventilating air was blown | 
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Table |. Results of Continuous Temperature Tests on 284-Frame Four-Pole 60-Cycle 
Three-Phase Induction Motor 
Temperature Rise 
By By By 
Thermometer Thermocduple Resistance Hot Spot 
by Em- 
Per Per Per bedded 
Actual, Cent Actual, Cent Actual, Cent Detector; 
Degrees of Degrees of Degrees of Degrees 
Horse- Type of Centi- Hot Centi- Hot Centi- Hot Centi- 
Enclosure Volts power Winding grade Spot grade Spot grade Spot grade 
Dripproof Mere 2202 ol De nwntreated 1,01 /Ovue ce ite CHE w bat oe 90k OLB te cis: Fees 41.0 
Dripproof ...... | .4 220K matt el eatedann toh GOSOn eri SS tense AOE. OS ay 32200, 2h Sewer 41.0 
Plain enclosed....175....4.0...Untreated....59.0....92.....64.0. 99 62. bn LO tae nate 64.5 
Plain enclosed: . -V75y.4. 42.0). ,Treated... 5 ..61),5._.2.92 65.5. OS canons 6150 SESE Oie eae 67.0 
Enclosed—fan- 
COOE” 6.6 8 dic. cieic 220 eked «De UO MErERteG ts AOS Ocro sO Oaesere GOMOR pe 9Si..c.. 55.0 SO Seranss 61.5 
Enclosed—fan- 
Pooled t.ke «cs DDO Es veilin 0 aeare ee CALE en peetO Oa Ons omen. O Otter 61.0 SONAR ean 55.5 88 eae 63.0 


through the motor by a single fan. The di- 
rection of air flow was such that the air was 
exhausted at the lead end of the winding. 

When a totally enclosed nonventilated 
motor was tested, totally enclosed end 
shields were used, and the single ventilating 
fan was replaced by two smaller fans 
mounted on the ends of the rotor. 

Totally enclosed fan-cooled tests had the 
conventional external fan mounted on a 
shaft projection opposite the normal pro- 
jection. 


LOCATION OF TEMPERATURE INDICATORS 


Embedded detectors (thermocouples) 
were placed adjacent to the conductors in 
the slots and end turns in both the upper 
and lower coil sides. 

A surface thermocouple was tied to the 
winding at what was believed to be the most 
desirable point. This indicator was not on 
the winding at the time of impregnation. 

A mercury thermometer was placed as 
near to the surface thermocouple as was pos- 
sible without altering the motor construc- 
tion or drilling special holes. 


RESULTS 
Results of the tests are shown in Table I. 


DISCUSSION OF RESULTS 


Hottest Spot. It was found that the | 
hottest spot in the stator was in the upper 
coil side of the lead end (ventilating air ex- 
hausted here) in the coil-end extension. 
The actual hot spot was found to be nearer 
the end of the coil extension in the open 
motor and nearer the iron in the totally en- 
closed motor. 

Hottest Normally Accessible Spot .in 
Stator. An examination of the data re- 
veals that a properly placed surface thermo- 
couple gives a result, which for all totally 


enclosed and impregnated windings is close 


to the hot-spot temperature. In the case 
of the open motor the accuracy of this indi- 
cator was reduced. . 
Temperature Indicated by Mercury Ther- 
mometer. The temperature indicated by 
mercury thermometer is seen to provide 
fairly satisfactory data in the totally en- 
closed motors. However, for open motors, 
the accuracy is considerably reduced. 
Temperature Indicated by Change in Stator 
This method is also satisfac- 
tory for totally enclosed motors but is no 
better than the mercury thermometer for 
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use on open motors. This result is brought 
about by the relatively high temperature 
gradient, found in open motors. This high 
gradient is caused by the passage of high- 
velocity cool air over the coil extensions at 
one end while the opposite end of the motor 
(the coil extensions) is subjected to the air at 
exhaust temperature. 


Temperature as Indicated by Surface Ther- 
mocouple. The temperatures indicated 
by a carefully placed surface thermocouple 
provide an accurate means of estimating the 
hot-spot temperature in an integral-horse- 
power single-end ventilated motor. In all 
cases the accuracy is considerably better 
than that obtained by any other method. 
The probable reason that the thermocouple 
is superior to the mercury thermometer in 
open motors is that the thermometer bulb is 
relatively large and the stem rigid and so 
cannot be placed in the most desirable po- 
sition. 


CONCLUSIONS 


There is a considerable temperature gra- 
dient found in integral-horsepower open 
single-end ventilated polyphase induction | 
motors. Because of this the change of re- 
sistance of the stator winding does not give 
a good indication of the maximum tempera- 
ture. The most satisfactory method of 
finding the maximum temperature of such 
motors is by the use of a surface thermo- 
couple. 

In integral-horsepower totally enclosed 
motors any of the methods used will give a 
comparatively good indication of the inter- 
nal temperature. 


Scott Hancock (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): Much discussion has taken 
place in the past on the subject of the rela- 
tive desirability of various methods of tak- 
ing temperature rise of induction motors. 
and the differences in rise that can be ex- 
pected between taking rise by resistance, 
by thermometer, and by embedded detector. 

Any method selected must be practical 
in the case of the motor to be tested. To 
have any value results must be consistent. 

The embedded-detector method never 
has been very practical for use in commer- 
cially taken engineering tests, in that it re- 
quires motors to be built specially for test. 
I see no probability in any change here. 
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Table Il. Temperature Readin 


gs on 25-Horsepower Four-Pole 60-Cycle Open 


Squirrel-Cage Induction Motor 
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. floor men in the ordinary test manner. 
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The thermometer method has been very 
practical in the past, but with the continually 
growing use of more mechanical pro- 
tection to motors there are fewer and fewer 
machines on which it can be used. 

The resistance method always has been 
one that can be used practically on all induc- 
tion motors. It appears to me that we are 
approaching the time when it will be the 
only practical method. 

In previous discussions it has been as- 
sumed that the highest temperature shown 
on any embedded detector always accu- 


Figure 1 


rately showed the hot-spot temperature of a 
motor. It has been claimed that the highest 
thermometer reading does not show the 
hottest surface temperature with any con- 
sistency. Questions have been raised as to 
the consistency of results obtained by the 
resistance method. 

My experience has led me to believe that 
results obtained in commercial testing by the 
thermometer method are sufficiently con- 
sistent to avoid any serious difficulty. My 
experience in the use of rise by resistance 
was much more limited but left me feeling 
that the consistency of this method was 
open to grave doubts. 

In order to satisfy myself as to the con- 
sistencies in rise that could be expected 


from these three methods when used com- 


mercially, I arranged to have a 25-horse- 
power four-pole 60-cycle open squirrel-cage 
induction: motor built with many detectors 
embedded in the windings. I arranged to 
have ten different heat runs taken on this 
motor, reading each time the rise as shown 
by the embedded detectors, by thermome- 
ters, and by resistance. In each case the 
instructions to the test floor were to take 
the run at rated load and voltage. The 
thermometers were removed between runs. 
All runs were made by our regular test- 
We 
were attempting to find what we ordinarily 
could expect to get on test, not what 
might possibly be gotten in a laboratory. 
The motor used was of a construction as 
shown in Figure 1. The various detectors 
were located as shown in Figure 2. The 
test results obtained are shown in the ten 


numbered columns of Table FI. 


In the next column of Table II, I have 
shown the mathematically average rise for 


each item for the ten tests. In the next 
column I have shown the maximum any 


individual reading deviated from the aver- 


i age for that item. In the last column Ihave 
sho 


wn the average of the amount of deviation 


on 


FRONT END 
Figure 2 
Thermoguard 
Number Location 
Wee. 35 Ais, Sariale Center line of core in slot 1 
under top wedge........ ' 442 
ae d 3 
55 6 8 Mes Center line of core in slot 5 
under center wedge...... ' 8+6 
uf 
9,10,11,12...Center line of core in slot 
’ . between side of slot cell 9 
Eats Melo} (a5 ache He Ae ee 12+10 
13,14, 15,16..On rotor side of coil ex- 1 < 
tension on front and ap- 
proximately two inches 16 13 
from stator core......... x 
17, 18,19, 20. . Between top and bottom Leva 
coil extension on front 
end approximately two 20 17 
inches from stator core... x 
21, 22, 23,24. .On bracket side of coil ex- 19 18 


tension on front end ap- 
_ proximately two inches 24 21 
from statorcore......... 
.On rotor side of coil ex- { 
tension on rear end ap- 
proximately two inches 1c 25 


25, 26, 27, 28. 


from stator core. . 3:2... 


29, 30, 31, 32.. Between top and bottom pet 
coil extension on rear 
end approximately two 32 29 
inches from stator core... x 
33, 34, 35, 36. .On bracket side of coil ex- a 30 


tension on rear end ap- 


proximately two inches 36 33 
from stator core....... ae 


of individual readings from the aver- 
age for the particular item. : 

In interpreting these tests I have as- 
sumed that the values obtained by averag- 
ing the ten tests were the values that we 
could hope to get. The variations from 
these represented our lack of consistency in 
our over-all test procedure. 

It can be seen that the least consistent 
method of all is the embedded-detector 
method. The tests on thermocouple, 
the one that reads the hot test spot, have a 
total range of 131/, degrees or 35 per cent. 
This is representative. 

The resistance method has a total range 
of nine degrees or 26 per cent. 

The thermometer method is used for 
various readings with varying degrees of 
consistency. If that item is taken which is 
the hottest, that is rise of stator iron, the 
range is 71/2 degrees or 22.6 per cent. The 


range on stator copper is 29 per cent. 


The probable error in the rise of any in- 
dividual run is of interest. I have assumed 


- that the average of the ten runs represented 


the true rise. For each item, as rise of 


stator iron, I have found the degrees dif- 


ference between the average rise for the ten 
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runs and the rise for the particular run. 
The average of these differences then would 
show the probable error on any particular 
run. These averages are shown in the last 
column of Table IT. 

The greatest error to be expected again is 
found in the thermocouple readings. That 
thermocouple which shows the _ highest 
temperature has an average error of 3.3 de- 
grees or 8.7 per cent. The rise by resist- 
ance has a probable error of 2.35 degrees or 
6.8 per cent. The rise by thermometer on 
the iron has a probable error of two degrees, ~ 
or six per cent. 

My conclusion from these results is that 
there is no significant difference between the 
consistency of results that will be obtained 
on our test floor as between the resistance 
and the thermometer method. 

I conclude that in the present case the 
hot spot should be taken as 38.1-degrees 
rise, the rise by resistance as 34.7 degrees 
or 91 per cent of the hot spot, and the rise 
by thermometer as 33.1 degrees or 87 per cent 
of the hot spot. 

It may be of interest to note that the re- 
sistance readings were taken quickly after 
shutdown but were not corrected back to 
shutdown. The readings were made by 
means of a Kelvin bridge. 


The embedded detectors used were ther- 
mocouples, and the readings of these were’ 
made by means of a potentiometer. 


C. P. Potter: The additional test data sub- 
mitted by Mr. Himebrook include informa- 
tion which will be useful in comparing the 
temperature rise of open, totally enclosed 
nonventilated, and totally enclosed fan- 
cooled motors. Mr. Himebrook has made 
a very pertinent observation when he states 
that thermometers and resistance methods 
are not so good as surface thermocouples for 
determining the temperature rise of single- 
end ventilated motors. This is a detail 
which should be given consideration when 
revising temperature standards. 


Mr. Hancock has submitted data which 
were obtained from a different point of at- 
tack than those used by the authors and 
one observation which he has made de- 
serves special attention. He states that 
“The resistance method has always been 
one that can be used practically on all in-- 
duction motors. It appears to me that we 
are approaching the time when it will be 
the only practical method.” 


Mr. Weichsel calls attention to a great 
many details which must be given special 


_ attention in making temperature tests and 


also concludes that temperature rise by re_ 
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sistance comes closest to the actual hot- 
spot temperature. 

Mr. Veinott recommends that the sur- 
face thermocouple method be recognized 
officially as a method of temperature meas- 
urement. He also recommends that the 
limits for this method generally should 
agree with the limits established for tem- 
perature rise by resistance. I agree with 
Mr. Veinott that this should be done and 
would go further and recommend that the 
thermometer method be discouraged. 

The American Standard, ‘“‘Rotating Elec- 
trical Machinery, C50,” dated 1943, speci- 
fies that the temperature rise of fractional- 
horsepower totally enclosed motors shall 
not exceed 55 degrees by thermometer and 
65 degrees by resistance, while the same 
Standard specifies that the. temperature 
rise of integral-horsepower totally enclosed 
motors shall not exceed 55 degrees by ther- 
mometer and 60 degrees by resistance. It 
will be noted that the Standard specifies 
the same temperature rise by thermometer 
for both fractional- and integral-horsepower 
motors, but allows a temperature rise by 
resistance five degrees higher for fractional- 
horsepower than it does for integral-horse- 
power totally enclosed motors. 

The “Motor and Generator Standards” 
of the National Electrical Manufacturing 
Association publication 14-64 specifies that 
the temperature rise of either fractional- or 
integral-horsepower totally enclosed motors 
shall not exceed 55 degrees by thermome- 
ter and does not provide for the measure- 
ment of temperature rise by resistance. A 
proposal was made that the ‘Motor and 
Generator Standards” be changed to agree 
with the American Standard, C50, and this 
proposal resulted in a general discussion of 
the subject by the general engineering com- 
mittee of the motor and generator section. 
It was pointed out in the meeting of the 
general engineering committee that certain 
integral-horsepower motors may be built 
using the same parts as fractional-horse- 
power motors, but their temperature rise 
_must be five degrees less by resistance than 
that of fractional-horsepower motors. Fur- 
thermore, if a temperature rise of 65 degrees 
‘by resistance is permissible on fractional- 
horsepower totally enclosed motors, the 
difference between the hot-spot temperature 
and the temperature by resistance of these 
motors must be zero, otherwise the hot-spot 
temperature will exceed 105 degrees centi- 
grade. The general engineering committee 
considered that there might be justification 
for allowing a temperature rise of 65 de- 
grees by resistance on totally enclosed non- 
ventilated motors, not because they were of 
fractional horsepower, but because these 
motors are not ventilated, and made the 
following suggestion. 


“It is usually assumed that the temperatures of the 
various parts of the windings in an enclosed ex- 
ternally nonventilated machine are essentially the 
same. In these motors it is possible that the resist- 
ance method measures the actual hot-spot tempera- 
ture. It might also be assumed that the tempera- 
tures of the various parts of the windings in an en- 
closed externally ventilated machine vary slightly 
due to the fact that one end of the windings may be 
cooled by the air which has just entered the enclosure 
and the other end is cooled by the air which is leav- 
ing the motor and is somewhat warmer than the 
entering air. In these motors it is possible that the 


temperature by the resistance method is less than 


“the hot-spot temperature. , 


/ 


“If these assumptions are correct a temperature 


rise of 65 degrees by resistance might be permitted 
in totally enclosed externally nonventilated ma- 
chines, while a temperature rise of only 60 degrees 
by resistance might be permitted in totally en- 
closed externally ventilated machines. If these 
values should be found to be correct, it would then 
be desirable to modify AIEE Standard 1 by chang- 
ing Table III so that its title reads ‘‘Conventional 
Hot-Spot Allowances for Open, Dripproof and 
Splash-Proof Machines,” and then prepare two new 
tables reading as follows: 


Conventional Hot-Spot Allowances for Totally 
Enclosed Externally Ventilated Machines, 
Degrees Centigrade 


Class-O Class-A Class-B 
Method Material Material Material 
Thermometer......55.. TOR A. snes VM ESA asic 4 15 
Resistance or em- 
bedded detector...... 5......++ Se aenee SLO 


The second new table then would read: 


Conventional Hot-Spot Allowances for Totally 
Enclosed Externally Nonventilated Machines, 
Degrees Centigrade 


<= 


ss 


Class-O Class-A Class-B 


Method Material Material Material 
Thermometer........- OLA conten LOR Se seo} 
Resistance or em- 

bedded detector..... Oz doe etee Ose 


Before making any changes in AIEE 
Standard 1 or in the ‘‘“Motor and Generator 
Standards” of The National Electrical 
Manufacturers Association it seemed ad- 
visable to investigate the actual hot-spot 
temperature in fractional- and integral- 
horsepower motors, and various motor 
manufacturers agreed to make an investi- 
gation of this sort. The results of these in- 
vestigations were presented at the June 
1944 conference session of the AIEE in St. 
Louis, Mo., and summaries of. these con- 
ference reports are now available in papers 
45-32 and 45-33. 

It seems that we now should consider 
American Standard, C50, and the recom- 
mendations of the ““Motor and Generator 
Section” previously quoted to see whether 
the actual test results justify the C50 stand- 
ards of the proposed changes in AIEE 
Standard 1. If the C50 standards covering 
the temperature rise of fractional-horse- 
power totally enclosed motors are consistent, 
the temperature of these motors by resist- 
ance should be exactly the same as the hot- 
spot temperature. The results shown in 
AIEE paper 45-32 show that the tempera- 
ture by resistance of enclosed, nonventi- 
lated fractional-horsepower motors varies 
from 89 per cent to 106 per cent of the tem- 
perature taken by embedded detectors 
which have been located so as to obtain the 
hot-spot temperature. In other words, if 
the temperature rise by resistance is al- 
lowed to reach 65 degrees it would seem 
that the hot-spot temperature may go up 
as high as 73 degrees and with an ambient 
temperature of 40 degrees would give an 
actual winding temperature of 113 degrees, 
which exceeds the value ordinarily con- 
sidered good practice. In the case of totally 
enclosed fan-cooled motors the results 
shown in AIEE paper 45-33 show that the 
temperature by resistances ranges from 85 
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per cent to 103 per cent of that bye mbedded 
detectors, and, therefore, if the temperature 
rise by resistance of totally enclosed fan- 
cooled motors is allowed to reach 60 degrees, 
the hot-spot temperature rise will be 71 de- 
grees, which with an ambient temperature 
of 40 degrees gives a hot-spot temperature 
of 111 degrees. 

Comparing temperature rise by ther- 
mometer with temperature rise by hot spot, 
we find that in the case of fractional-horse- 
power enclosed nonventilated motors the 
thermometer method gives results which are 
from 70 per cent to 97 per cent of the actual 
hot-spot temperature rise and in the case of 
totally enclosed fan-cooled integral-horse- 
power motors the thermometer ratings give 
from 70 per cent to 98 per cent of the ac- 
tual hot-spot temperature rise. Since a 
rise by thermometer of 55 degrees is .per- 
mitted by either C50 or NEMA rules, it 
would seem that the actual hot-spot tem- 
perature rise corresponding to 55 degrees 
by thermometer would be about 78 degrees 
which with an ambient temperature of 40 
degrees gives a hot-spot temperature of 118 
degrees. 

This would indicate that actual hot-spot 
temperature in totally enclosed motors 
have always been somewhat higher than we 
suspected, and the question arises whether 
the temperature rise by thermometer 
shouldbe reduced. It is believed that the 
life of totally enclosed motors operating in 
the field for many years has been perfectly 
satisfactory and that there should be no 
reduction in the temperature rise by ther- 
mometer. It is true, however, that the 
American and NEMA Standards. should 
agree with each other, and the following rec- 
ommendations are offered. : 


1. Table 14 of American Standard C50 should be 
modified by adding a note stating that the tempera- 
ture rise of 65 degrees by resistance for totally 
enclosed motors refers only to nonventilated motors 
and that the temperature rise by resistance of totally 
enclosed fan-cooled motors should not exceed 60 
degrees. 


2. Table 13 of American Standard C50 should be 
modified by adding a note stating that the tempera- 
ture rise of 60 degrees by resistance for totally en- 
closed motors refers only to fan-cooled motors and 
that the temperature rise by resistance of totally 
enclosed nonventilated motors should not exceed . 
65 degrees. : 


3. Paragraph 2.054 of American Standard C50 
should be modified to read as follows: ‘‘This method 
consists in the determination of the temperature by 
thermocouples applied to the hottest part of the 
machine accessible to thermocouples.” If this 
change is made the use of glass-tube thermometers 
would not be permitted. Though it is possible to 
obtain fairly accurate measurements of temperature 
by glass-tube thermometers in motors which are so 
constructed that a thermometer can be placed in 
the right location, many motors have mechanical 
features which prevent the satisfactory use of glass- 
tube thermometers without mutilating the motor. 
In such cases temperatures taken using a glass-tube 
thermometer are quite likely to be lower than the 
actual values. ‘ 


It also is recommended that when Ameri- 
can Standard C50 has been modified in 
accordance with these suggestions that the 
“Motor and Generator Standards’ of 
NEMA should be changed to agree with 
them. In effect, this means recognizing the | 
resistance method for measuring the tem- 
perature rise of enclosed motors and allow- 
ing a five-degree higher temperature rise by 
resistance on totally enclosed nonventilated 
motors than is permitted on totally en- 
closed fan-cooled motors. — 
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Orthomagnetic Bushing 
Current Transformer 
for Metering 


Discussion and authors’ closure of paper 45-24 
by A. Boyajian and G. Camilli, presented at 
the AIEE winter technical meeting, New 
York, N. Y., January 22-26, 1945, and 
published in AIEE TRANSACTIONS, 1945, 
March section, pages 137-40. 


C. A. Woods, Jr. (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The characteristics of the bushing 
current transformers operating with super- 
imposed triple-frequency magnetization in- 
dicate that the authors have been very 
successful in straightening out the excitation 
curve of the transformer. Many different 
schemes for rendering the normally non- 
linear characteristics of magnetic materials 
linear have been worked out, but most of 
them have not proved too satisfactory in 
commercial application. One of the many 
difficulties has been the rather wide varia- 
tion in magnetic quality of completed cores 
of the same design. ; 

The method described in this paper for 
obtaining a high degree of accuracy on low- 
ratio bushing transformers requires a certain 
degree of sacrifice in the simplicity and 
ruggedness inherent in the bushing trans- 
former. This results in an increase in first 
cost over the ordinary bushing current trans- 
former but certainly leaves a favorable 
balance in the higher-voltage ratings when 
compared with the standard wound-type 
transformers. This saving then must be 
balanced against the increased maintenance 
required to insure that the auxiliary equip- 
ment and transformer windings are func- 
tioning properly and the cost of obtaining 
and operating the separate excitation source. 
Likewise, it is usually necessary to take 
more precautions with respect to the burden 
imposed on the transformer to insure that 
the adjustments of the auxiliaries are satis- 
factory for the service burden. It would be 
expected that each unit would have to be 
adjusted to suit the particular burden to be 
imposed on it. 

It often has appeared to me that many 
metering requirements could be satisfac- 
torily met with bushing current transformers 
in the lower range of ratios having high- 
quality cores such as the Hipernik which in 
many cases will give an accuracy meeting 
the American Standard Association 0.6 or 
1.2 metering-accuracy classification. Such 
transformers have a higher first cost than 
standard bushing current transformers due 
to the cost of the core material but otherwise 
have characteristics, including good over- 
current performance, similar to the ordinary 
bushing current transformers. 
ticularly true when they are used to energize 


indicating instruments having accuracies of | 


one per cent of full-scale deflection. ; 
The orthomagnetic bushing current trans- 
‘former appears to be capable of providing a 
high degree of accuracy down to quite low 
primary-current ratings. However, it is 
complicated by the use of a separate three- 
phase power source and potential trans- 


cormers along with auxiliary windings on the © 


. fore for the superimposed excitation and 
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auxiliary burden as well as auxiliary-current 
balance autotransformer and burden for 
compensation. Until a constant permea- 
bility-core material of suitable quality over 
the required density range is found, it will 
be necessary to use some artificial means of 
obtaining the equivalent, when manufactur- 
ing low-ratio bushing current transformers 
to meet extremely high metering-accuracy 
requirements, 


F. B. Silsbee (United States Department of 
Commerce, Washington, D. C.): The 
orthomagnetic current transformer adds 
still another to the already long list of clever 
devices for improving performance of cur- 
rent transformers of the bushing type. It 
holds promise of great utility in those im- 
portant metering installations where the 
cost and complexity of the auxiliary circuit 
for supplying triple-frequency current is 
justified by the value of accurate measure- 
ment. 

It is interesting to note that Agnew, in his 
now classical paper on current transformers, ! 
predicted that, if the loss exponent of the 
iron were two, the ratio of the current trans- 
former would be independent of secondary 
current. Now, 33 years later, the present 
authors have succeeded in suppressing the 
bulk of the hysteresis and, with only the 
eddy-current loss remaining, have attained 
an exponent effectively close to two and 
thus have secured a nearly linear error curve 
which can be completely compensated. 

It would add considerably to the interest 
of the presentation if they could give typical 
observed hysteresis loops for a single core to 
show just what sort of a figure eight the iron 
is carried through. The pattern of the loop 
doubtlessly will depend upon the relative 
magnitudes of the high- and low-frequency 
currents and also upon their relative phase. 
Examples showing the effects of variation in 
these conditions would be interesting. 
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A. C. Schwager (Pacific Electric Manufac- 
turing Corporation, San Francisco, Calif.) : 
The problem of metering power at highest 
voltage by means of inexpensive bushing 
current transformers rather than by sepa- 
rately mounted wound-typetransformershas 
been given considerable attention during the 
past 20 years. Attempts at obtaining the 
desirable accuracy of approximately 0.25- 
per-cent maximum ratio error and 25- 
minute maximum phase-angle error for the 
most commonly used ratios of from 200-5 to 
400-5 and secondary burdens of not less 
than 15 volt-amperes were generally un- 
successful. The attempted solutions, which 
included the use of high-permeability nickel— 
iron steels, the application of the Brookes 
two-stage principle, and many others, did 
not produce sufficient accuracy. 

The authors have to be congratulated for 
having developed a transformer which pro- 


duces the high accuracy required. As in 


the case of the Iliovici-type transformer, a 
separate power supply is required. The 
simplicity inherent in the conventional cur- 
rent transformer not requiring an external 
power source and auxiliary connection dis- 


appears. 
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Figure 1. Ratio and phase-angle errors of 
138-kv 200-5-ratio constant-permeability 


bushing-type current transformer 


Secondary burden, 21 volt-amperes 


As shown by the writer,’ the linearity 
obtained by cross magnetization can be 
accomplished easily without the use of an 
external power supply. Transformers built 
on the constant-permeability principle have 
been in operation for many years and are 
metering power on a large number of sys- 
tems with precision accuracy. Figure 1 
of this discussion shows the characteristics 
of a 138-kv 200-5-ampere transformer with a 
secondary burden of 21 volt-amperes. These 
characteristics are suitable for precision 
metering and compare with those presented 
by the authors. 
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E. C. Wentz (Westinghouse Electric and 


Manufacturing Company, Sharon, Pa.): 
This paper is an excellent demonstration of 
a method by which a highly theoretical 
principle, which conceivably could be used 
to produce a nearly perfect current trans- 
former, but only at prohibitive expense and 
complication with auxiliary equipment, is 
applied with practical and reasonably ex- 
pensive auxiliary devices to produce a 
transformer which, although not entirely 
perfect, not only is much better than any 
unassisted transformer of equal size but also, 
with due regard to the limitations of appli- 
cation, is sufficiently perfect for any meter- 
ing service. 
than would be introduced by the meter it- 
self. Mr. Boyajian and Mr. Camilli are to 
be complimented on the results obtained. 
It will be in order to point out the only 
limitation in application; that is, the perfect 


transformation depends upon the burden > 


being matched to the transformer by adjust- 


ment of the impedance Z and the tap on the ~ 


autotransformer (Figure 3 of the paper). 
If the burden be changed, the impedance Z 
and the tap should be changed to suit. If 
this be done, the desired perfection can be 
obtained at any burden. This may be 
considered an advantage as well as a dis- 
advantage. 
former with high-frequency excitation is 
better than without it, even without any 
auxiliary impedance. The authors have 
not included the performance with imped- 
ance and autotransformer at X burden in 
Table II. The intent may be that the lat- 
ter should be disconnected for any low value 
of burden, but the data would be of interest 


to one who wished to use the transformer as 


a guide to whether or not the impedance and 
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The errors are generally less 


The performance of the trans- 


. a4 « 
a 


wet 


autotransformer should be disconnected and 
at what burden. 

It seems that the adjustment of the im- 
pedance and autotransformer must have 
been changed in going from Y to Z burden in 
Table Il. It is difficult to account for the 
fact that the secondary current is higher 
with higher burden on any other basis. st 
would be essential for the user of the trans- 
former to know if the adjustment must be 
changed, and how much, and a statement to 
clarify this would add to the value of the 
paper. It also would be of interest to know 
the performance at all three burdens with 
the same adjustment of Z and the tap on 
the transformer. 

The performance at high currents no 
doubt will be better with the auxiliary ex- 
citation, but the two curves of Figure 5 
should come together at values of 60-cycle 
flux density approaching saturation, and 
the performance would be little better with 
the high-frequency excitation. The authors 
may have additional data on this. 

We have, for some years, built ring-type 
transformers with auxiliary excitation from 
the 60-cycle secondary current. The results 
of such excitation are not so good as those 
shown by 180 cycle, but the construction is 
very simple, and no auxiliary source is re- 
quired. A place probably exists for both 
methods, and a place still may be found for 
transformers with still higher frequency 
excitation. The choice of method depends 
on striking a proper balance between cost of 
excitation and cost of additional core sec- 
tion, or higher-quality core material in the 
transformer. 


Stuart D. Moreton (General Electric Com-' 


pany, Philadelphia, Pa.): With power be- 


ing transmitted at higher and higher volt- \ 


ages there has developed an increasing need 
for a low-cost current transformer having me- 
tering accuracy. The bushing current trans- 
former is most desirable from a cost stand- 
point, but its accuracy for low ratios is un- 
satisfactory. Many schemes of compensa- 
tion have been used to overcome the limita- 
tion imposed by the one-turn primary wind- 
ing and the exciting nuisance burden. These 
attempts have resulted in transformers 
that are critical with respect to bur- 
den, usually affected by the previous 
magnetic history of the iron, unsatisfac- 
tory for multiratio design, and exceeding- 


‘ly difficult to predict in performance. At 


best these transformers were limited to 


an accuracy class of 0.8 for 300: 5-ampere. 


ratios and 0.6 for 200:5-ampere ratios 
where the burden had to be limited to 
approximately 0.5 ohm (12.5 volt-amperes) 
to obtain these results. The author’s dis- 


- closure makes available metering trans- 


formers having accuracies as good as 0.3 
for 100:5-ampere ratio and 0.6 for 50:65- 
ampere ratio where the burden may be as 
large as two ohms (50 volt-amperes). 

The primary results gained by the aux- 
iliary excitation are twofold: 


1. It reduces the magnitude of the nuisance bur- 


den, which means that less compensation is required 
through the use of auxiliary transformers and 


_ capacitors, thus resulting in less critical application 
and burden matching. 


2. It linearizes the excitation curve, which means 
that the errors are constant and independent of pri- 


mary current, thus permitting better accuracies at > 


lower ratios. - 


This linearization greatly simplifies the com- 
pensation procedure. In fact the error 1s 
directly calculable as 

RCF/B=14+2;/Ze [8s “He 

whereZ,/@is the burden impedance and Zo/ Oe 
is the core impedance; Zs and Z, are both 


constants. 


The secondary results gained are also two- 
fold: 
1. It makes possible the design of multiratio 


metering transformers, thus reducing application 
problems with expanding generation. 


2. It automatically keeps the transformer de- 
magnetized. 

This latter point too often is ignored. The 
residual magnetism introduced by large 
fault currents upsets the accuracy character- 
istics of some previous designs to a trouble- 
some degree. This can be particularly bad 
if the design is based on fixing the core im- 
pedance by means of auxiliary saturating 
parameters, the characteristics of which 
cannot respond proportionally to the residual 
magnetism. 

There should be little concern. over the 
requirements of the. separate excitation, 
since there is always available single-phase 
power and often three-phase power for 
station lighting and battery charging. A 
three-phase source is desirable because of 
the resultant simplicity in the design of the 
harmonic generator. The power required 
from the external source is about 50 watts 
per transformer or 400 kilowatt-hours per 
year, which is a small price to pay for the 
improved performance. 


~ 


A. Boyajian and G. Camilli: The current 
transformer to which Mr. Schwager’s 
accuracy curves (Figure 1) apply had 


(a). A burden less than one half of ours, 21 volt- 
amperes against 50 yolt-amperes. 


(b). A weight about twice as much. 


(c). A primary current almost twice as favorable 
as ours. 

The basis of (c) is the known fact that cur- 
rent-transformer errors are inversely pro- 
portional to the square of the primary am- 
pere turns.! His linearization scheme is to 
comnect a saturated shunt reactor across 
the secondary winding of the conventional 
bushing-type current transformer. Evi- 
dently, any linearization obtained in. this 
manner is associated with greatly increased 
errors to be compensated by other means. 
This may make it clear why Mr. Schwager’s 
scheme is applicable only under very favor- 
able conditions such as those just men- 
tioned. 

Relative to the use of high-quality (high- 
cost) special magnetic alloys, referred to by 
Mr. Woods, these are useful in the border- 
line cases, but the improvement which they 
afford is not comparable with what is se- 
cured by the present scheme. With refer- 
ence to our Table II, the use of these special 
alloys would cut down the errors shown 
under the “Plain Current Transformer”’ 
column by about one half, but even those 
reduced errors would be many times those 
given in the last two columns. Further- 
more, the present scheme is not restricted to 
the use of silicon steel but is applicable to 


“these other alloys also, thereby extending 


the field of application of the bushing-type 
current transformers to still smaller primary 


_ currents. 


. Discussions 


In connection with the hysteresis loop, 
on which Doctor Silsbee commented, a 
few observations were made, but, because of 
the present emphasis on postponing what is 
postponable, that was made a postwar proj- 
et: 

As Mr. Wentz commented, if a large 
change be made in the burden, naturally 
enough the impedor and autotransformer 
adjustments must be changed. These 
adjustments are made relatively easily, be- 
cause the performance is linear, and there- 
fore adjustments made at some intermediate 
current value, for example, three amperes, 
apply to the entire range. All operating 
companies having facilities for calibrating 


their metering equipment will have also a 


Silsbee set and can make these adjustments. 
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A Portable Instrument for 
Measuring Insulation 
Resistance at High Voltage 


Discussion and authors’ closure of paper 45-66 
by F. W. Atkinson and Robert B. Taylor, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 22-26, 1945, 
and published in AIEE TRANSACTIONS, 
1945, April section, pages 164-7. — 


L. J. Berberich (Westinghouse Research 
Laboratories, East Pittsburgh, Pa.): ~The 
instrument described by F. W. Atkinson 
and Robert B. Taylor should find an in- 
creasingly wider field of application. It 
already has demonstrated its usefulness in 
testing aircraft ignition cable. The unique 
simplicity brought about by the develop- 
ment of the point-to-plane rectifier tube is 
noteworthy. The drooping voltage-regula- 
tion curve shown in Figufe 6 of the paper, 
while desirable from the standpoint of in- 
strument protection, is not desirable when 
the instrument is used to determine di- 
electric-absorption curves, such as are 
shown in Figure 9 of the paper. 

In obtaining dielectric-absorption curves, 
particularly on machines having relatively 
large capacitance, the voltage applied should 
be as near constant as possible. If the volt- 
age changes, as aresult of changing current 
or other causes, during the time the data 
for the curve are taken, there will be a charg- 
ing current superimposed on the dielectric- 
absorption’ current which is equal to the 
magnitude of the capacitance times the rate 
of change of voltage with time. It is pos- 
sible, in certain cases, when the rate of volt- 
age change and capacitance are high, to 
have a charging current which is compar- 
able to the sum of the dielectric-absorption 
and conduction currents. Thus, before this 


instrument is used on large machines, it ~ 


should be demonstrated that no large error 
results from this cause. Undoubtedly some- 


thing can be done to improve the instru- — 


ment in this respect and in the meantime 


the instrument should not be applied where 


serious errors might result from this cause. 
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It appears, however, that this drooping 
current-voltage characteristic cannot be 
eliminated entirely because it is inherent in 
the gascous electric discharge upon which 
the rectifying properties of the tubes de- 


_ pend. 


J. S. Johnson and J. S. Askey (Westing- 
house Electricand Manufacturing Company, 
East Pittsburgh, Pa.): F. W. Atkinson and 
Robert B. Taylor are to be congratulated 
on their description of an instrument which 
shows promise of being a very useful insu- 
lation-testing tool. We long have felt a 
need for a d-c insulation tester which has 
sufficient voltage range, capacity, and which 
is sufficiently portable to be useful generally. 
Kenotron sets, either stationary or mounted 
on trucks, have been available for some 
time, but their relatively greater size and 
bulk have limited their general usefulness. 
Some comparative tests have been made 
with the TAKK tester at voltages in the 
range of 10 to 15 kv and with an electronic- 
type megohm bridge at 500 volts. Too few 
tests have been made to establish the rela- 
tive value of testing at higher voltages or at 
500 volts. There has been some evidence, 
however, that the higher voltages are useful 
in detecting mechanical or other defects 
which would not be detected at 500 volts. 
We are of the opinion that, particularly on 
large and important machines, it is reassur- 
ing to obtain such data at voltages in the 
neighborhood of machine operating voltage. 
To be generally useful for obtaining di- 


electric-absorption data, a wider current ~ 


range in which voltage regulation is good 
would be desirable. However, a number of 
tests were made and satisfactory results ob- 
tained on new large machines at room tem- 
perature where insulation resistance after 
one minute was a hundred megohms or more. 
The cold-cathode tubes used in the power 
supply have characteristics well suited to 
this type of device in that the tubes are self 
protecting with respect to overloading. 
While our use of the TAKK tester has 
been limited, we have found it a convenient 
and useful instrument. In addition to its 
light weight and portability, the use of illu- 
minated instrument scales greatly enhances 


its practicability for shop and field use. 


T. B. Whitson (James G. Biddle Company, 
Philadelphia, Pa.): I, too, wish to add my 
congratulations to the work which the 
TAKK Corporation has done in designing 
and developing this device. It is simple to 
operate. It is reasonably safe to use, 


-although anyone handling high voltage 


should use proper precautions, and it is 
reasonably foolproof. One must, of course, 
recognize voltage characteristics in using 
any insulation-testing device, especially 
when making dielectric-absorption curves. 
It seems to me that the instrument supple- 
ments existing devices for insulation testing 
and has the advantage of extending the 
technique to higher voltages, beyond the 


customary 500, 1,000, and 2, 500 volts. 


The discussion here rather “naturally in-~ 


volves generator windings, a subject in- 


which this group is vitally interested. How- 


ever, the authors point out the satisfactory 


- .- use of the device for testing ignition equip- 


ment, including spark plugs. 


eee “the ogee of the aap eiaamen bene useful 


_F. W. Atkinson and Robert B. Taylor: 
This suggests _ authors wish to express their appreciation 
for the very cop eeutve discussions of os 


for other electric equipment, such as bush- 
ings and insulators. 

I believe the industry has something to 
gain from further experiment with the use 
of this device. 


R. L. Webb (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
The high-voltage test instrument described 
by Mr. Atkinson should find practical 
application on many types of power equip- 
ment. It should provide another higher 
step in the voltage range of d-c portable 
testers. It was designed, primarily, for 
testing relatively small apparatus such as 
ignition cables..- The data given in Figure 6 
of the paper indicate insufficient current 
capacity for testing equipment such as 
main generator stator windings. The higher 
current capacity of ten milliamperes may 
serve satisfactorily for this purpose. 

The new Takktron cold-cathode high- 
voltage rectifier tube appears to be well 
adapted to this sort of work because of its 
rugged construetion and the simplification 
that comes from having no filaments to heat 
in the rectifier tubes. 

We have used electronic rectifiers in dif- 
ferent types of insulation-resistance test sets 


since about 1938. Their performance has- 


been quite satisfactory, particularly on those 
jobs where long-time dielectric-absorption 
curves are to be taken. On tests of equip- 
ment having appreciable winding capaci- 
tance to ground, we find a magnetic-type 
voltage regulator, for the power input to the 
tester, is necessary to avoid fluctuations in 
the output of the instrument. For d-c test- 
ing of generator windings, electronic recti- 
fiers are used on our system from 500 to 
25,000 volts. Voltages above 5,000 are ob- 
tained from Kenotron test equipment. 

The design of electronic rectifiers for in- 
sulation-resistance testing should avoid ex- 
cessive voltage drop in series protective re- 
sistors. To obtain test data which are com- 
parable with those taken on earlier or later 
tests we try to hold the test voltage across 
the insulation within 90 per cent to 100 per 
cent of the nominal value: Referring to 
Figure 6 of the paper, this limit would per- 
mit measurement of insulation resistance 
down to 13,500, volts (15,000 volts being 
nominal) where the current output is about 
200 microamperes, or down to 67 megohms. 
Generator-winding insulation resistance is 


found below ten megohms occasionally. It . 


may be found as high as 2,000 megohms 
which would take only 71/2 microamperes at 
15,000 volts. 

It is our practice to treat insulation test- 
ers, and the circuits being tested, the same 


as if they were conventional high-potential - 


test equipments, above 1,000 volts. The 
omission of series protective resistors there- 
fore is not objectionable from a safety view- 
point. - 

It is our custom, for example, to make 
periodic insulation-resistance tests on 13.8- 
kv generators at the following direct volt- 
ages, 1,000, 5,000, and 22,000. Compari- 
son of the test results obtained in this way 
provides good supervision of dirt and mois- 
ture content on and in the insulation. 


, 
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paper. The instrument described has 
proved its usefulness for measuring insula- 
tion resistance of aircraft-ignition-system 
components, as well as dielectric absorption 
of equipment of limited capacitance, at 
voltages up to 15 kv. With the aid of these 
comments, the authors feel they are in a 
better position to design suitable portable 
equipment of this type for measuring di- 
electric absorption of larger machines and 
cables. 


Measurement of the 
Subtransient Impedances 
of Synchronous Machines 


Discussion and author's closure of paper 45-12 
by Gordon F. Tracy and William F. Tice, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 22-26, 1945, 
and published in AIEE TRANSACTIONS, 
1945, February section, pages 70-6. 


F. K. Brainard (Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis.): The 
authors have provided a new method 
of measuring subtransient reactances and, 
accordingly, also have provided a new defi- 
nition, because, as pointed out by Concordia 
and Maginniss,' when a method of testing 
for a particular reactance is specified, any 
other definition has little practical signifi- 
cance. The question as to whether this 
method is superior to the others or not de- 
pends both upon the use to which it is to be 
put as well as possible errors and difficulties 
in making the test. 


We have checked this method against 


method 3 of the AIEE Test Code, paragraph 
1.846, for direct-axis subtransient react- 
ance, and against the corresponding method 
for quadrature-axis subtransient reactance. 
In general, we find very good agreement, if 
the reactive component of the measured 
impedance is taken instead of the total im- 
pedance as specified in the above-mentioned 
rule. This rule should be changed as it is 
obviously incorrect. 

However, it seems reasonable to assume 
that certain machines will show appreciably 
different results when tested by the two 
methods because of the differences in flux 
distribution during the two tests. 
cases, it would appear that the values ob- 
tained by the three-phase method \given in 
this paper would be at least as good as the 
results of the single-phase test, because 


- purely single-phase problems almost never 


arise. Even in the case of single-phase short 
circuits of power systems, there is usually a 
considerable initial three-phase load. 

In order adequately to take account of 
saturation, it is desirable to make this test, 
as well as the single-phase test, at full volt- 
age. This frequently is not practicable, 
however, on account of ‘the rapid heating of 
many machines when full voltage is applied 
to the stator with the rotor blocked. 

Also, there is another source of error in 


both the three-phase and _ single-phase 


methods because of the fact that the react- 
ance of ary machine with a rotor such as is 
furnished ordinarily is not entirely inde- 
pendent of the frequency. If there were no 
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resistance in the rotor circuits, this would 
not be true, but since the rotor resistance is 
frequently quite large, the frequency at 
which the test is to be made should be speci- 
fied in any standardization on the subject. 

This problem provides an interesting ap- 
plication of the methods of tensor analysis. 
The following derivation checks the authors’ 
equations 27 and 28 exactly. Also, expres- 
sions for Z,” and Z,” in terms of the phase 
quantities can be obtained as indicated, 
thus eliminating the necessity of determin- 
ing the sequence components of current and 
voltage, since each is a vector quantity in 
the final equations as shown. 

The authors are to be congratulated for 
developing this method which, as they say, 
avoids the necessity of placing the rotor 
accurately in a particular position for test. 
This feature is quite important for large ma- 
chines and the method is well adapted for 
use, either on the manufacturer’s test floor, 
or at the customer’s plant after installation. 


SuBTRANSIENT REACTANCES FROM THREE- 
PHASE BLOCKED-ROTOR TEST 


eet 


I, and Jg=components of current when re- 
ferred to the direct and quadrature axes 
of the rotor 

V, and V,=components of voltage under 
same conditions 

Ix and Iy =components of same current when 
referred to the X and Y axes, which are at 
right angles, and where the X axis is the 
axis of phase A of the stator 


' B=the angle between the X axis and the 


direct axis of the rotor 
Vx and Vy=components of voltage when 
referred to the X and Y axes 
J, and I,=positive and negative sequence 
components of current when the A phase 
is the reference 
V, and V2=positive and negative sequence 
components of voltage under the same 
conditions 
I4, Ip, and Ig =currents in phases A, B, and 
C respectively 
Vgc =voltage between lines B and C 
Vcoa=voltage between lines C and A 
Vup=voltage between lines A and B 
Vig and Voq = positive and negative sequence 
components of Vgc, Voa, and Vag when 
Vac is the reference 


Then the transformation tensor trans- 
forming from the X- Y to the d-q axes is: 


since 
I,=Ixz cos B+Ty sin B 


Ig= —Ixsin B+IycosB _ 
Vi= Vxcos B+ Vy sin B 


me Vg=— Vxsin B+ Vy cos B 


To transférm from sequence quantities to 


_X-Y axis quantities 


ured voltages and currents, proceeds as fol- 


since 
lows: ‘ 
Ixy=hth The transformation tensor transforming 
Ty =—jhtjle from the phase quantities A, B, and C to 
Ver=Vit Ve the sequence quantities when the A phase 
Vy =—jVitjV2 coincides with the X axis is: 
Then APR Be aC, 
iM LE roan | rt 
C= =e ais eae 
3211 | a*\e@ 
since 
1 >: T,=1/;(14+alpt+a7lc) 
d cos B+] sin B and 
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S Z u Inp=1/314+a%lptalc) 
Then 
C; = C3 G = 
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Iy=- je 18], +je? I» neutral. voltages, to direct and quadrature 
Vi=e 8 Viteby, ~ currents or voltages; but since line-to-line 
Ve=- je 8 Vee je/8 Vo voltages are measured, the direct and quad- 
rature voltages must be expressed in terms 
But of line-to-line voltages rather than line-to- 
eS, neutral voltages. 
z,tav4 ended el If we take the reference phase as that 
Iq ei Iq which generates the voltage BC then the 
. tensor to transform from line-to-line se- 
Hence quence voltages to line-to-neutral sequence 
ee V+ 8 Ve voltages will be: 
hte", DOO fie. eh 
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To transform line-to-line voltages Vgc, 
Vca, and V4, to line-to-line sequence volt- 
ages Vi, and Va 


AB 


Ge Ness 


since Via= 1/3( VectaVeata? V ap) 
and Vog=1/3(Vacta*VcateV az) 


Then to transform line-to-line voltages . 
to direct and quadrature voltages, the trans- 
formation tensor will be: 


ea tines 
| e-F8 | (8 | : \ 
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and 38. ; 
To express Z,” and Z,” in terms of meas- 
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From C; in the preceding 


Ta="/s[L4(€7 + €?) + Ip (ae + a%e!®) + 
I o(a2e78 + a8) | 
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and from C; 


ah 
Vee ay (8 1s 8 
3./3! Bo(—je~E je?) + 
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ee 
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But 


V, V, 
Z,"=—! and Z;"=—! 

Iq i, 
This reduces to: 


1 
a va" 
Be sin B+ Ve, cos (380°— B) — 
Vap cos (30°+ 8) 
I4 cos B—Ipgcos (60°+ 8) — 
Iecos (60°— 8B) | 


— VgccosB+ Ve,cos (60°+8)+ 
1 V 4p cos (60°—8) 


—I,sin B+Ig, cos (30°— 8) — 
Tg cos (30°+ 8) 


Zq= 
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lL. INHERENT ERRORS IN THE DETERMINATION OF 
SYNCHRONOUS-MACHINE REACTANCES By TEST, 
C. Concordia, F. J. Maginniss. AIEE TRANsac- 
TIONS, volume 64, 1945, June section, pages 288— 
94. 


A. W. Rankin (General Electric Company, 
Schenectady, N. Y.): Mr. Tracy and Mr. 
Tice have presented an interesting sugges- 
tion for obtaining the subtransient imped- 
ances of synchronous machines. The sug- 
gested method has the commendable ad- 
vantage of eliminating the oscillographic 
equipment needed in short-circuit testing, 
and does not require the/accurate location of 
the rotor axes. Moreover, the values ob- 
tained would be close to the average of the 
three phases, and the interphase differences 
might be minimized thereby. 

The value of the reactances so obtained 
seem to be questionable, however, when ap- 
plied to short-circuit or similar subtransient 
analyses. The subtransient reactances of 
synchronous machines, particularly of the 
larger power-generation type, are influenced 
greatly by the saturation of the leakage 
paths. Because of this saturation, it is not 
unusual for the rated-current subtransient 
reactance of a turbine generator to be twice 
the rated-voltage value. It is recognized, 
of course, that this saturation effect is more 
pronounced on turbine generators with mag- 
netic retaining rings than on’ salient-pole 
machines. To obtain an accurate value of 
the subtransient reactance of a turbine gen- 


erator, the test procedure should duplicate, 


insofar as is practicable, the system condi- 


tion in which the reactance will be operating. 


For these reasons, the test procedure sug- 


gested by the authors, i in which rated stator 
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current is caused to flow, might result in a 
test reactance more nearly approaching the 
rated-current value rather than the rated- 
voltage value needed for short-circuit 
analyses. It would be interesting if the 
authors would present a comparison of test 
data similar to that given in Figure 8 of the 
paper, but for larger machines with similar 
data obtained from rated-voltage short-cir- 
cuit tests. 

The suggested test would not give any 
information on the transient reactance, of 
course, this naturally being recognized by 
the authors, but if satisfactory values of the 
subtransient reactance could be obtained 
from this test, approximate values of the 
transient reactance could be obtained there- 
from by experience factors. 

Mr. Tracy and Mr. Tice are to be com- 
mended for presenting an interesting and 
provocative test procedure for the sub- 
transient reactance since an easily applied 
test would be a major step in the accurate 
determination of one of the most intractable 
quantities in synchronous machines. 


Gordon F. Tracy: Both F. K. Brainard 
and A. W. Rankin have pointed out the fact 
that the values of the subtransient imped- 
ances obtained by using rated current in 
test I of the paper will correspond to low 
saturation. Higher values of current could 
be used so as to approach a saturation cor- 
responding to rated-voltage conditions. 
The machine would heat up rapidly, how- 
ever, which would necessitate reading the 
instruments as quickly as possible. Fur- 
ther experimental work should be done in 
this connection. 

It is interesting and gratifying to have 
equations 37 and 38 of our paper confirmed 
by F. K. Brainard in an alternative develop- 
ment that is quite different from that used in 
the paper. Brainard’s alternative expres- 
sions for the subtransient impedances in 
terms of the vector values of the line-to-line 
voltages also are interesting. However, the 
amount of time required to calculate the 
values of the impedances using his expres- 
sions seems to be about the same as that re- 
quired by using equations 37 and 38 directly. 
In either case, the vector values of the volt- 
ages and currents first must be calculated 
from the instrument readings; then it 
seems to be a matter of preference whether 
the sequence components of the voltages 
and currents are found next, from which 
the impedances follow, or the impedances 
are computed from Brainard’s equations. 


Standards and Insulation 
Characteristics of Oil- 
Insulated Transformers 


Discussion and author's closure of paper 45-41 
by F. J. Vogel, presented at the AIEE winter 
technical meeting, New York, N. Y., January 
22-26, 1945, and published in AIEE 
TRANSACTIONS, 1945, April section, 
pages 167-71. ' 


J. H. Hagenguth (General Electric Com- 
Mr. Vogel’s dis- 


Disiytsiths 


cussion of the relative importance of the 
different types of insulation tests now in use 
for power transformers is timely. It is, 
however, my belief that he has covered only 
the surface of the problem. 

Unfortunately, many of Mr. Vogel’s 
statements are not supported by sufficient 
facts from which to draw the rather sweep- 
ing conclusions which he makes. 


SWITCHING SURGES 


“Very few, if any, transformer failures attributed to 
switching surges ever have occurred. Even those 
transformers built before 1930 with low levels of 
impulse-voltage strength have had few, if any, 
switching-surge failures. Many of the trans- 
formers of the 138-kv class had levels of 500 kv and 
less, instead of the 750 kv now standard. This fact 
confirms that the voltage distribution of switching 
surges in windings is fairly uniform as inferred 
previously.’’ 


The service record of such transformers 
likewise proves that the voltage distribution 
due to impulse waves is uniform, because 
the facts are that a relatively small number 
of even the old transformers fail in service. 
Deductions of the kind used, therefore, can 
prove almost anything. Actually, it is 
extremely difficult in most cases to prove the 
cause of the failure because: 


(a). Failures may be progressive and it may take 
many years of repeated application of overvoltage 
before the fault is of such nature that normal fre- 
quency current will follow through the fault and 
necessitate taking the transformer off the line. In 
many such cases it is impossible to state the cause 
or causes. 


(6). Lightning disturbances and switching surges 
frequently occur at the same time. Unless instru- 
ments were installed at the time of fault, it would be 
impossible to say which of the two caused the 
failure. 


(c). After a fault current is established in a trans- 
former, the resulting destruction of the windings 
often makes it very difficult even to determine the 
original point of failure. In many cases, several of 
the windings are affected and the original fault may 
have occurred in either winding. 


This situation is discouraging because 
insulation could be applied 
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Figure 1. Comparison of ASA-NEMA 


impulse-test level for 115-kv class with volt- 

ages expected in the field when protected by 

a 20-inch rod gap and eight-unit station-type 
‘arrester 


A—ASA-NEMA test levels for 115-kv volt- 
age class 
B—90-inch rod gap 
C—eight-unit lightning-arrester ae ground. 
wire protection 


Table |. Impulse Ratio of Transformer Structures 
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more intelligently from an economical point 
of view, if the correct story behind the cause 
of failures always were known. Actually, 
of course, the voltage distribution in the 
transformer depends on the type of trans- 
former, its natural period of oscillations, 
the type of switching surge, and whether its 
period of oscillation is in resonance with 
one of the transformer natural frequencies. 
Since the switching surges can reach ampli- 
tudes of the order of the present standard 
impulse test, their effect on the insulation 
co-ordination cannot be ignored. 

Mr. Vogel, in his paper, attempts to show 
that more severe impulse tests are required 
to be more nearly equivalent to the relative 
stresses imposed by 60-cycle tests. The 
fact that so few of the older transformers 
with extremely low-impulse insulation failed 
in service seems to indicate that present 
standard impulse levels might be decreased 
rather than increased. 


IMPULSE RATIO 


Much of the author’s argument in favor 
of a more severe impulse test than the pres- 
ent standard tests as compared to the 60- 
cycle tests is based on an impulse ratio of 
2:1. When using impulse ratio, care must 
be taken whether breakdown or corona 
values are used. In order to insure long 
life of a transformer, it is important that 
test as well as service stresses in all parts of 
the winding are below the injurious corona 
level. Taking this into account, Table I 
of this discussion has been prepared to show 
data from different investigators. This 
table shows that there is no uniformity in 
the impulse-ratio factor. Particularly con- 
cerning corona, in all cases where corona 
values were reported, the corona impulse 
ratio varies between 1.6 and 2.5. In case 
of solid insulation, average values cannot be 
used to determine safety factors. The mini- 
mum values have to be met to be certain 


% 


that, in every case, at least a certain safety 
factor is obtained. Using an impulse ratio 
of 1.6, instead of 2.1, the equivalent im- 
pulse-test levels would fall below the levels 
used at present. 

The ratios of impulse test to 60-cycle test 
for the different voltage classes actually 
range between 2.7 for the 15-kv class to 
1.87 for the 230-kv class. ~ Test experience 
has shown that there is a good balance be- 
tween present test levels at low frequency 
and impulse as far as the major insulation is 
concerned, although this seems to be con- 
trary to the author’s experience. 

There is no disagreement with the author’s 
statement that “ability to withstand 60- 
cycle test or 120-cycle induced test is no 
proof of a transformer’s ability to. withstand 
impulse tests,” if that statement is confined 
to stresses along the windings.- The impulse 
test is the only test that will detect weak- 
nesses between coils and across larger por- 
tions of windings. Therefore, the sugges- 
tion to apply impulse tests to all trans- 
formers is in the right direction. 

There are, however, several points which 
need considerable emphasis before such 
tests are placed on a general commercial 
basis. 


1. It must be possible to detect all failures. While 
we have gone a long way toward that goal, there is, 
at present, no certainty of 100 per-cent detection.® 


2. The cost of the impulse tests is considerably in 
excess of that for the low-frequency tests. Sim- 
plification of the present tests is needed to reduce 
the cost many times to make general impulse testing 
an economic proposition.5 


8. The whole subject of impulse- and low-fre- 
quency-test levels should be reviewed to determine 
the most economical use of insulation for the service 
for which transformers are intended. 


Mr. Vogel suggests that a three-micro- 
second or a one-microsecond or a steep- 
front impulse test might be substituted for 
the present applied or induced tests. I be- 


Table Il. Comparison of Stresses Occurring Across Small Portions of a Winding of Type 
“Unshielded Transformer Il’’—138-Kv Class 


Voltage Distribution Curve for Steep Front: Alpha = 
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lieve that the type of impulse test, as well as 
its amplitude, should be based on the type of 
protection used with the transformer, as 
well as the protection provided in the sta- 
tion and for the transmission lines. Mr. 
Vogel makes the statement: 


“Even if lightning arresters are mounted on the 
units and as close to the terminals as possible, some 
very high overvoltages can occur, but for very 
short times. If the arrester be 25 or 30 feet from 
the terminals and the wave front is steep, an 
appreciable voltage reflection may take place at the 
bushing terminals.”’ 


It is unfortunate that he does not give any 
figures as to the amplitude of such voltages. 
In our experience, the voltages at the trans- 
former terminals, when protected by a 
modern arrester, were below the full-wave 
test level of the transformer, even though 
the lead between arrester and transformer 
was as long as 50 feet when wave fronts of 
1,000 or more kv per microsecond were 
applied. The crest of such voltage peaks 
occurred at about 0.5 microsecond and 
rapidly was reduced to the normal IR drop 
of the arrester. The stresses produced in 
transformers by such waves would be of the 
order of 70 per cent of those caused by the 
chopped-wave test because the steep tail 
of the chopped wave does not occur. 

Comparing arrester protection with the 
author’s proposal of a steep-front test, the 
following applies: 


1. A 1,050-kv wave chopped at one microsecond is 
more severe than the National Electrical Manufac- 
turers’ Association standard front-of-wave test of 
960-kv crest. 


2. In the region of one microsecond and less, the 
safety factors between present tests and lightning- 
arrester-protection levels are already unnecessarily 
high so that no increase is justified. 


3. The rate of incidence of steep-front waves in 
transformer stations is so low compared to that of 
the slower and longer waves that the American 
Standards Association standard chopped-wave and 
full-wave tests more nearly represent service condi- 
tions than the steep-front test. 


. 


4. If, however, a transformer is not protected by 
arresters and ground wires are not used over the line 
conductors but protection is obtained by a gap, 
then a steep-front test is not only desirable but 
practically a necessity to establish that the trans- 
former is capable of withstanding such stresses. 


Figure 1 (of this discussion) shows the 
difference between gap protection and 
arrester protection as compared to the pres- 
ent standard impulse-test levels for a 115- 
kv system. The maximum and minimum 
curves shown for the rod gap represent the 
sparkover voltage variation of the gap due 
to changes in applied wave shape;* the 
range for lightning-arrester-protection levels 
represent accepted industry standards. 
These values of gap spacings and arrester 
units are actually in use. It is apparent 
that the transformer equipped with this gap 
for protection can be subjected in the field to 
excessively high short-time stresses. There- 
fore, in such cases, a steep-front test is fully 
justified. There is, however, no necessity 
for making this kind of test on transformers 
which are protected with modern lightning 
arresters. : 

The steep-front test is more complicated 
than the chopped-wave test, because fre- 
quently a different impulse generator setup 
is required for this test than for the full-wave 
test, while the chopped wave uses the same 
generator. It is, therefore, undesirable as a 
standard test because costs are increased 
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switching surges. 
book ‘‘Transformer Engineering’ by some of 


Table II of this discussion shows a com- 
Parison of stresses in a winding called ‘‘un- 
shielded transformer II” in Mr. Vogel’s 
paper. This table compares the voltage 
stresses across various small portions of the 
winding for a chopped wave with 2.5-micro- 
second front up to time of chopping, the 
stresses due to the steep drop on the tail of 
the wave, as well as the stresses for a one- 
microsecond front 1,050-kv-crest test wave. 
The comparison shows that the chopped 
wave is capable of breaking down the insula- 
tion across such portions, if too weak, just as 
readily as the one-microsecond wave. 

It is our experience that either the steep 
front or the chopped wave can produce 
failures of the same type, but detection of 
such failures often occurs only on the full 
wave.’ Furthermore, the chopped wave 
produces coil-to-coil and other cross-winding 
stresses further into the winding than the 
steep-front test. 

As stated, the whole subject requires 
considerable discussion by all those con- 
cerned with the problem to determine the 
best type of tests, as well as test methods, 
for power transformers. The subject should 
be considered, not only from the point of 
view of the transformer alone, but from the 
over-all conditions of system and station 
design. The latter determines to a large 
extent the amplitude and wave shape of 
surges which will be applied to transformers 
in the field. 
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F. J. Vogel: I appreciate Mr: Hagenguth’s 
discussion of my paper very much; also, I 


‘feel that he takes too hopeless a view of the 


situation. 

For example, in the case of switching 
surges, they exist primarily because of the 
capacity and reactance in the circuit. This 
has been studied quite thoroughly with re- 
spect to transient recovery voltages.} 
Also, Figure 7 in a paper by Bewley? is dis- 
tinctly of interest. Since the surges origi- 
nate in the inductance or the leakage react- 
ance of the transformer, as well as other 
associated reactances, it is difficult to see 
how they would be distributed very badly 
within the windings. Further, I would like 
to point out that, to my knowledge, there 
have been no power-transformer failures in 
the field when they had been impulse tested. 
Although the reasoning is not rigorousorcon- 


_ Clusive, it seems very likely that lightning 


impulse voltages will be more severe than 
Indeed, reference to the 


Mr. Hagenguth’s associates confirms this 


With respect to the question of impulse 
ratio, all of the tests which I have seen have 
indicated a ratio of 2.1 or better when 
corona formed in the oil itself. Since we are 
attempting to avoid corona, even on 60-cycle 
tests, I still believe that a fair impulse ratio 
is 2.1. In the cases where lesser ratios are 
obtained, it is questionable if it is repre- 
sentative of good design. I have seen many 
models and test samples tested and have yet 
to see an impulse ratio less than this figure 
when corona values alone were considered. 
Impulse ratios of 1:6 have been found when 
60-cycle and impulse ultimate strengths 
were obtained. - In my opinion, this condi- 
tion is not representative of good design and 
I fail to see why a manufacturer should be 
required to put extra material in to meet the 
60-cycle test when it is not required to meet 
the impulse test. My position is, therefore, 
that if the impulse test can be reduced or 
lower levels are required, why insist on the 
60-cycle test value, unless it will determine 
a greater degree of serviceability. 

With respect to the problem of failure de- 
tection, it seems to me as though it is sim- 


pler than Mr. Hagenguth would have us be-’ 


lieve. His position has been that; you may 
not only have trouble in finding failures, but 
also deterioration is caused by the test, 
since on repeated tests the actual strength is 
only eight tenths of the single-test value. I 
would like to point out that many observers 


, have confirmed the fact that there is no 


deterioration providing the stress is lower 
than some critical value. Further, if, the 
stress exceeds this critical value generally, 
failure will result on repeated shots within a 
number between 25 and 50. This does not 
say that sometimes one may occur after 60 
or 70 shots, but the bulk of them will occur 
before 25 shots. I would like to suggest 
perhaps fewer cathode-ray oscillograms and 
less adherence to rigid rules as to wave 
shape and duration, and the application of 
enough surges to insure that the deteriora- 
tion point is not reached. I believe that 
this is much safer than applying so few 
surges and accepting the possibility of un- 
detected damage and injury. With such 
test procedures it may be that the surge test 
will be simpler and easier to provide than at 
present. 

There is one interesting opinion in Mr. 
Hagenguth’s discussion which I think to be 
incorrect. The steep-wave front is de- 
cidedly more severe than the steep drop on 
the tail of the wave for the chopped wave. 
From past experience I know that extra care 
is required to meet the steep-wave-front 
tests as compared to the ordinary chopped- 
wavetest. Mr. Hagenguth would infer that 
any transformer which would withstand 
chopped waves would withstand the steep- 
wave-front tests. This definitely is not 
true. , 
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Discussions 


Measurement of Stray-Load 
Loss in Induction Motors 


Discussion and author's closure of paper 45- 
42 by D. H. Ware, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945, and published in AIEE 
TRANSACTIONS, 1945, April section, 
pages 194-7. 


M. M. Liwschitz (Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y.): The stray- 
load losses of the induction motor consist of 
the following parts: 


1. Eddy-current losses on the stator surface due to 
the step harmonics of the rotor. 


2. Eddy-current losses on the rotor surface due to 
the step harmonics of the stator. 


3. Eddy-current losses in the stator teeth (tooth- 
pulsation losses of the stator) due to the step har- 
monics of the rotor. 


4. Eddy-current losses in the rotor teeth (tooth- 
pulsation losses of the rotor) due to the step har- 
monics of the stator. 


5. Hysteresis losses. , 


6. Copper losses in the bars of the squirrel cage due 
to the flux pulsations in the rotor teeth. 


7. Copper losses in the bars of the squirrel cage due 
to the stator harmonics of lower order. (5th, 7th, 
Tlthen>) 


The losses under 38, 4, 5, and 6 depend upon 
the saturation of the stator and rotor teeth. 
Since the reverse-rotation test occurs under 
conditions which, with respect to saturation, 
are entirely different from the saturation 
conditions under load, larger differences be- 
tween the dynamometer tests and reverse- 
rotation tests would be expected. The 
tests made by Mr. Ware are very promising. 
However, many more comparative tests on 
motors should be made before the reverse- 
rotation test, proposed by Professor Morgan, 
be included in the AIEE Test Code for 
Polyphase Induction Motors. 


Theodore H. Morgan (United States Office of 
Education, Washington, D. C.): Mr, Ware’s 
paper is a milestone in the measurement of 
stray-load loss in induction machines by a 
direct method, and judging from the test 
results obtained it is a milestone close to 
the end of the road, ah. 

In exploring any test method it is neces- 
sary to have a clear conception of all com- 
ponents included within a given measure- 
ment. The author has recognized this and 
has stated clearly and accurately all com- 
ponent losses in both the stator and rotor 
measurements of the reverse-rotation test. 
After determining the components involved, 
a study should be made of relative magni- 
tudes. Possibly some are.so small that they 
may be neglected. In devising the reverse- 
rotation method of measuring stray-load 
loss it was assumed that the stator com- 
ponent of this loss was negligible in compari- 
son with the total loss, and thus could be 
considered zero and omitted. The test 
results of Table I of the author’s paper indi- 
cate the validity of this assumption. If it 
were correct that the stator loss was of 


appreciable magnitude, the value of the 


stray-load loss finally determined would be 
too small by twice the amount of the stator- 
loss component. If the _ stray-load-loss 
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values obtained by the reverse-rotation 
method be compared with those obtained by 
dynamometer measurement of output, it 
will be noted that in 7 of the 13 motors 
tested the reverse-rotation method gives, a 
higher value of stray-load loss than the in- 
put-output method. It isa satisfaction to 
note that this result substantiates the 
original assumption that the stator com- 
ponent is of such small value that accuracy 
may be obtained when it is neglected in 
motors of this size. 

When considering the results shown in 
Table I of the paper, we are confronted 
with the problem of what measurement to 
use as the standard of accuracy. The 
dynamometer method cannot be considered 
sufficiently accurate as a standard because 
of the large amount of power involved in 
both the input and output measurements. 
Separating the stray-load loss from such 
large measured values makes a high degree 
of accuracy impossible in the final deter- 
mined loss. While all test results shown in 
this paper are excellent, the plotted points 
in Figure 1 indicate clearly that the dyna- 
mometer method cannot be justified as a 
standard of accuracy. Probably the most 
accurate value obtainable in Table I is the 
average of the loss value obtained by the 
two methods used. Taking this value as 
standard, it is interesting to note that in 6 
out of the 13 cases the error resulting from 
use of the reverse-rotation method was 
within 0.1 per cent of the power output. In 
12 of the cases, the error was within 0.5 per 
cent, and the remaining test showed an 
error of only slightly over 0.5 per cent. 
This high degree of accuracy justifies the 
author’s conclusion that the reverse-rotation 
method should be included as a recognized 
method in the AIEE Test Code for Poly- 
phase Induction Motors. 

The author states that the stator loss 
should not be omitted in the case of large 
motors, but it is not entirely clear as to 
where the line should be drawn between a 
small and a large motor. In the test which 


he cites for a 500-horsepower motor the 


difference in values obtained by the’ two 
_methods used is 300 watts. If the stator 
loss had been neglected, the final result by 
the reverse-rotation method would have 


been reduced 640 watts to 2,160 watts,, 


making a difference of 340 watts between this 
value and that of the pump-back method. 
The difference in the error by the two 
methods would thus be 40 watts, which 
ptobably is not significant considering the 
size of the machine being tested. On the 
other hand, it clearly is evident that the 


- assumption of zero stator loss in the case of 


- the case of large motors. 


the 1,750-horsepower motor leads to errone- 
ous results. It would appear that further 
information regarding the magnitude of the 
stator component of the stray-load loss in 
large motors is needed and I hope that the 
author may be encouraged to continue his 
excellent work in this direction. 

Mr. Ware is to be complimented for de- 
vising a method for the determination of the 
stator component of the stray-load loss in 
; It seems inevi- 
table that any direct method for the meas- 
urement of this quantity at first would be 
open to question, as the validity of any 
proposed method can be established only by 
a large number of tests. Under actual 
operating conditions there are factors which 
are different from those used in the test 
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proposed. The degree of saturation of the 
stator iron would be different, and the path 
and density of the stator leakage flux would 
be affected by the presence of the rotor iron. 
It is quite possible that compensating fac- 
tors exist which result in negligible difference 
in the total quantity. This can be shown 
only by additional tests on large motors. 

As methods of measuring stray-load loss 
have been developed, we have acquired a 
better understanding of the nature of the 
loss and the relative magnitude of the com- 
ponents involved. This is important, for it 
permits advance in the art and improve- 
ment in design. The author’s determina- 
tion that the stator component is of con- 
siderable magnitude in large motors pre- 
sents an immediate challenge to designers of 
these machines. 

In closing I desire to congratulate Mr. 
Ware on his excellent and valuable paper. 


D. H. Ware: Professor Morgan has indi- 
cated that it is not clear what the division 
line should be between those motors in 
which stator-load loss at-fundamental fre- 
quency should be considered and those 
motors in which stator-load loss should be 
neglected. The magnitude of the stator- 
load loss certainly must depend, not only on 
the size of the motor, but also on the design. 
Since the test for stator-load loss is simple 
and easy to perform and will not perceptibly 
affect results of a load-loss test if the test is 
made on a motor with low stator loss, it 
seems prudent to make the division line 
rather low, or to consider no division at all, 
and to make this additional test on all sizes. 
The test data presented would indicate that 
the division should be between 500 horse- 
power and 1,750 horsepower. However, 
two-pole motors smaller than 500 horse- 
power have been found to have an appre- 
ciable amount of stator-load loss. I would 
recommend that the division, if made, 
should be no higher than 100 horsepower. 

Professor Morgan points out that the 
presence of the rotor iron should change the 
shape of the magnetic field which causes an 
error in the measurement of the fundamental 
frequency loss in the stator. Tests have 
been made to locate and control these losses, 
the results of which indicate that most of 
them occur in the end zone where the rotor 
iron would not be effective. 

Mr. Liwschitz states that saturation con- 
ditions in the vicinity of the rotor and stator 
surface, teeth, and conductors, should 
change the stray losses as measured by the 
reverse-rotation test from those occurring 
under load. However, test data indicate 
that the difference in stray losses caused by 
the presence of the fundamental flux is a 
small part of the total. It would be a mis- 
take to assume that the reverse-rotation test 
would give results which would be exactly 
correct. However, because of the practical 
difficulties of performing an input-output 
test, the reverse-rotation test may give re- 
sults much nearer to the true value of stray- 
load loss unless unusual accuracy is realized. 

In oral discussion of this paper, Mr. L. 
A. Kilgore suggested that it be required 
that all end bells, air deflectors, and other 
stationary parts be in place when the test 
for stray loss in the stator ismade. Thisisa 
very constructive suggestion and I am in 
complete agreement. ; 


Discussions 


In closing, I would like to express my 
appreciation for the encouraging discussion 
of this paper. 


Analysis of Arc-Welding 


Reactors 


Discussion and author's closure of paper 45-29 
by Charles M. Wheeler, presented at the 
AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945, and published 
in AIEE TRANSACTIONS, 1945, March 
section, pages 87-90. 


G. H. Fett (University of Illinois, Urbana, 
Ill.): The author states that the magnitude 
of the welding inductance of the arc-welding 
reactor is best determined from actual 
welding tests. The experimental points of 
Figure 5 of the paper, showing the relation 
between optimum inductance and arc cur- 
rent, indicate that there must be consider- 
able variation in judgment of good welding, 
since the points given do not lie on a smooth 
curve. Furthermore the author apparently 
selects a value of current J’ arbitrarily 
greater than any for which he has obtained 
data and specifies that the inductance must 
have the value obtained for the smaller cur- 
rent Iw’. It would seem that there are other 
factors which specify the optimum welding 
inductance. 

If what constitutes satisfactory. welding 
could be determined quantitatively andinde- 
pendently of operator technique, then the 
welding inductance for optimum perform- 
ance could be determined. The use of the 
welding reactor has two objectives. First, 
it is to insure adequate voltage when the 
operator lifts the electrode from the work. 
When the generator is short-circuited the 
potential drop across the electrode-work 
junction is quite small. After the operator 
initiates the arc by lifting the electrode from 
the work, the potential drop across the cir- 
cuit must rise to the value equal to the sum 
of the cathode and anode arc drops plus the 
product of the potential gradient in the arc 
and the arc length. Evidently operator 
technique will enter into consideration, for 
the speed with which the arc is lengthened 
will determine the voltage rise which the 
welding generator and the welding reactor 
must supply. The anode and cathode drops 
occur instantaneously with the initiation of 
the arc, within less than 10~‘ second,! and 
these voltages also must be supplied by the 
circuit. The potential gradient will de- 
pend upon the electrode diameter, coating, 
and perhaps the actual length of the arc 
that is drawn. Since the cathode and anode 
drops do not exceed about 16 volts,? a value 
of welding inductance required to compen- 
sate for this voltagedrop becomes 16 X 1074+ 
di, where di is the largest current change 
which can be tolerated by the welding proc- 
ess. The actual value of the self inductance 
necessarily will be larger than this value to 
compensate for the gradient in the arc itself. 
When enough research work in this field is 
completed, it, too, may be susceptible to 
analysis. 


Second, the welding reactor must act to 


supply or absorb voltage as the are current 
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tends to change momentarily during the 
Process of welding. This smoothing action 
of the inductance must act swiftly to main- 
tain approximately constant thermal condi- 
tions in the arc, if the value of thermal time 
constant of 0.001 second is accepted as being 
correct. The tendency for the current to 
change during welding again would depend, 
among other things, upon the operator tech- 
nique. 

It is evident that certain of the factors 
which govern the size of the reactor to be 
tused can be evaluated. At present, how- 
ever, it would seem that the largest possible 
inductance should be used, because avoid- 
ance of the annoyance as well as the loss in 
production which results when the arc goes 
out will counterbalance the slight additional 
cost. One factor, which is not brought out 
in the paper but which has a direct bearing 
on the problem, is the effect of the induct- 
ance upon the metallurgical results of the 
welding. Has the author any direct evidence 
of difference in the quality of the weld which 
can be attributed directly to a difference in 
the size of the reactor? Such data would be 
an important supplement to the data of 
Figure 5. 


REFERENCES 


1. CatHope Drop oF An Arc, G. H. Fett. Journal 
of Applied Physics, volume 12, 1941, page 436. 


2. CATHODE Drop oF An Arc, G. H. Fett. Weld- 
ing Journal Research Supplement, volume 7, 1942, 
page 29. 


Charles M. Wheeler: In his discussion of 
this paper, Professor Fett has made the 
very sound observation that the establish- 
ing of basic criteria for optimum welding 
performance would more clearly establish 
quantitatively optimum values for induct- 
ance. 

The interdependence of inductance and 
transient-voltage characteristics with regard 
to their effect on arc stability makes the sub- 
ject complex beyond the scope of the 
present paper. This can be appreciated, be- 
cause the influence of inductance in welding 
is purely transient by its very nature and 
from a purely analytical approach must of 
necessity be evaluated in terms of the re- 
quirements of a particular source of power 
and a particular set of welding require- 
ments. 

The apparent anomalies of the experi- 
mental data represented in Figure 5 are due 
more to the different requirements of various 
types and sizes of electrodes than to the 
judgment of the welding operator. This 
has been demonstrated by repetitive tests 
with other operators. 

As Professor Fett has suggested, there is, 
indeed, need for more complete analysis and 
fuller evaluation of the requirements of 
welding arcs for stability and quality of 
welds in terms of the characteristics of the 
power source. Although there is no known 
conclusive evidence available on the effects 
of increasing inductances above that re- 
quired for stable-arc characteristics on the 
quality of welds, there is definite question as 
to whether the largest possible value of in- 
ductance would be desirable. 
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Power Supply for A-C 
Arc Welding 


Discussion and authors’ closure of paper 45-28 
by A. U. Welch and R. F. Wyer, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 22-26, 1945, and pub- 
lished in AIEE TRANSACTIONS, 1945, 
March section, pages 116-20. 


C. N. Clark (Duquesne Light Company, 
Pittsburgh, Pa.): Hundreds of a-c arc 
welders now are being supplied by the 
Duquesne Light Company. Some are in 
groups as large as 204 in one plant, and 
others are used singly or in small groups by 
many customers. From the reports re- 
ceived, the a-c arc welders are giving very 
satisfactory performance. In only a few 
cases have any troubles developed, and these 
were corrected by making relatively minor 
changes. 

Because of its size and power factor it 
usually has not been practical to serve the 
welding load from the average lighting 
service supplied from overhead trans- 
formers and secondary wiring. The usual 
method employed has been to connect the 
welders to a new or existing three-phase 
power supply, distributing the welders 
over the three phases. In the smaller shops 
where no three-phase service was available, 
a limited number of welders has been con- 
nected to a separate single-phase supply 
of suitable voltage. 

The voltage fluctuation on the 2,300- or 
4,000-volt supply circuit has not been 
sufficient to cause complaints, but there are 
certain outlying areas where their use would 
result in objectionable lighting flicker near 
and beyond the location of the a-c arc 
welder. In general, our customers have 
separated the lighting and welder circuits 
within their plants in order to avoid this 
type of interference. 

This paper has been discussed with some 
of our power salesmen and design engineers, 
all of whom showed considerable interest. 
Due to the lack of reliable information in 
the past on a-c are welders, the estimates 
of customer demands have tended to be on 
the safe side; and in some cases the capacity 
provided has been somewhat larger than 
would have been required after making 
proper allowances for diversity between 
welders. 

There seldom has been time available to 
contact the manufacturers of the equip- 
ment, and in many cases the customer had 
little or no performance data. On the 
Duquesne system these welders are being 
used both with and without capacitors. In 
certain plants the power factor of a group 
of welders is corrected by a single capacitor 
installation, and in others individual ca- 
pacitors are applied at each welder. 

In one plant 204 a-c are welders of the 
transformer type are now in_ service. 
Two hundred of these are equipped with 
atomic hydrogen jets, and the remaining 
four are of the full automatic type. 

The first transformer-type a-c arc welders 
were without capacitors. Others were 


‘added later with capacitors connected 


ahead of the welder switch. As a result of 
the capacitors, considerable trouble was 
encountered from high voltage during 
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periods of light load. This was corrected 
by adding an electronic control to dis- 
connect automatically the welder trans- 
former and capacitors when not in use. 

The four automatic a-c welders are pro- 
vided with full electronic control, including 
the timing of the are and disconnecting 
both the welder transformer and the ca- 
pacitor from the line between successive 
welds. 

At another plant 150 out of a total of 
800 are welders were of the a-c transformer 
type. In order to reduce the number of 
d-c welding machines required, the genera- 
tor fields were reconnected in such a way as 
to give practically flat voltage character- 
istics, averaging about 65 volts. Each 
motor generator set supplied two sets of 
leads and electrodes through variable resis- 
tors in series with each arc. The total 
demand of the 800 welders, with cranes 
and shop lighting was 5,800 kva. 


A. U. Welch and R. F. Wyer: The most 
important advantage obtained from the 
use of power-factor correcting capacitors on 
industrial welders is the considerable re- 
duction in full-load input current resulting 
in large economies in primary wiring, 
switches, and fuses. As was shown in the 
paper, this amount of capacitance may be 
too high in cases where large numbers of a-c 
welders only, operating at light duty, are 
installed on a circuit. However, in more 
usual applications of a few welders on 
circuits supplying other loads this difficulty 
is not experienced, and the capacitors result 
in reduced over-all loading of the circuit. 


The Power-Distribution 
Problem in Arc Welding 


Discussion and authors’ closures of paper 45-48 


by H. W. Pierce and C. E. Smith, presented © 


at the AIEE winter technical meeting, New 
York, N. Y., January 22-26, 1945, and pub- 
lished ‘in AIEE TRANSACTIONS, 1945, 


April section, pages 178-84. 


C. I. MacGuffie (General Electric Company, 
Schenectady, N. Y.): This paper covering 
the power-distribution problem involved in 
applying are welders to a very heavily con- 
centrated area supplies much factual data 
needed by welding engineers in many large 
shops. The authors are to be congratulated 
on this presentation of their solution to a 
major complex problem. 


They mention the use of 2,000-ampere — 


single-pole air circuit breakers in the feeders 
paralleling the shipways. This has not been 
general practice; many installations depend 
upon the breaker on the generator control 
panel for protection of the motor generator 
set, and it would be interesting to know if 
practice proved the desirability of these 
breakers. 


Another point of considerable interest is _ 


the use of two tackers on a single panel 
without objectionable interference between 
operators. Were any attempts made to 


interlock the welding circuits so that one 


operator could not draw welding current 
while the other operator was using the 
panel? 
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R. F. Wyer (nonmember; General Electric 
Company, Schenectady, N. Y.): This pa- 
per should be most interesting to anyone 
involved in the problem of applying the 
proper arc-welding equipment to relatively 
large installations. It answers a number of 
questions which have come up from time to 
time in such application work. 

In connection with the application of a-c 
are welding, the authors make the statement 
that its use in ship work on the ways is de- 
batable and point out that it is necessary to 
have moderately long lines from the ma- 
chine to the work. This suggests that the 
a-c welding system is not adaptable to long 
leads, a very widespread impression. Tests 
made in the welding shop, however, indicate 
that with properly designed a-c welders, 
particularly in ratings of 300 amperes and 
below, no account need be taken of lead 
lengths up to 250 or 300 feet, except where 
both an electrode lead and a work lead are 
used, and they are spaced widely so that 
their reactance is high. Where the return 
current is carried through a steel deck or 
floor on which the electrode cable lies, long 
lengths of lead may be used because the re- 
actance of the circuit including an iron-floor 
return is only slightly higher than the react- 
ance of a circuit consisting of electrode and 
ground lead taped together. 

Recognizing that on occasion conditions 
would be more severe, in that a good deal of 
iron could be included in the circuit loop in 
shipway work, we made some tests in ship- 
yards under very severe conditions. With 
the standard return-current connection 
from the bottom of the hull to an a-c welder 
on the ground and with a 300-foot electrode 
lead carried over the steel side and deep into 
the hold, a welding current of 280 amperes 
or greater could be obtained from a standard 
300-ampere a-c welder. 

Other tests have indicated that leads up 
to 400 or 500 feet long can be used with 
standard a-c welders of good design under 
ordinary conditions of operation, where the 
electrode lead is carried down through 
hatches and bulkhead openings, while the 
a-c welder remains on the deck or on a stag- 
ing platform. The one primary precaution 
is to avoid making a reactor by coiling the 
leads on an iron deck. Not only will this 
cut down the maximum obtainable current 
from the a-c welder, but also, as in the case 
of d-c welding, it/results in overheating the 
cables due to reduced cooling radiation and 
convection. 

It seems quite likely, in view of this flexi- 
bility with regard to lead lengths, that the 
advent of the high-quality all-position a-c 
electrode will result in its adoption for ship- 
way work in the near future. 

The authors’ comments about the difficul- 
ties involved in using single-operator d-c 
sets in large numbers recall an installation 
where underground substations about 12 by 
80 by 8 feet high were used to house 25 


_ single-operator sets each. This necessitated 


running 25 individual 4/0 cables the full 
length of the way from each machine room. 
And it resulted in losses of 75 kw, even at no 
load, to be dissipated in an underground 
room a little over half the size of my base- 
ment. 


H. Ww. Pierce: Mr. Wyer’s remarks on a-c 
welding for the shipways serve to prove the 
statement that this topic has two sides, and 
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that consistent improvement in both trans- 
formers and electrodes may lead shipbuilders 
to change their minds. Our experience with 
a-c in the turret shop, where moderately 
long leads and heavy masses of steel were 
involved, indicated a greater drop than Mr. 
Wyer claims. This is not in itself serious; 
the difficulty in this shop and for ship work 
lies in the change as the welder moves from 
one compartment or deck level to another. 
Although the work may be identical, as on a 
run of pipe, we feared the necessity of too 
frequent current readjustment. Coiling is 
almost impossible to avoid in the moves a 
ship welder makes and provides the best 
way of caring for excess cable when the job is 
near his outlet. Stretching out the full 
lengths to avoid reactive drop would penal- 
ize the operator and complicate the present 
difficult job of keeping passages and deck 
reasonably clear of hundreds of feet of 
cable. We have never noted evidence of 
overheating in the case of coiling d-c cables. 


Cc. E. Smith: The use of 2,000-ampere 
single-pole air circuit breakers, protecting 
the main welding feeder circuits, has proved 
highly desirable and additional cost can be 
justified by the following conditions. 


1. They afford protection for the individual feeder 
from fault and overload conditions. For example: 
with six 1,500-ampere welding machines operating 
in parallel on a common bus, supplying through 
four individual feeders, a group of 120 welders, 
only 25 per cent or 30 welders would be affected, 
because of the tripping of an air circuit breaker when 
fault or overload conditions arise, thereby saving 
75 per cent of work stoppage. 


2. The air circuit breakers become a means of 
disconnecting a circuit from the welding bus for 
shifting of welding outlet panels on a given circuit 
without a complete shutdown of the system. 


While this could be accomplished at ap- 
proximately half the cost by the use of large 
disconnecting switches, the load would have 
to be removed by shutting down all the 
individual resistor panels on the circuit, as a 
disconnecting switch could not be opened 
under load. Also it would require the sur- 
vey of the entire circuit and involve con- 
siderable time and loss of production. 

It has been found that the interlocking of 
welding circuits, due to the use of two tack- 
ers on a single panel, did not justify the ex- 
pense involved as the duty cycle is so low 
that there is little interference between the 
two operators. 


The Amplidyne Generator 
Applied to Speed- 
Controlled Electric Gun 
Turrets for Aircraft 


Discussion and author’s closure of paper 45-81 
by L. A. Zahorsky, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945, and published in 
AIEE TRANSACTIONS, 1945, May sec- 
tion, pages 221-5. ' 


J. D. Thompson (General Electric Com- 
pany, Schenectady, N. Y.): Mr. Zahorsky’s 
suggested specification for turret Amplidyne 
performance is very worth while and fulfills 
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a long-standing need for something of this 
sort. The surprising thing is that it has not 
been available before now. However, a 
great many not very well understood fac- 
tors, often insignificant on commercial ma- 
chines, enter importantly into the perform- 
ance of these high-speed aircraft Ampli- 
dynes, and it has been difficult to correlate 
the sometimes erratic performance of the 
machines alone with the seemingly satis- 
factory performance of the motor and con- 
trol combination. Ability to write such a 
specification at all represents a distinct ad- 
vance. Note that even this specification still 
leaves the application engineer and circuit 
designer with quite a problem when the slope 
of the no-load saturation curve can vary two 
to one. 

Item 2 in the section ‘‘Revised Limits and 
Their Purpose,’ seems somewhat mislead- 
ing and does not agree with the thought of 
item 2 of the “Typical Specification.” 
There is no occasion to check for zero volt- 
age regulation under any condition, and it is 
believed that Mr. Zahorsky meant to specify 
a definite positive voltage regulation with 
constant or zero control-field current as 
shown in Figure 6. Does Mr. Zahorsky be- 
lieve it feasible to take such a curve with 
zero control-field current? 


R. D.. Musselman (nonmember; Bendix 
Aviation Corporation, South Bend, Ind.): 
Mr. Zahorsky’s paper interested me greatly 
and I most heartily agree with the text. 
There is, nevertheless, one point that I 
believe should be covered, and that is the 
procedure for preparing the Amplidyne so 
that it can be properly compounded. This, 
I believe, is very essential to the successful 
performance of any Amplidyne. 


L. A. Zahorsky: The comments in Mr. 
Thompson’s discussion are quite appropriate 
and have a sound basis. He has pointed out 
that the slope of the no-load saturation curve 
can vary two'to one. This has to do only 
with the slope of the saturation curve at 
lower voltages and does not refer to the 
height of the saturation curve. The limit- 
ing saturation curves approach each other 
near the maximum output voltage. The 
wide variation in the slope of the saturation 
curve is intended to take care of the limits 
of performance over the wide range of tem- 
peratures.and loading the Amplidyne may 
receive. : 

Item 2 of the “Typical Specification” does 
not agree with item 2 of the ‘‘Revised Limits 
and Their Purpose’ as Mr. Thompson 
pointed out. This is the one place where 
the practical limitations of testing limit the 
specification so that it cannot attain the 
ideal.. It might have been better to write 
item 2 of the specification exactly like item 
2, “Revised Limits,” and specify in addition 
the test necessary to prove this condition. 
It is not feasible to take the curves shown 
in Figure 6 of the paper with zero-control 
field current due to the inherent instability 
in a unit with such rapidly rising character- 
istics. 

Mr. Musselman’s comments are very ap- 
propriate in the case where Amplidynes are 


applied to turrets for which specifications 


are the same as, or to tighter limits than, the 
specifications to which the Amplidynes were 
originally manufactured. Turret specifica- 
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tions can be made so that the Amplidyne, 
after being adjusted to the Amplidyne speci- 
fication, can be used in the turret without 
readjustment, following a functional test 
which can be taken on a cold unit. 


Anode-Circuit-Breaker 


Design and Performance 
Criteria 


Discussion and authors’ closure of paper 45-52 
by E. W. Boehne and W. A. Atwood, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 22-296, 1945, and 
published in AIEE TRANSACTIONS, 1945, 
June section, pages 337-45. 


R. C. Dickinson (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors of this paper show 
graphical illustrations of arc-back phe- 
nomena in mercury-arc rectifiers which are 
an aid in the visualization of the general 
nature of the complex events involved. 
However, in the writer’s opinion, the exact 
quantitative statements should not be taken 
too literally as some of the factors are still 
subject to controversy among many com- 
petent members of the profession. For 
instance, the are drop of the rectifier E, is 
chosen to be one-tenth of the alternating 
voltage. Thisis, of course, mathematically 
convenient but conflicts with large masses of 
empirical and theoretical evidence to the 
effect that the voltage across an arc is a 
function of are current and a number of 
other detailed factors having to do with the 
internal mechanism of the arc. For sim- 
plicity, an arc best can be visualized as a 
variable resistance. Evans and Maslin, in 
another paper,! show actual measured data 
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Figure 1. High-speed anode-breaker inter- 
ruption of artificial arc-back on large electro- 
chemical plant bus at transition from conduct- — 
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on the relationship of arc drop and arc cur- 
rent up to 80,000 amperes. 

The authors’ statement to the effect that 
two breaker characteristics are indicated do 
not agree with later statements in describing 
the new breaker. For instance, it is said 
that, with the open-chute construction, 
blowout coils contribute little to the over-all 
performance. This feature, together with 
other simplifications and improvements 
pointed out by the authors, makes it appear 
that the previous breaker, presumably of 
the light-duty type, is inferior to the new 
breaker, both as to simplicity and perform- 
ance. Therefore, why are two breakers 


indicated? 

It is to be noted that both the previous 
breaker and the new breaker have open-type 
are chutes, as the authors point out. It 
would appear that this type of arc chute 
would throw considerable flame and that the 
bare arc would extend considerably beyond 
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Figure 2 (above). Ar- 
tificial arc-back test in 
laboratory, with anode 
breaker, 8,500-kva 
transformer, and 750- 
volt d-c output 


Actual peak arc-back 
current, 62,500 amperes 


Figure 4. Complete 
six-pole anode breaker 


pletely enclose arc and 
project exhaust gases 
upward 
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Figure 3. Artificial arc-back test on anode 
breaker at 930-volt d-c output 


the confines of the chute. It also seems 
that the flame would have considerable 
horizontal component. These factors make 
it necessary to use considerable care in the 
physical location of the breaker in relation 
to personnel, ground, and other circuits, to 
guard against injury and extraneous JEU 
overs. 

This new design of breaker seems to have 
an unnecessarily high current-interrupting 
capacity. This feeling is based on the fol- 
lowing statement from the Seaman and Mor- 
ton paper,! referring to the same company’s 
previous anode breaker, ‘‘The advantage of 
this type of arc chute is, that having been 
designed for a specific voltage level, it has no 
current limitation.” It thus would seem 
unnecessary to extend the interrupting 
ability even beyond an unlimited value. 

The company with which the writer of 
this discussion is associated developed an 
anode breaker in 1941. It was tested ex- 
tensively in the factory test plant having 
6,000 kw of 750-volt d-c generating capacity 


4387 


for parallel feed. It also was tested in a 
large aluminum plant on 30 artificial are- 
backs made by short-circuiting a rectifier 
anode. Eleven 5,000-ampere rectifiers were 
on the d-c bus in addition to the one under 
test. These 30 tests were made with satis- 
factory performance, with and without the 
cathode reactor in the circuit. The breaker 
was left in trial service for about five months 
without reconditioning following the staged 
tests. Additional spontaneous arc-backs 
occurred during this period with good opera- 
tion in every case. Figure 1 of this discus- 
sion shows a sample oscillogram made 
during the staged tests. The limitation 
time is 0.42 cycle and total time is 0.69 
cycle. 

Figure 2 is an illustration taken from the 
afore-mentioned paper by Evansand Maslin, 
showing the anode breaker opening an arti- 
ficial backfire at 750 volts d-c output, with 
an actual peak current of 62,500 amperes, 
limited from 76,000 amperes without the 
anode breaker, Without the presence of a 
high-speed cathode breaker, both of these 
values would have been slightly higher. 

Successful laboratory tests also have been 
made on this anode breaker at 940 volts d-c 
output. Figure 3 shows a typical operation 
at transition. It will be noted that the 
limitation time of 0.41 cycle is approxi- 
mately the same as shown in Figure | at 
650 volts d-c output. 

Figure 4 shows our present design of 
anode breaker. The arc chute is a special- 
ized form of the magnetic deion type,?'® 
which has met with considerable success in 
both the d-c breaker and a-c power-breaker 
fields. This interrupter confines the arc 
to the interrupting chamber and directs the 
are products straight upward where they 
can do no harm. This breaker has six 
poles operated by a universal motor 
mechanism. It has stich features as indi- 
vidual pole tripping and closing without 
opening the remaining poles. In addition to 
extensive d-c tests, this breaker has been 
tested on a straight a-c circuit capable of 
delivering 83,000 amperes crest at 1,500 
volts rms on a single pole. 
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-R. D. Evans (Westinghouse Electric and 


Manufacturing Company, East Pittsburgh, 
Pa.): Boehne and Atwood have carried 
out an interesting and, no doubt, useful 
study to determine for the anode breaker the 
most suitable characteristics of arc voltage 
as to the instant of application, the magni- 
tude, and the wave shape. They state that 
the most favorable characteristics will not 
hold for circuits differing widely in the ratio 
wL/R, and that the higher values of this 


_ ratio are associated with circuits having the 


higher-interrupting-capacity requirements. 


The authors appear to attach considerable 
importance to the wL/R ratio of the circuit. 
However, if the authors had treated rectifier 
arc drop as a part of the circuit resistance 
and included it in the circuit ratio of oL/R, 
lower rather than higher values of the ratio 
in some cases would have been obtained for 
circuits of the higher-interrupting-capacity 
requirements. For this reason, I am 
skeptical of the usefulness of the correlation 
which the authors indicate between the cir- 
cuit wL/R and the interrupting-capacity 
requirements. It would appear to me that 
practical, rather than theoretical, con- 
siderations were controlling in the develop- 
ment of the anode breaker for the higher- 
interrupting-capacity range. 

The authors include in their paper two 
interesting oscillograms from arc-back tests. 
Their Figure 15 shows an arc-back on one 
phase which reached a crest value of 51,700 
amperes. This arc-back was cleared 
promptly by an anode breaker but it gave 
rise to a sympathetic arc-back on another 
phase which reached a crest. of 75,500 
amperes. In connection with Figure 14, 
the authors state that this circuit is capable 
of delivering a crest current of 88,000 am- 
peres, which figure appears to apply to an 
artificial arc-back simulated by a short- 
circuiting switch. It is of interest to com- 
pare these figures with those given in the 
paper* by A. J. Maslin and myself on the 
increase in current resulting from the use of 
a short-circuiting. switch to simulate an 
artificial arc-back. In our paper this in- 
crease was from 81,500 to 95,000 amperes, 
an increase of 16 per cent. In connection 
with Figure 14 it may be pointed out that 
trace F shows a current limit of 26,000 am- 
peres or less, which value may be compared 
with the data given in Figure 4 of our paper. 


E. W. Boehne and W. A. Atwood: Mr. 
Dickinson and Mr. Evans, in their discus- 
sions, have presented quite widely diverging 
and interesting viewpoints. Mr. Dickinson 
suggests that, for simplicity, the are of the 
rectifier best can be visualized as a variable, 
nonlinear resistance while Mr. Evans be- 
lieves that the rectifier arc should be con- 
sidered as part of the linear-circuit resistance 
and included in the wL/R ratio of the circuit. 
Both seem to have overlooked the validity 
of the essential contribution of the paper, 
namely, that the effect of the arc drop of the 
rectifier, as well as that of the breaker, may 
be evaluated correctly and accurately by 
considering each voltage to act alone to pro- 
duce its own current, the net circuit current 
being the algebraic addition of all compo- 
nents. This rigorous concept, a corollary of 
the superposition principle, recognizes the 
nonlinear nature of the arc, both in the 
rectifier and in the breaker, yet avoids the 
complexity of having to analyze quantita- 


tively this resistance as a variable circuit | 


parameter. After all, is this not the true 
simplicity which Mr. Dickinson seeks? 

A demonstration of this simplicity is the 
fact that the rectifier arc resistance for each 
diagram and equation in the paper is the 
constant rectifier drop E, divided by the 
actual reverse current. The rectifier re- 
sistance, therefore, automatically is assumed 
proportional to the reciprocal of the net 
circuit current. This nonlinearity is in- 


* See reference 1 of discussion by R. C. Dickinson. 
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corporated automatically in the analysis by 
the use of the simple linear equations de- 
veloped, and fortunately does not specifi- 
cally engage our consideration. This ap- 
proach is more than justified as a practical 
engineering expedient since at present we 
are not studying the rectifier but, instead, 
its influence on the breaker duty. 

Mr. Dickinson points out that a rectifier 
drop of only ten per cent of the alternating 
voltage is not representative of actual 
measurements. This is true. As stated in 
the paper, this choice of ten per cent is 
pessimistic and naturally will indicate a 
current slightly greater than expected. 
From a circuit-breaker-design viewpoint 
this is justified. The choice of ten per cent 
is no more mathematically convenient than 
the choice of 20 or 35 per cent. The recti- 
fier-arc-drop data presented by Evans and 
Maslin as well as that presented by Hers- 
kind and Kellogg in their discussion of that 
paper, record the peak instantaneous value 
of a fluctuating rectifier arc drop. How- 
ever, as adumbrated in our paper, the cir- 
cuit current, and hence the anode breaker, is 
cognizant essentially of the volt-time area 
of the rectifier drop as a measure of the 
current-throttling property of the rectifier 
during arc-back (see Figure 4 of the paper). 
Hence the choice of a rectifier drop (con- 
stant d-c value) of ten per cent of the alter- 
nating voltage should be compared with the 
average value of a measured fluctuating arc 
drop and not with the measured peak in- 
stantaneous value. Because of this fact 
the value of ten per cent (60 volts on a 650 
volt d-c rectifier system) is not as low as 
might be assumed. 

To demonstrate the flexibility of the de- 
veloped relations, Figure 1 of this discussion 
is presented which describes the variation in 
circuit current as a function of this assumed 
d-c value of rectifier arc drop, Ey. Also 
shown in this figure are the relative values 
of energy expended (during the flow ‘of 
reverse current) by the breaker, the rectifier, 
and in the circuit resistance which is con- 
sidered constant at one-eighth the equiva- 
lent circuit reactance (R = 0.1250L). 
Figure 2 of the paper forms one point on this 
diagram, namely for E,g=0.1E ¢-. Con- 
template the complexity of arriving at the 
data given in this figure if it had been de- 
cided to throw the rectifier arc resistance (a 
nonlinear parameter) in with the normal 
linear circuit resistance as suggested by Mr. 
Evans. 

It is interesting to note that the energies 
released within a rectifier during arc-back, 
on the basis of a flat top (d-c) rectifier drop 
(Figure 1 of this discussion) approach those 
liberated by the anode breaker when the d-c 
value of rectifier are voltage approaches 
0.375 of the alternating voltage, namely 220 
volts on a 650-volt d-c application. It is 
interesting further to note that, for this 
value of rectifier arc drop, the initial peak of 
the arc-back current (no breaker opening) 
is reduced just 15 per cent from the value 
obtained with no rectifier present, that is, 
by using a short-circuiting switch to initiate 
the reverse current. This is the percentage 
change which Mr. Evans has found by test, 


described in his discussion, shown in his 


Table II, and generalized in his paper.! 


This is confirmed further by the arc-drop | 


data given in his Figure 3, particularly for 


the first cycle of current in his reverse- 
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connected ignitron, namely, voltages in the 
region of 220 volts. From these considera- 
tions it appears that the are-drop data given 
in his Figure 3 might represent more of an 
average value of rectifier are drop or indi- 
cate that the rectifier drop is essentially flat 
at the levels shown. 

Mr. Evans draws attention to the fact 
that the sympathetic arc-back shown in our 
Figure 15 reached a crest of only 75,500 in a 
circuit capable of delivering a crest of 88,000 
amperes. From the ratio of these crests, 
namely 15 per-cent reduction, he suggests 
that the effect of this rectifier, in this circuit, 
reduced the available crest by 15 per cent. 
Actually, however, the sympathetic are-back 
is invariably lower in current magnitude 
than the normal arce-back since the opening 
of the initial arc-back (trace C) has robbed 
the sympathetic arc-back (trace F) of one of 
its principal sources of a-c current. The 
effect of the initial interruption of the 
original arc-back (trace C) is evidenced 
clearly on the sympathetic arc-back current 
(trace F) by a distinct lowering of the slope 
of the rising sympathetic arc-back current 
at the instant of the initial interruption on 
trace C. Even if sympathetic arc-backs 
were of the same magnitude as the initial arc 
backs, a more representative measure of the 
effect of the rectifier drop in this study 
would be obtained by comparing the 75,500- 
ampere peak of the sympathetic arc-back of 
Figure 15 (trace F) with the 79,000-ampere 
peak in the same leg as shown in Figure 14 
(trace F). Both currents were limited in 
magnitude by the same anode-breaker pole. 
This reduction in current is 4.5 per cent and 
not 15 per cent, which, from Figure 1 of this 
discussion, suggests an equivalent d-c rec- 
tifier arc drop in the neighborhood of ten per 
cent of the alternating voltage. The origi- 
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Figure 5. The effect of the magnitude of rec- 

tifier arc drop upon the relative current magni- 

tudes and energies released during a single 

loop of reverse current associated with a nor- 
mal arc-back. 


Rectifier arc drop E, is expressed in per unit 
of the nominal alternating voltage Eg, The 
numerical cases shown in the paper assumed 
the rectifier drop, Eq, to be ten per cent of the 
alternating voltage, Ege 
k =arc energy ‘released by the dnode breaker 
in Watt-hours per megavolt-ampere 
kp=are energy released by the rectifier in 
watt-hours per megavolt-ampere 
kpz=energy released by the circuit resistance 
(R=0.125wL) in watt-hours per meade 
_bmibere \ 
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nal are-back in Figure 15 (trace C) rises 
only to 51,700 amperes due to the large 
initiating angle (8) of 75 degrees following 
conduction. (See equation 6.) 

The last sentence of Mr. Evans’ com- 
ments probably refers to Figure 15 instead 
of Figure 14 to show that the forward cur- 
rent of trace F reached 26,000 amperes 
(13,000 amperes per anode) before the sym- 
pathetic are-back occurred. It is interest- 
ing to note that, on the large rectifier in- 
stallation where oscillograms of Figures 14, 
15, and 16 were taken, a total of over 300 
simulated arc-back tests gave rise to less 
than three-per-cent sympathetic arc-backs, 
although the nominal crest of the forward 
currents ranged from 12,000 to 15,000 
amperes per anode. Figure 15 exhibits one 
such occurrence. At no time did sympa- 
thetic arc-backs occur on the other wye. 

The size and design of an anode-breaker 
are chute are governed more by the circuit 
voltage than by the current requirements. 
This was emphasized in the Seaman-Morton 
Paper (reference 1). The subject breaker, 
although designed to meet the heavy current 
requirements of a 650-volt (d-c) service will 
remain the smaller lower duty of the two 
breakers indicated. This is justified natu- 
rally by the simpler design. Withthe trend 
toward higher voltages a new anode breaker 
tested for 900-volt service, at available cur- 
rents in excess of 100,000 amperes, and 
serviceable for the increase in duty of the 50- 
cycle over the 60-cycle system is available. 
This will become the larger of the two 
breakers indicated. Such breakers are be- 
ing furnished to a large foreign customer. 
Both breakers exhaust their are products 
above the breaker and only the normal pro- 
cedure and precautions are recommended 
in locating the breaker with respect to per- 
sonnel, ground, and other circuits. This is 
based upon test and the experience gained 
with several hundred anode breakers in 
regular service for over two years in this 
country. 

With reference to Figure 1 of the discus- 
sion by Mr. Dickinson, the final current 
zero in this 650 test is so located with re- 
spect to the ‘inverse voltage as to question 
the over-all time of 0.69 cycle. Using the 
60-cycle timing wave shown on this film, a 
more competent measurement of the over- 
all time appears to be 0.75 cycle instead of 
0.69 and a time to crest of 0.44 instead of 
0.42. The rate of rise of current in this test 
is about 7,500,000 amperes per second. The 
initiating angle of the arc voltage of effec- 
tively 150 degrees may be compared with 
Figure 6 in the paper with respect to arc 
energy and initial recovery voltage. The 
actual energy released in this test is about 47 
watt hours. Large typical 850-volt instal- 
lations for 50-cycle operation will require an 
energy release in excess of 110 watt-hours per 
interruption. The corresponding breaker 
of General Electric manufacture has been 
tested in circuits whose voltages exceed the 
900-volt d-c rectifier application, releasing 
energy in excess of 170 watt-hours per opera- 
tion as compared to 85 watt-hours required 
on the largest 60-cycle 650-volt installation 
in this country. 

Hence, the two breakers indicated, and 
available, are dictated principally on a 


voltage basis which, in turn, has defined the 


two kilovolt-ampere levels. The fact that 
high rates of rise of current and high values 


1 of wL/R are associated with the higher 
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kilovolt-ampere systems is not a controlling 
feature as suggested in Mr. Evans’ discus- 
sion. They both contribute to the. in- 
creased kilovolt-ampere requirements which, 
in turn, are a measure of the energy re- 
leased. The voltage requirement is the 
basic controlling feature of the design. 
This is emphasized with the realization that, 
for all practical purposes, the maximum 
breaker duty at each voltage increases much 
faster than the first power of the ratio of the 
voltages. 

The practicality of a theoretical analysis 
is not measured by our understanding of the 
theory, but rather by the degree to which it 
approximates faithfully the phenomena 
which we observe. ‘Theoretical considera- 
tions, when extended beyond engineering 
requirements to include all the minor 
second-degree phenomena, will, in the limit, 
predict the observed phenomena in every 
detail. Ironically enough, when carried to 
this degree, such theoretical considerations 
often become impractical. Moreover, there 
is no road to a practical analysis by launch- 
ing out with a basic misconception especially 
when a simpler, more exact, approach is at 
hand. A simple rigorous approach to the 
anode-circuit-breaker problem has been pre- 
sented, which has not only produced 
qualitative and quantitative results. which 
mirror the observed phenomena, but has 
afforded a clearer insight into the part 
played by each controllable element of the 
circuit. The concepts are applicable to 
numerous electronic circuits. In a fuller 
sense, the subject paper is an application of 
the principles outlined in an earlier paper 
referred to in reference 5 of the paper. 


Arc-Backs in Rectifier 
Circuits—Arrtificial Arc- 
Back Tests . 


Discussion and authors’ closure of paper 45-20 
by R. D. Evans and A. J. Maslin, presented) 
at the AIEE winter technical meeting, New 
York, N. Y., January 22-296, 1945, and pub- 
lished in AIEE TRANSACTIONS, 1945, 
June section, pages 303-11, 


C. C. Herskind (General Electric Company, 
Schenectady, N. Y.): The artificial arc~ 
back tests described in the Evans and Mas- 
lin paper contain much valuable data om 
rectifier operation during arc-back. The 
basic factors bearing on the problem of arc- — 
back protection are discussed, and values _ 
are given for some of the factors for par- 
ticular test conditions. 

As the authors state, the values given in 
the paper apply to a particular rectifier. 
It is the purpose of this discussion to pre- 
sent data for similar equipment of different 
design. 

With reference to Abe characteristics of. 
the rectifying elements, the probability of — 
arc-back at fault currents for a large pumped 
ignitron of size comparable to that referred - 
to in the paper but of different design is 
shown on Figure 4 of reference 1. These 
data indicate a fault-current capacity at 
least 50 per cent greater than that shown by 
the curve in the paper. Although these data 
were obtained from current-limit tests made 
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on a single ignitron in accordance with the 
method described in reference 1, experience 
indicates that the values are accurate. 

In view of the similarity of the two de- 
signs and the fact that both are operating 
in the field under similar conditions with 
good results, the current values given in the 
paper appear to be low. Do the authors 
have any explanation for this difference? 

The arc-drop characteristics for this same 
large pumped ignitron are shown on 
Figure 1. These data indicate a definite 
relationship between the crest value of the 
arc-drop voltage during tiormal conduction 
and the probability of arc-back on the suc- 
ceeding inverse cycle. When the arc drop 
exceeds 100 or 120 volts, arc-back usually 
follows. This behavior is shown clearly by 
oscillographic records of current-limit tests 
taken at the same crest current, In test 
30 the rectifier carried the fault current suc- 
cessfully, whereas in test 31 it arced back 
in the succeeding inverse period. 

Current-limit tests on sealed ignitrons of 
approximately 1/, the diameter of the large 
pumped ignitron have shown a fault-cur- 
rent capacity nearly equalling that of the 
large ignitrons. Also, the sealed ignitrons 
have a somewhat lower arc drop than do the 
large pumped ignitrons. 

In general, it is preferable to arrange recti- 
fier circuits so that the fault current on the 
normal anodes during arc-back does not ex- 
ceed the fault current capacity of the rectify- 


_ ing element, that is, the probability of sym- 


pathetic arc-backs is low. But this should 
not be considered essential to successful 
operation, as there are undoubtedly a num- 
ber of successful installations in service 
where the fault-current capacity is exceeded. 
In such installations, provision must be 
made to limit the sympathetic arc-backs to 
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the other anodes of the unit and prevent 
their extension to other rectifiers operating 
in parallel. For example, when anode 
breakers are used, the high-speed cathode 
breaker does not provide any added protec- 
tion, except under conditions where sympa- 
thetic arc-backs are obtained. Under such 
conditions high-speed cathode breakers 
shorten the duration of the disturbance to 
the d-c system and reduce the probability 
of are-back on parallel rectifiers. 

When sympathetic. are-backs are ob- 
tained, it should be recognized that the dura- 
tion of the fault and the duty on the equip- 
ment may be increased. It is particularly 


Figure 2A. Current-limit test 30 


A—60-cycle timing wave 
B—Grid-to-cathode voltage 
C—Grid current. 
D—Anode-to-cathode voltage 
E—Anode current 
F—lgnitor-to-cathode voltage 


desirable to avoid sympathetic arc-backs on 
sealed-tube rectifiers, as the life of the tube 
may be affected. Fortunately, small sealed 
rectifiers of the pool type generally have a 
high fault-current capacity. 

The magnitude of the are-back current is 
an important factor in the transformer de- 
sign. In general, the maximum arc-back 
current exceeds the crest current which 
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Figure 2B. Current-limit test 31 


A—60-cycle timing wave 
B—Grid-to-cathode voltage 
C—Grid current 
D—Anode-to-cathode voltage 
E—Anode current 
F—Ignitor-to-cathode voltage 
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would be obtained on symmetrical short cir- 
cuit. The ratio of maximum arc-back cur- 
rent to the crest current on symmetrical 
short circuit for any rectifier installation 
depends upon the speed of the protective 
switchgear and the reactance in circuit. 
The authors indicate ratios ranging from 
1.56 to 1.83 for the equipments tested. 
These are quite usual values for equipment 
of the type described. However, other ratios 
may be employed successfully by proper 
co-ordination of rectifiers, transformers, and 
protective switchgear. 

The artificial arc-back test recorded on 
Figure 10 of the paper shows an unusually 
large feed from the anodes of the normal wye 
following the interruption of the d-c feed. 
Did the transformers used in these tests 
have the usual degree of interlacing? 

Some transformer failures were experi- 
enced on early rectifier installations because 
of voltage surges. Voltage surges caused 
by arc extinction were eliminated success- 
fully by the use of surge absorbers. Im- 
provements in rectifier design have reduced 
the probability of surges produced by heavy 
currents. Numerous surge measurements 
on large rectifier installations during the 
past ten years confirm the results of the 
surge-voltage tests reported in the paper. 


REFERENCE 


1, THR TESTING OF Mercury-Arc RECTIFIERS, 
H. L. Kellogg, C. C. Herskind. AIEE TRANSAC- 
TIons, volume 62, 1943, December section, pages 
765-73. 


J. H. Cox (Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa.): 
In Figure 4 of the Evans and Maslin paper 
the authors have presented a fault-current 
limit curve based on their analysis of oscil- 
lograms taken in some 100 artificial arc- 
back tests in the laboratory. The figure also 
contains points resulting from five such tests 
on an ignitron in regular service. They 
point out that the laboratory tests were 
made on a new, and therefore unseasoned 
ignitron, and also that the facilities avail- 
able did not permit the rectifier to be loaded 
at full load for a long enough time to bring 
it to what might be called normal operating 
condition. They also point out that the 
data from the field tests were too few to in- 
dicate much, when considered in connection 
with a curve based on the probability of are- 
back. 

Because of the surprisingly, and disturb- 
ingly, low current values indicated by the 
curve of Figure 4, particularly in the lower- 
percentage regions, a series of field tests 
were tnade on the same design of ignitron 
connected to a bus of ample capacity in regu- 
lar service, to obtain data extensive enough 
to establish a more adequate curve for 
normal conditions. As expected, these data 
produced a curve having appreciably higher 
current values, particularly in the lower- 
percentage region. At the 90-per-cent point 
on this new curve the fault-current limit is 
approximately 26,000 amperes, and at the 
ten-per-cent point it is 20,000 amperes. 
Also, the curve does not meet the zero- and 
100-per-cent lines at sharp points but tapers 
off, as would be expected of a probability 
curve. : 

From an application point of view, it is 
the lower portion of the curve that is most 
important. At least from a service-outage 
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viewpoint, the region of the curve where a 
large percentage of the current applications 
result in arc-backs is not very important. 
This, of course, is particularly important for 
applications where use must be made of 
trip-free anode breakers which remove from 
service only those phases which arc-back. 
It is suggested that the ten-per-cent point 
be used in such considerations. 

The field test also included short circuits 
made on the rectifier when cold. These 
produced data too erratic for plotting. They 
indicate that the fault-current limit of a 
rectifier tube when cold cannot be depended 
upon, even though the tube be thoroughly 
seasoned. 


R. D. Evans and A. J. Maslin: C. C. 
Herskind and J. H. Cox have contributed 
valuable discussions, supplementing our 
paper in a number of respects. Mr. Her- 
skind has inquired pertinently as to the 
reason for the differences between the cur- 
rent-limit test data on similar rectifiers as 
given in Figure 4 of our paper and by 
Figure 4 of his reference 1. We, also, were 
aware of these differences and discussed 
with Mr. Cox the desirability of field tests 
subsequently made and reported by Mr. 
Cox in his discussion. It is important to 
recognize the current values that practically 
are sure to result in an arc-back are closely 
the same for the three sets of tests; thus, 
Kellogg and Herskind give 25,000 amperes 
for 100-per-cent probability, our paper gives 
24,000 amperes for 100-per-cent proba- 
bility, and Mr. Cox gives 26,000 amperes 
for 90-per-cent probability. It is to be 
noted that the curve from the paper by Kel- 
logg and Herskind shows zero probability 
for currents below 21,000 amperes, while the 
corresponding figure from our paper is 
13,000 amperes, and a still lower figure was 
obtained by Mr. Cox. In our opinion the 


curve should be asymptotic to the X axis, | 


and it occurs to us that the reason for the 
shape of the curve obtained by Kellogg and 
Herskind may have been the result of a 
limited number of tests in comparison with 
the hundreds of test points obtained in the 
other two series of tests. Another and 
probably an important difference may be 


‘anticipated as arising from the differences 


between seasoned units operating with 
normal-temperature conditions in the field 
and green units operating with subnormal 
temperatures in the laboratory. This dif- 
ference between laboratory and normal field 
conditions was pointed out in our paper. 
Apparently these differences do not affect 
appreciably the current-limit value for a 
probability of 90 or 100 per cent, but they 
do increase importantly the probability of 
arc-back for lower currents. 

Mr. Herskind asked whether the tests cor- 


responding to Figure 10 of our paper were 


obtained on circuits supplied by transformers 
with closely coupled secondary windings. 
In reply we would say that the secondary 
windings were closely interlaced, giving an 
impedance diagram similar to that of Figure 
2 of our paper. ~ % : 
We note with interest that Mr. Herskind 
states that the voltage-surge measurements 
made by him and his associates confirm the 
results of surge tests and conclusions pre- 
sented in our paper that modern power rec- 
tifiers are unlikely to give rise to important 
overvoltages. : ges! 
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Rectifier Fault Currents 


Discussion and author's closure of paper 45-51 
by C. C. Herskind and H. L. Kellogg, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945, and 
published in AIEE TRANSACTIONS, 1945, 
March section, pages 145-50. 


R. D. Evans and A. J. Maslin (Westinghouse 
Electric and Manufacturing Company, East 
Pittsburgh, and Sharon, Pa.):; The methods 
of calculating rectifier-circuit fault currents 
outlined in the paper by Herskind and Kel- 
logg are an important addition to the pub- 
lished information on the subject. Three of 
the more important factors influencing the 
magnitude and duration of the transformer- 
secondary-circuit currents during sustained 
d-c short ircuits are: 


1. The magnitude and disposition of reactances in 
the a-c circuit. 


2. The magnitude of the inductance in the d-c 
circuit, 


3. The method of firing the rectifier elements. 


The duration is increased when the react- 
ance is in the secondary circuit rather than 
in the primary circuit and by the presence 
of inductance in the d-c circuit. The dura- 
tion is less for a controlled rectifier than for 
one continuously excited and not controlled. 
In practice the duration of the transformer 
secondary currents usually will exceed 180 
degrees, a Circumstance resulting chiefly 
from inductance in the d-c circuit. Recti- 
fier short circuits, including consideration 
of primary reactance, are treated at length 
by W. Schilling! and by Prince and Vogdes.? 

The principal parts of this paper by Hers- 
kind and Kellogg and the paper by Evans 
and Maslin? deal with arc-back phenomena 
from the circuit standpoint. It is pertinent, 
therefore, to compare the treatments pre- 
sented. Evans and Maslin analyzed seven 
factors that influence arc-back currents and 
supplemented this by discussion as to arc 
drops for heavy currents, current limits for 
ignitron tubes, effects of saturation, and the 
characteristics of sympathetic arc-backs. 
Methods of making artificial arc-back tests 
are discussed and results of such tests made 
in the laboratory and in the field are given. 
Herskind and Kellogg present a mathe- 
matical analysis of the faults on a single 
wye together with a discussion of methods 
for extending the application to other recti- 
fier circuits. They also present the results 
of some artificial arc-back tests and com- 
pare the results of tests and calculations. 
To a considerable extent, the papers supple- 
ment each other. 

Herskind and Kellogg have introduced a 
logical analytical attack on the problem of 
calculating arc-back currents. Their method 
uses the conventional transient solutions 
for circuit changes caused by the beginning 
or end of conduction in each rectifier phase. 
We, independently, adopted the same mathe- 
matical approach, but carried it out in 
somewhat different fashion as we finally 
chose to represent arc drop as a resistance, 
instead of a counterelectromotive force as 
the authors have done. This difference 
should result in somewhat smaller arc-back 


currents, since arc-drop data given in Figure 


3 of the Evans and Maslin paper are some- 
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what higher than the are drops or rather 
counterelectromotive forces assumed by the 
authors. This should lead to somewhat 
closer checks with test results, since the data 
given by Herskind and Kellogg generally 
show test values lower than or equal to cal- 
culated values. It may be mentioned that 
the authors’ method applied to test condi- 
tions described in the Evans and Maslin 
paper appears to give closer checks between 
tests and calculations than for some of the 
tests reported in their own paper. We have 
no explanation for this condition, unless the 
tests with low values were actually below 
the maximum that might be obtained for 
the circuit conditions. 

The agreements between tests and calcu- 
lations of arc-back currents are not all that 
could be desired. For example, the authors 
give in line 3 of Table I for an arc-back on a 
wye a calculated figure of 14,300 amperes 


‘and a test figure of 10,600 amperes. Again 


from lines 5, 6, and 7 of Table I for arc- 
backs with back feed from a d-c bus, the 
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calculated figures are 62,000, 83,200, and. 
92,700 amperes but the test figures are 
46,000, 54,200, and 79,400 amperes, respee- 
tively. In each of these cases the calculated 
figures are from 35 to 50 per cent greater 
than the test results. Actually the dis- 
crepancies are greater than these figures 
show, because, as the authors mention, the 
calculated values include the effect of arc 
drop resulting from arc-back currents in the 
phase subjected to arc-back, whereas the 
tests do not, since they were made with a | 
short-circuiting switch. This would increase 
the discrepancies by about 16 per cent, a 
figure which was pointed out in our discus- 
sion of the paper by Boehne and Atwood‘ or 
which may be derived from data given in the 
Evans and Maslin paper. 

In their paper the authors give principal 
attention to the arc-back current during the 
first cycle. In our paper we have given 
considerable attention to the currents that 
would obtain after the back feed from the 
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d-c bus has been removed and the feed 
through the interphase transformer from the 
other wye has reached a steady value. The 
currents contributed by the two anodes in 
the same wye group as the faulted anode is, 
of course, the determining factor in the total 
arc-back current. The contribution from 
the other wye, while smaller, is in many 
cases by no means negligible. This is shown 
clearly in oscillogams of Figures 10 and 11 
of the Evans and Maslin paper. An equiv- 
alent circuit similar to Figure 9 of the 
authors’ paper is closely representative of 
the actual circuit. The curves plotted on 
Figure 1 of this discussion were calculated 
for the circuit shown. The ratio R/X =1/3 
was calculated from the known characteris- 
tics of the circuit including a resistance 
equivalent for the arc obtained from Figure 
3 of the Evans and Maslin paper. The 
plotted points are taken from the oscillogram 
shown in Figure 11 of that paper. The 
agreement between test and calculated 
values for the first third of a cycle is ex- 
tremely good. At this time the opening of 
the high-speed cathode breaker manifests 
itself. When this breaker opens, the back- 
feed circuit is switched from the entire bus 
to merely the other wye of one trans- 
former, and its contribution is therefore re- 
duced. For the remaining two-thirds of the 

ycle, therefore, the test current is materially 
below the calculated value. These curves 
and test points indicate that the arguments 
supporting the simplified arc-back current 
shown in Figure 11 of the authors’ paper are 
not justified. 

In concluding it must be recognized that 
the task of calculating arc-back currents has 
only begun but that the authors have made 
an important contribution in publishing the 
solution for an arc-back on a single wye. 
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C. C. Herskind: Mr. Evans and Mr. Mas- | 


lin suggest that arc drop be represented as a 
‘resistance rather than a counterelectromo- 
tive force in the calculation of fault currents. 

Both methods have been employed by the 

authors. The choice of method is largely a 

matter of convenience, and it should be 

recognized that both are only approxima- 


tions of the actual effect of rectifier arc drop. 


Good agreement between test and calcu- 


_ lated values is not always” obtained for 


reasons which have been set forth in the 
paper. There are two general reasons for 
poor agreement, namely, either incomplete 
or inaccurate circuit data or inadequate 
- analytical treatment. The means for cor- 
recting errors arising from the first cause are 


obvious. However, further analyses ‘are 


2. Arc-back with d-c feed, including the contribu- 
tion of the normal anodes of the faulted wye. 


It is hoped to treat these cases in future 
work. 


Voltage and Current Relations 
tor Controlled Rectification 


With Inductive and 


Generative Loads 


Discussion and author's closure of paper 45-53 
by K. P. Puchlowski, presented at the AIEE 
winter technical meeting, January 22-26, 
1945, and published in AIEE TRANSAC- 
TIONS, 1945, May section, pages 255-60. 


V. B. Baker (nonmember; Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa.): Mr. Puchlowski’s 
paper is a worthy addition to the limited 
technical literature on the theory of con- 
trolled rectification. His analytical ap- 
proach and straightforward derivation of 
certain fundamental expressions for con- 
trolled-rectifier voltages clearly emphasize 
the concept of “critical angle of firing’ and 
the effect of load character on rectifier out- 
put voltage. Distinction between continu- 
ous and discontinuous current conduction is 
extremely important in many rectifier ap- 
plications, and his treatment of the “‘critical 
angle of firing’ which separates the two cases 
is particularly enlightening. 

The average rectifier voltage as given by 
equation 18 would appear to be independent 
of the power factor of the rectifier load. 
However, for a given angle of ignition X,, 
the angle of extinction X, is dependent upon 
the load impedance. That is, the total 
period of anode conduction, being deter- 
mined by X; and X,, is a function of load 
impedance, and, consequently, the average 
rectifier output voltage is very definitely 
dependent upon load character. 

As an alternative to the method of 
gradual approximations used in the paper 
for calculating the angle of extinction, the 
following may, in certain cases, prove to be 
somewhat simpler. With reference to equa- 
tion 12 


cos @ sin (X,—0@) —a+ 
_Xs—xXf 
[a—cos 6 sin (Xy—6)]e tan@ =0 


From the chart, Figure 5 of the paper, the: 


approximate angle of extinction, X;, may be 
determined for the particular conditions in 
question. Using two values of X, in the im- 
mediate vicinity of the angle of extinction 
obtained from Figure 5, calculate the abso- 
lute values given by the first part of equa- 
tion 12, namely, 


cos @ sin (X,—8) —a 


Plot these values as ordinates against X, 
as abscissa, and connect the two points so 
plotted with a straight line. 

Repeat the above procedure using the 
same two values of X, in the latter part of 
the equation 12, namely, 


and plot these two points on the same graph. 
Where the two curves intersect defines the 
desired value of Xs. 

This method assumes that the two parts 
of equation 12 are straight lines, but, if the 
two values of X, chosen are close together 
and the point of intersection lies between or 
near these values of X,, the assumption is 
reasonable, and the value of X, obtained 
from the intersection is quite accurate. 


K. P. Puchlowski: Mr. Baker’s outline of a 
graphical method for the determination of 
the angle of extinction x, is undoubtedly a 
valuable addition to the analytical method 
of gradual approximations given in the 
paper. The graphical method also may be 
used successfully in conjunction with the 
analytical method as a means for checking 
the results obtained analytically. 

With reference to Mr. Baker’s remark con- 
cerning equation 18 of the paper and the ef- 
fect of load impedance angle on the recti- 
fier output voltage represented by that 
equation, it must be pointed out that for 
discontinuous current the rectifier output 
voltage and the load terminal voltage are al- 
ways a function of the impedance angle of 
the load. This is expressed clearly in equa- 
tions 18 and 21, since, as Mr. Baker has 
remarked, the angle of extinction x, appear- 
ing in these equations is a function of the 
impedance angle @ as represented by equa- 
tion 12. 

The importance of expression for the d-c 
load terminal voltage, equation 21, particu- 
larly should be emphasized. The signifi- 
cance of this equation lies in its. general 
character and its validity for all the cases 
of controlled polyphase rectification with 
either discontinuous or continuous conduc- 
tion, and for any combination of resistance, 
inductance,.and counterelectromotive force 
in the load circuit. 

Thus, in the case of continuous conduction 
the angle of extinction becomes 


; Qe 
Xs =xXy+— 


p 


and the load terminal voltage can be ob- 
tained directly from equation 21 by simple 
substitution 


, _ PEs 2a 2x 
Lac ~ /am cos x7— Cos a oes ren 


where a 
= 

kW ee 

It should be noted that this is the equa- 
tion 3A given in the paper, and here the 
load terminal voltage is.independent of the 
load circuit constants and characteristics. 

Further, if the arc voltage drop is neg- 

lected, @ becomes equal to zero. Then, by 
substitution in equation 3A 


pu —29r 

2p 
where ¢ is the angle of the delay of ignition 
beyond the natural commutating point, we 


obtain the familiar form of the expression 
for the rectifier output voltage: 


x= +¢ 


needed particularly for 


Xs—X 


fa 1. Arc-back in a wye, including the contribution f ge cee 
[a— cos 6 sin (X,—6) ]e tan@ 
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which is a particular case of the general 
equation 21. 

Thus, the equations 2, 3A, and 18 in the 
paper and equation 2A can be derived di- 
rectly from the paper’s general equation 21. 


Electrolytic Corrosion— 
Methods of Evaluating 


Insulating Materials Used 
in Tropical Service 


Discussion and authors’ closure of paper 45-73 
by B. H. Thompson and K. N. Mathes, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945, and 
published in AIEE TRANSACTIONS, 1945, 
June section, pages 295-9. 


E. K. Cliver (Celanese Corporation of 
America, Newark, N. J.): The authors are 
to be commended on their ingenuity. The 
data presented in this paper will be of 
great value to the electrical industry and to 
to the armed services. Naturally, anything 
new, including atest method, brings up 
questions, arguments, and discussions, if it 
is of any interest. It is hoped that the fol- 
lowing discussion will help to clarify some 
points mentioned in the subject paper. 
Since all untreated fabrics produce es- 
sentially the same corrosion current at 100- 
per-cent relative humidity plus dew, this 
condition does not appear to be suited to 
evaluating insulating materials for use in a 
particular application. For, if a fabric is 
desirable for other reasons, it offers no way 
to choose which fabric shall be selected. In 
showing that there is little difference in the 
corrosion currents of cotton and cellulose- 
acetate fabrics, we feel sure that the authors 
did not mean to imply that, for tropical 
applications, one may use cotton fabric 
indiscriminately rather than. cellulose-ace- 
tate fabric. As mentioned in the paper, 
fabrics generally are not used untreated. 
As also mentioned in the paper, treated 
fabrics in service are at some moisture con- 
dition below the atmospheric humidity to 
which the device is exposed. This, accord- 
ing to the Table I of the paper, means that 
treated insulation never reaches 100-per- 
cent relative humidity plus dew. Also, 
under conditions of a potential difference 
between the component and ground, the 
losses in the component would tend to raise 
the internal temperature above the dew 
point. With no voltage applied, any corro- 
sion which occurred would be of a purely 
chemical nature and could be discovered in 
the laboratory without applying any voltage. 
At any humidity lower than 100 per cent 
plus dew, cellulose-acetate fabric offers 
distinct advantages over cotton or paper. 
It also gives a factor of safety at the exposed 


edge of a slit tape and in the case of cracks 


or abrasions in the treating material. In 


‘ease of an actual soaking, cellulose acetate 


will rid itself of moisture much faster than 
cotton. There appears to be no evidence 


_ that any other fabric should be substituted 


for cellulose-acetate fabric. — 


Another point calling for discussion is the 
ing film of moisture. _ 


nature of the conduct 


ne 


oy ee 


Weare not convinced that the corrosion cur- 
rent, for materials containing no known cor- 
rosive matter, is not entirely a function of 
the physical structure of the moisture film. 

The fact that the curve for corrosion cur- 
rent versus the conductivity of the water 
extract passes through zero for fabrics and 
papers is not convincing as the current flows 
through a continuous water path'in either 
case and the water, in each case, contains 
the same materials in solution. If the curve 
did not pass through zero, there would be 
more cause for investigation. It does not 
seem reasonable that cellulose-acetate fabric 
should show up so much better than cotton 
at all humidities below 100 per cent plus 
dew and then suddenly produce as much 
contamination as cotton. Figures for water 
alone, plotted on the same curve, would be 
interesting. 

As for films, the fact that acetate and 
polystyrene films cause-a water film to take 
the form of Figure 10A of the paper would 
indicate that there should be less current 
flow than caused by fabrics. A microscopic 
examination of the moisture on various films 
might correlate water-film structure directly 
with corrosion current. The fact that the 
curve for corrosion current versus conduc- 
tivity of water extract for films does not 
pass quite through zero adds a straw to the 
weight of this evidence. However, the fact 
that it so nearly passes through zero lends 
considerable we'ght to the argument in favor 
of the corrosion-current method. 

Certain tests, made at widely separate 
times, have shown inconsistencies in the 
corrosion-current test versus the visual test 
for cellulose-acetate films. Certain samples 
shown to be highly corrosive in the visual 
test were shown later to be noncorrosive ac- 
cording to the corrosion-current test. The 
reverse also was true. Further tests may 
show that materials being compared will 
have to be tested at. the same time to give 
significant comparative data. 

In going over the data presented, our curi- 
osity was aroused by the apparent effect of 
thickness on the corrosion current in the 
case of cellulose-acetate films. In Table 
III of the paper as cellulose-acetate films A, 
B, and C increase in thickness, their cor- 
rosion currents increase and the incréase in 
current is much more rapid than the increase 
in thickness. It appears possible that, if 
fairly thick films are used the thickness will 
have no effect on the corrosion current, but 
it also appears possible that thick films in 
general may show up much worse than thin 
films. No explanation was given in the 
paper as to why one plastic film about ten 
times the thickness of another should be 
more than 1,000 times as corrosive. 

It is indicated in the paper that the cur- 
rent at the end of 15 seconds is a direct meas- 
ure of corrosion resistance. However, much 
electric equipment would be under continu- 
ous d-c stress and, therefore, the ultimate 
conductivity or corrosion current would ap- 
pear to be more indicative of corrosion resis- 
tance than the current after 15 seconds. 
This is borne out by the data given in Table 
IL of the paper. It is shown that the first 
two materials have corrosion currents in the 
ratio of 4:3. From this it might be assumed 
that the time required for each to corrode 
would be in inverse ratio and of the same 
magnitude, but the data indicate that the 
time ratio is 1:7. The same thought applies 
to the rest of Table II and, instead of the 
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ratio of times to corrode for the second and 
third items being a little over 1:4, he actual 
time ratio is 21:1. 

In conclusion, we would like to express the 
opinion that the data mentioned in this 
paper are extremely interesting and bring 
up many important questions, but they 
would appear to be a little brief. We be- 
lieve that much more work is necessary to 
strengthen or disprove the case for the cor- 
rosion-current test. It appears desirable 
to give further study to the nature of the 
moisture-film structure, to the behavior of 
treated fabrics, to the effect of the thickness 
of films, to the shape of the curves for cor- 


.rosion current versus time, to the range of 


values for a single material, and to the co- 
ordination of the corrosion-current tests 
with the visual- and tensile-test methods 
since both of these, and especially the ten- 
sile test, are used more generally. It also 
would be desirable to study data on corrosion 
currents at humidities below 100 per cent 
plus dew as these lower humidities appear 
more nearly to represent actual insulation 
conditions in the tropics and elsewhere. 
The concluding statement “‘Since so many 
factors may produce electrolytic corrosion, 
only actual test (of the finished component, 
we assume) can be the deciding factor’’ is 
most significant. It would lend much value 
to the corrosion-current method if it could 
be correlated with field data. Industries’ 
preference for cellulose-acetate fabric and 
film apparently indicates that they have 
proved to be desirable materials in the field. 


R. J. Oace (nonmember; Minnesota Mining 
and Manufacturing Company, St. Paul 
Minn.): The corrosion-current test, backed 
by such excellent data as presented in the 
report, should find ready acceptance by the’ 
electrical industry. However, based on our 
experience, it is misleading to call corrosion 
current a test for electrolytic corrosion. Al- 
though the correlation of these results to an 
actual corrosion test is close, I do not feel 
that the identical property is being tested 
in both cases. The property it does measure 
is very similar to that which is commonly 
referred to as “insulation resistance.” ¢ 


Some impurities, such as sulphur, tend to. 


localize the corrosion. A given corrosion 
current concentrated at one point in a wire 
would cause failure much sooner than if the 


same corrosion current were distributed — 


evenly along the wire. Ina corrosion test, 
such points on a wire would be the portion 
of main interest. In the corrosion-current 


test, they would be averaged out and would | 


not affect the final result. 
Theoretically, materials such as glue, 

glycerin, and cellulose, undergo electrolysis | 

during the process of electrolytic corrosion. 


This produces more ions, hence more cur- e 


rent carriers, as the corrosion process pro- 
ceeds. 


An instantaneous reading of corro- — 
sion current would miss this factor. ' 


f 


Figures 5 and 6 in the paper indicate that — 


an appreciable amount of polarization occurs” 


during continued application of current, 


tending to reduce the current. This effect 


is opposite to the previously mentioned ef- 
fects, and might explain correlation of cor- 


rosion and corrosion current for some ma- 


terials. : f ; 
It is my hope that both electrolytic-cor- 
rosion and corrosion-current tests can be 


developed to high degrees of accuracy, and 


| 
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that the full meaning of each, with respect 
to practical application in the field, will be 
established. 


B. H. Thompson and K. N. Mathes: We 
agree with Mr. Cliver in respect to the rela- 
tive merits of cotton and cellulose-acetate 
fabrics. Values of corrosion current at a 
humidity of 96.5 per cent are given in Table I 
of this closure. The 1,000 to 1 superiority 
of cellulose-acetate is quite convincing. 

It is our opinion that the conductivity of 
the film of moisture on fabrics and papers, 
Figure 9 of the paper, is due almost entirely 
to the ions absorbed by the moisture from 
the material. Since the curve passes 
through zero, the absorption of ionized ma- 
terial from the insulation must contribute 
predominantly to the corrosion current. 

The apparent correlation between corro- 
sion current and film thickness for cellulose 
acetate in Table III of the paper is acci- 
dental. The data given were selected to 
show the wide range of values for different 
types of cellulose acetate. For films which 
absorb little water, the corrosion current is 
independent of the thickness, as shown in 
Table II of this closure. 

In general, we have had very good agree- 
ment between the results with visual tests 
and those with current tests, using the value 
15 seconds after the application of voltage. 
Erroneous results occasionally have been 
obtained with films at a humidity of 100 
per cent plus dew, which were caused by 
drops of water spreading and bridging be- 
tween the electrodes. This happened more 
often with the visual test because of the 
longer time that the test specimens were 
exposed to the high humidity. 

In reply to Mr. Oace, most investigators 
agree that, at the higher humidities (above 
20 per cent), the conduction is almost com- 
pletely ionic.’ It may be looked at as either 
a conductor or a resistance. We have pre- 
ferred the first when referring to corrosion, 
as an increase in one is accompanied by an 
increase in the other. 

The results of a large number of tests indi- 
cate that materials which tend to produce 
pits in the copper of the visual test also 


_» give relatively high corrosion currents. 


t 


We never have observed an increase in 
corrosion current with time, although insu- 
lating materials containing glue, glycerin, 
and cellulose have been tested. This has 


Table I 


Corrosion Current, 
Microamperes, 
at 96.5-Per-Cent 
Humidity 


Table Il 
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Average Corrosion 


Thickness, Current, Micro- 
Mils amperes 
Cellulose acetate..... 77 rire ce 0.014 
Cellulose acetate..... De Oke atest retseens 0.0074 
- Cellulose acetate. .... EAs Sr eae 0.0045 
Cellulose acetate. .... M)Vanare Reo 0.048 
- Cellulose acetate..... 22s Oat et. 0.013 


.- 
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been checked by repeated applications of 
voltage at sufficiently long time intervals to 
permit recovery from polarization. 
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Preferred Practices for Electric 
Control Devices for Aircraft 


Discussion and author's closure of paper 45-74 
by F. W. Hottenroth, Jr., presented at the 
AIEE winter technical meeting, New York, 
N. Y., January 22=26, 1945, and published 
in AIEE TRANSACTIONS, 1945, April 
section, pages 197-200. 


E. P. Barlow (nonmember; Glenn L. Mar- 
tin Company, Baltimore, Md.): Mr. Hot- 
tenroth’s proposal that the AIEE develop 
environmental and operating voltage stand- 
ards for electric devices used on aircraft is 
concurred in most heartily.. The need for a 
comprehensive standard, which will be 
recognized by all parties concerned, is most 
urgent. In the past it often has been neces- 
sary for each aircraft manufacturer to urge 
upon equipment manufacturers certain 
standards which we felt to be absolutely 
necessary but which the equipment manu- 
facturers often believed to be unduly severe. 
This was true particularly of those cases 
where we, as aircraft manufacturers, felt 
that the requirements of existing Govern- 
ment specifications, covering similar equip- 
ment, were not sufficiently rigid to insure the 
satisfactory operation of the device under 
the operating conditions which have become 
progressively more severe during the recent 
rapid development of military aircraft. An 
adequate set of standards will save a great 
deal of time previously spent in negotiating 
these items as they affected each piece of 
equipment purchased. It is suggested 
strongly that, in preparing these specifica- 
tions, the AIEE confer with the National 
Aircraft Standards Committee and with 
representatives of the United States Army 
and Navy. 

It is recommended that the proposed 
standards be worked out to cover both high- 
and low-altitude conditions. Requirements 
for modern military aircraft indicate that 
we certainly must consider altitudes as high 
as 50,000 feet. However, there are other 
types of aircraft, including, I hope, a large 
volume of small commercial planes, for 
which such a requirement would be most 
unwarranted in that it would result in an 
article unnecessarily heavy and expensive. 

It also is recommended that a similar 
breakdown be made in connection with the 
vibration requirements where the standard 
should recognize three different conditions: 


1. Items mounted directly on the engine itself. 
Vibration characteristics of the various engine and 
propeller combinations should be obtained from all 
reliable sources: the engine and propeller manu-’ 
facturers, together with the United States Army 
and Navy, will be the primary source for this in- 
formation. Some aircraft manufacturers also will 
be able to contribute valuable data. 


2. f Items mounted on the engine bearer or any 
quickly removable portion of the engine installa- 
tion, but isolated from the engine itself by the 
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vibration absorbing engine mounts. The vibration 
in this area will be less severe but probably will 
exceed the requirements for area number 3. 


3. Items mounted in any portion of the airplane 
other than the engine section. 


With specific reference to Mr. Hotten- 
roth’s proposed “Standards for Electric 
Control Devices Used on Aircraft,” the 
clause, ‘‘under any combination of these con- 
ditions,” in paragraph A, is most important 
and should under no circumstances, be de- 
leted. The references, in the paper, to vibra- 
tion amplitude (paragraph A, item 3 and 
paragraph B, item 1) might be clarified by 
inserting the word ‘‘single’”’ before ‘‘ampli- 
tude’’ in both places. In order to eliminate 
completely any possibility of misunderstand- 
ing, it is recommended also that the “‘total 
excursion” be given immediately following 
the single amplitude; namely, “‘(total ex- 
cursion of 0.030 inch)” in paragraph A, 
item 3 and “‘(total excursion of 0.060 inch)”’ 
in paragraph B, item 1. With reference to 
paragraph B, item 2, it is recommended 
that temperature cycles in which the device 
is carried alternately from the highest to the 
lowest temperature be added to the proposed 
requirement. Many devices. employing 
plastic material will function satisfactorily 
the first time at —70 degrees Fahrenheit 
but after prolonged exposure to 200 de- 
grees Fahrenheit they lose their plasticizer 
and the next operation at reduced tempera- 
ture —70_degrees Fahrenheit leads to fail- 
ure. Withreference to paragraph C, item 1, 
it is recommended that consideration be 
given to eliminating the fixed upper limit 
of coil temperature, namely, 325 degrees 
Fahrenheit, in favor of a statement to the 
effect that ‘““Coil temperatures must be such 
that, with maximum volts and 200 degrees 
Fahrenheit, ambient temperature, and with 
the device mounted on aluminum plate in 
accordance with reasonable design practice, 
no significant deterioration of the insulation 
shall occur within a period of one hour.” 
The intent of this change would be to allow 
scope for the use of the improved insulation 
materials now becoming available. 


F. W. Hottenroth, Jr.: Mr. Barlow’s fine 
discussion requires no rebuttal. We ap- 
preciate the good judgment shown by an 
aircraft manufacturer in realizing that 
standards which are more severe than neces- 
sary penalize the control by making it un- 
duly heavy and thereby penalize the planes 
on which the controls are used. We think 
his suggestions should be incorporated in 
any standards issued by the AIEE. 
Control manufacturers are not trying to 
hedge on standards in order to simplify 
their own problems. They want to build 
devices which will do their job well and will 
be as light as possible. A clear statement of 
requirements and environmental conditions 
by aircraft manufacturers and by the repre- 
sentative branches of our Armed Forces will 
eliminate many present misunderstandings. 
There are some items in the proposed 
standards which definitely are controversial. 


Written discussion had been expected from 


interested individuals in the Bureau of 


Aeronautics and the Army Air Forces 


Electrical ‘Equipment Laboratory. This 
applies particularly to the standards on 
vibration and clearances between parts of 
opposite polarity. Possibly such discussion 
may be forthcoming in time for a later issue. 
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Nine Years’ Experience 
With Ultrahigh-Speed 
Reclosing of High-Voltage 
Transmission Lines 


Discussion and authors’ closure of paper 45-57 
by Philip Sporn and C. A. Muller, presented 
at the AIEE winter technical meeting, January 
22-26, 1945, and published in AIEE 
TRANSACTIONS, 1945, May section, 
pages 225-8. 


David C. Prince (General Electric Com- 
pany, Schenectady, N. Y.): It has been 
recognized for many years that the economic 
value of high-voltage transmission lines 
depends to a large extent upon the relia- 
bility of service that can be obtained from 
them. The greatest single threat to this 
continuity of service is lightning. Light- 
ning strokes striking a line cause flashovers. 
These, until cleared in some manner, inter- 
rupt the transmission of power over the line. 

The normal method of clearing such a 
flashover is to open circuit breakers on both 
sides of the fault. During the time, be- 
tween the initiation of the fault and the re- 
closing of the circuit breakers, there is no 
force to hold the two ends of the line in syn- 
chronism, so that if this gap is long enough 
the two lines must be resynchronized before 
the circuit breakers can be closed. This 
produces a considerable interval during 
which the line is out of service and may re- 
duce its economic value to a considerable 
extent. P 

Three solutions to this problem have been 
employed. One is a duplicate transmission 
line located far enough away so that the 
same lightning stroke may not cause flash- 
overs cf both lines. Another solution is the 


_ general installation of expulsion gaps. And 
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the third solution is the use of Peterson 
coils. These solutions are quite expensive 
and therefore materially reduce the eco- 
nomic value of a single transmission line. 

It was recognized several years ago that, 
if it would work, a much simpler and less 
expensive solution to the problem would be 
obtained if the circuit breakers could be 
tripped and reclosed in such a short time 
that no resynchronization would be re- 
quired—and therefore, in effect, no practical 
discontinuity in the service would result. 
Exploration of the practical possibilities of 


this approach has required consistent work . 


over a period of years. 

At the start it was not known how quickly 
a circuit could be reclosed without re- 
establishing the arc responsible for the 
original outage. In the absence of this 
knowledge it was not possible to see whether 
or not high-speed-reclosing circuit breakers 
and relays, if developed, would accomplish 
any useful result. Therefore, an extended 
series of tests was initiated, first in the 


laboratory and then in the field, in which a“ 


fault was thrown on a circuit and cleared 
through one circuit breaker, while a second 
circuit breaker was used to close the circuit 
again and clear again if a second fault de- 
veloped. In this way the dead time, that is, 


‘the time during which the line was de- 
energized, could be made as short as desired. _ 


The variation in necessary dead time with 
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clearing time, current, various amounts of 
wind, and so forth, was investigated. It 
was found that with an eight-cycle breaker 
and 12 cycles of dead time the fault rarely 
would re-establish itself. 

In that work we in the General Electric 
Company had the pleasure of co-operating 
with Mr. Sporn and his engineers of the 
American Gas and Electric Service Corpora- 
tion, and I had the honor of participating as 
a joint author with Mr. Sporn in reporting 
this work to the AIEE in 1937.1 

The combination of relays and high- 
speed-reclosing circuit breakers accordingly 
was set up on the above basis. It was 
realized that in the event of multiple light- 
ning strokes the last stroke might restrike 
the are just as the circuit was being re- 
closed. However, no method of predicting 
the frequency of such occurrences was 
apparent. 

This dead period was found to be short 
enough so that the lines would not lose syn- 
chronism, and therefore the procedure ap- 
peared to take care of the service in all cases 
except those due to permanent line damage. 
From this point on it was a question of ex- 


perience to determine whether the preva- . 


lence of multiple lightning strokes or any 
other unpredictable phenomena would affect 
seriously the economic value of high-speed 
reclosing. That question could be settled 
only by tests extended over a considerable 
geographical area and over a considerable 
period of time. 

Mr. Sporn has had the courage to extend 
high-speed reclosing over a considerable 
area, and he and Mr. Muller are now able to 
report the result of this installation over a 
period of nine years—during which this 
courageous procedure has been amply 
justified. 

While it probably should not be claimed 
that high-speed reclosing should supersede 
all other methods of improving continuity of 
service, it does provide a very powerful 
added tool, which can be used effectively not 
only in extending electric service provided 


- by single transmission lines but also in im- 


proving the continuity of operation of exist- 
ing lines with a minimum of cost. The 
value of this tool has been enhanced con- 
siderably during the period covered by the 
paper by the increase in relay speeds and 
both the opening and closing times of 
breakers. *— 

This program has been a source of great 
satisfaction to all those concerned in it, and 
Mr. Sporn and Mr. Muller are to be com- 
plimented for the way in which the program 
has been carried on to such a successful out- 
come. 
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S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The record of high- 
speed reclosing presented by Mr. Sporn and 
Mr. Muller represents an outstanding ac- 
complishment. Particularly worthy of 
careful general consideration are the 65 re- 
ported unsuccessful reclosures, of which 
eight were attributed to permanent faults 
and others to nonsimultaneous relaying and 


out-of-step operation. 


| Discussions — 


If we consider the possible reasons for 
unsuccessful reclosure, the following classifi- 
cation might be made: 


1. Permanent faults. 
2. Restriking of are. 
3. Irretrievable loss of synchronism. 


Some methods of reducing the possibility 
of these three major reasons for unsuccessful 
reclosure also might be listed as follows: 


1. Permanent faults. 


(a) . Reduction in mechanical failures by improved 
design and structure of line. 


(6). Reduction in terminal-apparatus insulation 
failures by co-ordinated overvoltage protection, 
solid- or low-impedance system grounding, and cir- 
cuit breakers having a minimum tendency for re- 
striking. 


2. Restriking of arc. 


(a). Reduction of clearing time so as to allow for 
necessary deionization time. 


(b). Application of carrier-current relaying so as 
to provide simultaneous clearing of breakers of 
faulted section. 


3. Irretrievable loss of synchronism. 


(a). Reduction in clearing time and use of lowest 
reclosing time which will permit deionization of arc. 


(b). Co-ordination of system design for stability, 
such as use of high-voltage bussing and intermediate 
switching stations on parallel lines. 


(c). Rational selection of type of reclosing, single 
phase or three phase, and corresponding reclosing 
times. 


(d). Proper application and maintenance of mod- 
ern control equipment, such as voltage regulators 
and governors. 


There may be added other means for de- 
creasing the unsuccessful reclosures, the im- 
portance and practicability of which will 
differ between systems and will depend upon 
relative cost and economics. As the above 
list illustrates, a good record with high-speed 
reclosure is more apt to be obtained from a 
system which has used other complimentary 
modern practices. 

Still further improvement possibly may 
be obtained, depending upon future de- 
velopments, by 


1. Co-ordination of out-of-step relay blocking 
with preselected points of system separation for 
irretrievable loss of synchronism. 


2. Relaying and switching which allows for maxi- 
mum possible deionization time, as a function of 
fault severity and line electric loading. 


It fully can be expected that in the future 
systems will be designed and operated with 
higher electric transmission-line loadings 
and that high-speed clearing and reclosing 
co-ordinated with system design, relaying, 
and control will play an important part in 
making this possible. It would seem, there- 
fore, that the authors have every reason for 
their continued expectation for ever greater 
and improved performance by the use of 
three-cycle fault clearing breakers. This 
step logically can be expected, as the authors 
have believed unerringly from the begin- 
ning, to further the practicability and value 
of high-speed reclosing. 


H. N. Muller, Jr. (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): It is gratifying to all ‘who 
have advocated the application of high- 
speed reclosing to transmission circuits to 


see the impressive figure of 89.6-per-cent. 


successful reclosures given by the authors. 
This is particularly true of the paper by Mr. 
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velopment pioneered by the authors. 


Sporn and Mr. Muller, since the system 
under investigation is quite large and in- 
cludes many transmission circuits in differ- 
ent locations and of different types of con- 
struction. 

The discusser notes with interest the five 
unsuccessful reclosing operations experi- 
enced during 1943 and 1944 on the Saltville— 
North Bristol line. Mr. Sporn and Mr. 
Muller attribute these unsuccessful opera- 
tions to loss of synchronism between con- 
nected synchronous sources during the fault 
and the de-energized period. Since insta- 
bility is given as the cause for these opera- 
tions and since the authors go on to explain 
that the faults were undoubtedly other than 
three phase in nature, the possibility of suc- 
cessful operation, had selective-pole relaying 
and reclosing been used, naturally presents 
itself. It would be interesting indeed to see 
the results of a stability analysis performed 
to indicate whether the higher transient 
stability limits obtainable with selective- 
pole switching would have presented a 
stable solution. 

By way of brief explanation, the term 
selective-pole relaying and reclosing is used 
to designate the system of operation where- 
by only those phase conductors involved 
during a transmission-line fault are de- 
energized and reclosed. Thus, during all 
but three-phase faults, either one or two 
phase conductors are available for the trans- 
mission of synchronizing power, and an in- 
crease in transient power limits results. 
The term single-pole reclosing sometimes is 
used. 

Of course, it is recognized by the discusser 
that this form of relaying and reclosing was 
not available in 1940, the time when the 
Saltville-North Bristol transmission line 
was equipped for ultrahigh-speed reclosing. 

It also would be of interest to the indus- 
try, if some analysis could be made and data 
assembled indicating the prevalence of 
different types of faults which make up the 
total of 635 flashovers recorded: by Mr. 
Sporn and Mr. Muller. Numerous investi- 
gators have estimated what percentage of 


‘transmission-line faults may be single line- 


to-ground in nature, double line-to-ground, 
phase-to-phase, or other types, but seldom is 
there such a large number of carefully re- 
corded flashovers available for analysis. 
The discusser does not know whether such a 
compilation of data is possible, but, if it is, 
it should be of interest to many. This is 
particularly true since various types of con- 
struction are included in the large number 
of circuits involved. 

The discusser expresses complete agree- 


- ment with all five conclusions listed in the 


paper. 


_E.E. George (Southwesi Power Pool, Little 
~ Rock, Ark.): 


This paper gives a valuable 
summary of operating experience with\a de- 
In- 
stantaneous reclosing of one end of a tie line 


and of feeders began in 1932, but simultane- 


ous reclosing of both ends of tie lines was 


first used in the Fort Wayne area of the 
American Gas and Electric system in 1936. 


This development was promoted by the 
operating company rather than by a manu- 
facturer. The results have been so uni- 


_ formly successful that henceforth the burden 


of proof should be on the operating engineer 


_who fails to use high-speed reclosing on his 


tie lines. There is no other way of getting 
so much service improvement for so little 
money. 


Philip Sporn and C. A. Muller: The analy- 
sis of the causes of unsuccessful performance 
is always an important step in improving 
apparatus, and Mr. Crary’s list of possible 
causes of failures is quite comprehensive. 
Tratismission-line and station design details 
must be reviewed in the light of experience 
with permanent faults, and improvements 
made when indicated. Co-ordination of 
insulation levels is important not only in 
connection with ultrahigh-speed reclosing 
but also in the more general problems of 
system operation. Solid system grounding 
is employed at all generating points except 
Reusens. 

The general nature of the problems of suc- 
cessful reclosing of the Roanoke—Reusens 
lines was recognized at the time the installa- 
tion was planned. It appeared impractical 
to redesign the existing station at Reusens 
to provide solid grounding, and it was ex- 
pected that sufficient successful reclosures 
would be obtained to justify the high-speed- 
reclosing equipment. The record of 65'/2 
successful reclosures fully bears out this 
expectation. 

Carrier-current relay protection is con- 
sidered an essential to simultaneous opening 
of both ends of a line, and all lines except 
West Lancaster-Anchor Hocking are so 
equipped. This latter line has one-cycle 
pilot-wire relaying, and so far no operations 
have occurred. All breakers reclose 18 
cycles after the trip coil is energized, and 
about ten per cent of them are eight-cycle 
tripping, the remainder being five cycles. 
Successful reclosures of the two types of 
breakers are in about the same proportion, 
indicating that ten cycles of de-energized 
time is sufficient for deionization. Progress 
can, therefore, be expected in avoiding loss 
of synchronism, as breakers with shorter 
tripping time and consequent shorter re- 
closing cycle are developed. Almost all of 
the generators are equipped with modern 
voltage regulators and governors, and this 
apparatus is given careful maintenance to 
insure its correct operation. 

Mr. Prince has been associated with the 
development of ultrahigh-speed reclosing 
since its beginning, and his faith in its ulti- 
mate value to power transmission has con- 
tributed greatly to its successful develop- 
ment. His discussion presents the larger 
picture of the position which this tool has 
assumed in over-all system operation and 
outlines very well the alternatives which 
must be considered in deciding where it 
should be applied. 

H. N. Muller’s discussion suggests the 
possibility of improved performance on the 
Saltville-North Bristol line by the applica- 
tion of single-pole tripping and reclosing. 
It was thought in the beginning by the 
authors that in general the improvement in 
system stability which single-pole operation 
provided was not sufficiently great to justify 
the added complications in relaying which 
were necessary. As relaying and breakers 
are improved, it is recognized that it well 
may be in order to review this original opin- 
ion. Itis also true that a general conclusion 
does not always apply to specific problems, 
and the absence of a stability study of this 
particular line makes any definite answer 


— Discussions 


impossible at this time. Mr. Muller also 
suggests the value of further data on the 
types of faults which make up the total re- 
corded. Unfortunately, this sort of classi- 
fication has not been compiled, and the 
amount of statistical work involved in mak- 
ing it is prohibitive at this time. However, 
it is the opinion of the authors that such a 
classification would not differ materially 
from the figures which have been published 
previously by other investigators. 

The authors feel that the case for ultra- 
high-speed reclosing can be stated no better 
than has been done by E. E. George: 
“there is no other way of getting so much 
service improvement for so little money.”’ 


Graphical Method of 
Calculating Fault 
Currents on Rural 
Distribution Systems 


Discussion and author's closure of paper 45-8 
by F. W. Linder, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945, and published in AIEE 
TRANSACTIONS, 1945, January section, 
pages 16-19. 


Max W. Rothpletz (Rural Electrification 
Administration, St. Louis, Mo.): The 
author is to be complimented on his prac- 
tical contribution to the methods of calcu- 
lating short-circuit currents. This. method 
produces a graphical record of the current 
magnitudes so that anyone who has be- 
come accustomed to its use can be quite sure 
that no mistakes have been made in calcu- 
lations of line impedances. 7 

An alternate method of calculating fault 
currents employing triangles is described 
briefly. As a matter of additional interest, 
we might mention that this method has been 
used extensively in preparing short-circuit 
studies for Rural Electrification Administra- 
tion-financed systems. The original tri- 
angles for REA use were designed in the 
spring of 1941 by the late Lieutenant 
John Hey. 

The reference to ‘‘two-phase lines”’ in the 
paper obviously is intended to describe a 
line comprising two phase wires and a 
neutral of a three-phase system. To dis- 


_tinguish this type of line from a true two- 


phase line, it is suggested respectfully that 
the Standards committee establish a more 
definite name for such a circuit. Possibly 
the term “‘V phase” would be appropriate. 

While the observations made in the paper 


covering calculation of source impedance 


are correct when applied to relatively large 
power sources, we might add that many 
REA-financed rural systems are energized 
by small co-operatively or municipally 
owned generating plants. Under certain 
conditions, dependent upon the positive and 
negative sequence reactance, the line-to-line 
or line-to-ground fault currents supplied by 
these small plants may be greater than the 
three-phase fault current. Where such sup- 
ply, conditions exist, it will be necessary to 
calculate impedances for all probable types 
of faults. Regardless of the size of power 
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source, fault currents under all probable 
conditions should be calculated for the load 
side and the equivalent current on the supply 
side of the substation so that co-ordination 
of load- and supply-side sectionalizing de- 
vices may be checked. 


John G. Holm (Boston Port of Embarka- 
tion, Boston, Mass.): The author’s method 
of calculating distribution-system fault cur- 
rents is sufficiently straightforward and 
simple to expect that it will find applications 
for the purposes intended. 

The part of the method on which, to a 
great extent, depends the accuracy of the 
results obtained is the correct location of the 
starting point. In determining the co-ordi- 
nates of this point, the magnitude of the 
short-circuit kilovolt-amperes on the trans- 
mission line at the location of the substation 
plays an important part, contributing per- 
haps as much as 25 per cent to the total ac- 
curacy. Since there are several methods in 
use in determining the short-circuit kilo- 
volt-amperes at a certain point in the sys- 
tem, it is therefore quite appropriate that 
the author should indicate the method for 
their calculation which he considers neces- 
sary and sufficient in the application of his 
proposed graphical procedure: Should it be 
the method proposed by a subcommittee 
of the Institute committee on protective de- 
vices, or is it proposed that the decrement 
curves be used; is the load on the distribu- 
tion system to be taken into account, and, 
if so, what assumptions are made in this con- 
nection? Admittedly, too much precision is 
not justified, since the author’s graphical 
method involves other assumptions; such 
as in regard to the resistance and reactance 
components of the conductors, and the very 
significant fault resistance. Still, additional 
comments on the determination of the mag- 
nitude of the short-circuit kilovolt-amperes 
to be taken with the graphical method sug- 
gested are desirable, for they would place 
the method on more secure foundation and 
would contribute to its being more accurate 
and consistent. 


J. M. Wallace (Westinghouse Electric and 
* Manufacturing Company, East Pittsburgh, 


Pa.): The graphical method of fault-cur- 
tent calculation described by Mr. Linder 
answers a long needed* requirement for a 
simple method which is readily understand- 
able. Heretofore, the calculations of fault 
currents have required considerable work 
and a background in mathematics not al- 
ways possessed by those wishing to make 
such calculations. This method will permit 
the accurate calculation of fault currents 
by one who is acquainted with the system 
being studied, but who may not have the 
requisite background for the methods pre- 
viously available. ; 

An outstanding advantage of this new 
method lies in the similarity of the completed 
diagrams to the system maps. This readily 
makes apparent the physical picture of what 


takes place in the system. Consequently, 


it is more readily understandable and in 
turn more usable. The actual location of 
protective devices can be shown on the 
charts and this should prove an aid in sys- 
tem planning. 
The readiness with which changes in the 


_ system can be evaluated is another desirable 
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attribute of this method. In the case where 
the system is to be extended, it is quite 
simple merely to add further extensions to 
the existing diagrams and thus it is easy to 
keep the diagrams up to date on an expand- 
ing system. It should be noted that the 
recalculation of the system upon changes 
in source capacity is easy, especially in view 
of the amount of labor involved in the meth- 
ods heretofore available. 

Mr. Linder is to be congratulated upon 
this new method described in his paper, as 
it is felt that he has devised a tool of great 
practical usefulness. 


F. E. Andrews and R. O. Askey, (Public 
Service Company of Northern Illinois, 
Chicago, Ill.): A number of simplified 
methods are in use by different engineers for 
making fault-current calculations on dis- 
tribution circuits. The method proposed 
by Mr. Linder appears to be a valuable 
contribution to the subject of fault-current 
calculation. It is our observation that the 
utility of any given method depends upon 
the user’s familiarity with it. Accordingly, 
where a certain method has been in use for 
some time, the most efficient procedure inso- 
far as time saving is concerned is for the in- 
dividual to continue the use of the method 
to which he is accustomed. 

Suggestions to increase the value of and 
ease of using the method proposed by Mr. 
Linder are: 


1. The author goes through a calculation to derive 
equivalent source ohms from source short-circuit 
kilovolt-amperes. A simpler method would be to 
start with source short-circuit amperes in terms of 
the reference voltage. A line would be drawn on 
the diagram at the slope corresponding to the source 
impedance angle used, that is, ratio of 0.98 to 0.2 
in the author’s example. The source short-circuit 
amperes would then be laid off directly on this line 
using the current scale of the diagram. 

In case a more accurate starting point is desired 
than provided by an assumed standard source- 
impedance-line slope, it can be determined easily 
from the short-circuit ampere value expressed in 
complex quantity terminology. 


2. To provide distribution-substation transformer- 
bank scales similar to the line mileage scales. The 
slope of these scales would be determined by the 
transformer impedance angles. The scales would 
be marked off in transformer sizes, one scale for 
each per cent impedance value required. If trans- 
former impedance is standardized fairly well a 
single transformer scale probably would suffice, 
which might have the same slope as the source im- 
pedance line previously suggested, as in the case of 
the author’s example. 


8. If data are at hand on the short-circuit current 
available at the load side of the transformer bank, 
a further simplification can be effected by using this 
value as the starting point on the current diagram 
as described in item 1. 


The statement is made in the paper that 
40 ohms is a reasonable value to assume for 
fault resistance. It would be of consider- 
able interest to know the basis for this as- 
sumption, and the corresponding value 
which might be assigned for circuits operat- 
ing at 2,400 volts to ground, 


M. A. Faucett (University of Illinois, 
Urbana, Ill.): Mr. Linder has presented a 
very iriteresting paper which should be help- 
ful to those who are doing work and making 
calculations of a similar nature. Usually, 
calculations of this nature become uninter- 
esting and routine and a different method of 
_obtaining results will aid the distribution 


engineer. 


Discussions 


One advantage to be obtained from this 
method would be the inclusion on one chart 
of the fault conditions for several different 
proposals for extensions from a substation 
using the different conductor sizes which 
might be under consideration. The co- 
ordination of fuses can be made from this 
chart, once the line characteristics have been 
determined and fault currents computed, 
Also, it is easier to get a better over-all pic- 
ture of the various possibilities if all condi- 
tions can be placed on a single chart and the 
results compared to the same scale. 

I am wondering why the author did not 
express his impedances on a per-cent or per- 
unit base. It would appear that the same 
ampere curves could be drawn with the re- 
sistance and reactance values in per cent 
at a kilovolt-ampere base and voltage base. 
Many distribution engineers: and system- 
planning engineers do most of their calcula- 
tions on a per-cent basis and hence might be 
somewhat reluctant to use ohmic values. 

One suggestion might be made in regard to 
the contents of Table II of the paper. Be- 
cause of the present emergency, many new 
men in the distribution departments of the 
power companies have been forced to do 
short-circuit calculations from formulas. 
These men, in many cases, do not know the 
reason for the relationships. For them, it 
would appear that an expansion of the ma- 
terial for this table might be of considerable 
benefit. 


F. W. Linder: The author is pleased to note 
that Mr. Wallace, Mr. Faucett, and Mr. 
Rothpletz have observed several advantages 
which the graphical method of calculating 
fault currents has over other methods com- 
monly used. All of the advantages men- 
tioned, in addition to others stated in the 
paper, have been proved by several hundred 
fault-current studies which have been pre- 
pared by the graphical method of rural dis- 
tribution systems financed by the Rural 
Electrification Administration. Mr. Wal- 
lace points out that it is very easy to revise 
a completed study when a revision is made 
necessary by system expansion or change in 
source capacity. It is believed that this ad- 
vantage will become more important in the 
postwar period on systems where an ap- 
preciable increase in the load of existing 
consumers is expected and considerable ~ 
system expansion is planned. ; 
The author wishes to thank Mr. Andrews 
and Mr. Askey for the three valuable sug- 
gestions to improve the method. As ex- 
plained in their discussion, scales for deter- 
mining the source impedance calibrated in 
source short-circuit amperes or kilovolt- 
amperes and scales for determining the sub- ~ 
station impedance calibrated in transformer 
kilovolt-amperes may be placed on the dia- 
gram along with the line mileage scales. | 
Then the starting point on the diagrams in > 
every case would be at zero ohms resistance 
and zero ohms reactance, and no mathe- 
matical impedance calculations would be 
necessary. For most applications sufficient — 
accuracy could be obtained by using aver- 
age values of source voltage and transformer 
per cent impedance in designing the source 
and transformer impedance scales which 
would reduce the number of required scales 
toa minimum. If there is not enough space 
on the diagrams to accommodate these 
scales, they may be drawn on a separate 
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sheet which could be placed on the diagrams 
when they are needed. 

The recommended value of 40 ohms for 
fault resistance is based on experience in the 
operation of sectionalizing devices installed 
on REA distribution systems, the majority 
of which are 7,200 volts line-to-neutral 
and 12,470 volts phase-to-phase multi- 
grounded neutral systems. The calculated 
minimum fault current, based on a 40-ohm 
fault resistance, at the end of sections of line 
controlled by many sectionalizing devices 
(especially oil-circuit reclosers) installed on 
REA systems is approximately the same as 
the minimum tripping current of the section- 
alizing device. Faults at these critical loca- 
tions which do not cause enough current to 
flow to trip the sectionalizing device are 
very rare. Therefore, it is believed that 40 
ohms is sufficient value of assumed fault 
resistance to give adequate protection. On 
some systems it would be impossible to ob- 
tain good sectionalizing with any one of the 
various types of sectionalizing devices avail- 
able if a value larger than 40 ohms were 
assumed for the fault resistance in calcu- 
lating minimum fault currents. 

Mr. Faucett suggests expressing imped- 
ance on a per-cent or per-unit base, which 
was not done because the author is accus- 
tomed to using ohmic values. The imped- 
ances may be expressed on a per-cent or per- 
unit base by those who prefer to use the per- 
cent or per-unit system. 

The problem of determining the short- 
circuit conditions on the transmission line at 
the supply side of the distribution substation 
was not considered because the subject is 

‘covered adequately in numerous papers and 
textbooks and generally is well known. Itis 
believed that, in most cases, the accuracy 
by which the source impedance is deter- 
mined is not as important as indicated in 
Mr. Holm’s discussion. For example, on 
many REA systems supplied from trans- 
mission lines of 33 kv and higher voltages 
through substations up to and including a 
capacity of 1,000 kva, it has been found that 
the source impedance may be neglected. 
“The source impedance in these cases, when 
referred to the distribution-system voltage, 
is so small compared with the substation im- 
pedance that the error caused from neglect- 
ing it is well within the limits of the accuracy 
necessary. Of course, the effect that the 
source impedance has on the final results 
increases as the capacity of the source be- 
comes smaller and the capacity of the dis- 
tribution substation and system becomes 
larger. Where the distribution system is 
supplied from a small generating plant or 
from a long low-voltage transmission line, 
the source impedance referred to the distri- 
bution-system voltage may be several times 
the distribution-substation impedance, and 
the accuracy of determining the source im- 
pedance is of considerable importance as 
Mr. Holm points out. 

Mr. Rothpletz is correct in his comment 
that the reference to ‘‘two-phase lines’’ in 
the paper means two phase wires and a 
neutral of a three-phase system. Mr. Roth- 
pletz indicates in his discussion that he ob- 
tained the impression that it is not necessary 
to calculate fault currents for all possible 
types of faults. The author agrees with Mr. 
Rothpletz that fault currents should be 
calculated for all probable types of faults. 
Line-to-ground, line-to-line, and three-phase 
faults generally are considered to be the 
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probable types of faults, and each of these 
types is considered in the paper except in the 
illustrative example where only line-to- 
ground fault currents are calculated. As 
stated in the first paragraph of the illustra- 
tive example, only line-to-ground fault cur- 
rents are calculated because the procedure 
for calculating each of the different types of 
faults is the same. 


New Solenoid Mechanism 
for Magne-Blast Breaker 


Discussion and authors’ closure of paper 45-56 
by B. W. Wyman and J. H. Keagy, presented 
at the AIEE winter technical meeting, New 
York, N. ¥., January 22-26, 1945, and pub- 
lished in AIEE TRANSACTIONS, 1945, 
May section, pages 268-74. 


R. C. Dickinson (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): In this paper the authors have given 
a well-written report on a design problem of 
long standing among circuit-breaker engi- 
neers. For more than 20 years circuit break- 
ers have been rated on the basis of a closing— 
opening operating cycle. Circuit breakers 
applied by the various manufacturers during 
that time have been presumed to be capable 
of performing a specified number of those 
operating cycles without undue damage. 
Consequently, the solution of this problem 
long has been a necessary part of good cir- 
cuit-breaker design. 

This is fundamentally a problem in co- 
ordination between the circuit breaker and 
the closing device. With few exceptions 
designers have made use of an interposed 
toggle linkage. The simple iron-clad sole- 
noid inherently has a high pull toward the 
end of the closing stroke. Field and labora- 
tory results over a long period of years show 
that it, in combination with a properly de- 
signed toggle linkage, can be and is being 
made to give satisfactory results. 

It is to be pointed out that in respect to 
the static characteristic of the solenoid 
shown by the authors the pull in the latter 
part of the closing stroke may be increased 
only by making the area of the secondary gap 
considerably greater than the main-core 
area. If it is equal to the main-core area 
and if most of the magnetomotive force 
is consumed in the air gaps, the static pull 
for a given gap, coil, and control voltage may 
be about 1/2 as great as that of a conven- 
tional solenoid of the same dimensions. If 
A is the main-core area, its pull will be pro- 
portional to B?A. Ifthesecondary gap area 
is equal to A, then the static pull of the 
flux-shifting solenoid will be approximately 
proportional to 


B\ 2 
(2) X2A pee 


The factor B/2 appears, because air gap is 
double that of a conventional solenoid, ex- 
cept for the very end of the stroke. 

The authors have made use of a principle 
which is recognized in the design of a-c 
operating magnets where the problem of 
obtaining adequate pull is considerably dif- 
ferent from that of d-c magnets. In this 
case, because the magnetic circuit must be 
laminated, a T-shaped movable core com- 
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monly is used with the return air gap prop~ 
erly proportioned to shift flux to the addi- 
tional gap at the proper point in travel for 
the device being operated, such as a con- 
tactor or a brake. This same principle also 
is applied in circular solid iron magnets for 
d-c brakes. 

The practice of recommending instantane- 
ous relays which are operated only during 
the closing stroke has not been common and 
has not been used by the company with 
which the writer is associated. Satisfactory 
results have been obtained without it, and 
it is an unnecessary complication of the 
relaying scheme. It appears that there 
would be no real advantage in using such a 
scheme. If selective relay action is required 
on a given application, it would be needed 
regardless of whether the circuit breaker is 
opening from the closed position or closes 
against the fault. Therefore, it would not 
appear to be advisable to eliminate the 
selective action on closing—opening opera- 
tions by interlocking instantaneous relays 
with the closing circuit. 

On the other hand, if the instantaneous 
relays to which the authors refer are not 
interlocked with the closing circuit and func- 
tion only on heavy faults, they would not 
necessarily interfere with the selective relays 
on opening operations. Consequently, 
there would be no advantage whatever in 
interlocking such instantaneous relays with 
the closing circuit. 


B. W. Wyman and J. H. Keagy: Mr. 
Dickinson points out that circuit breakers 
have been designed for many years on the 
basis of closing—opening operations at rated 
short-circuit currents. By definition this 
closing-opening cycle, when operating at 
full-rated interrupting capacity, makes in- 
stantaneous tripping a prerequisite. Many 
circuit breakers will function properly on 
this test which do not possess sufficient clos- 
ing power to close and latch in the circuit 
breaker completely against a fault of the 
same magnitude. If instantaneous relays 
are not applied on those circuit breakers or 
if for any reason the instantaneous relays 
do not function properly, those circuit 
breakers may be in serious trouble. 

As Mr. Dickinson points out, the problem 
is one of co-ordination between circuit 
breaker required input force and solenoid 
output force. With the shape of the con- 
ventional solenoid-output-force curve fixed, . 
a complicated toggle linkage was the only 
tool the designer had to work with in his 
attempt to match these characteristics. 
We fail to see how Mr. Dickinson can imply 
that this is a satisfactory state of affairs, 
for, in the experience of the authors, such 
linkages all have the following very serious 
disadvantage. In increasing the mechanical 
advantage ratio, toggles necessarily decrease 
the travel ratio, which means that for a given 
solenoid speed, the corresponding circuit- 
breaker contact speed will be appreciably 
reduced. This is particularly. undesirable 
for the operation of air circuit breakers, in 
which contact closing speed is as necessary 
as contact opening speed to keep arc erosion | 
to a minimum. A much more desirable 
solution is the modification of the solenoid 
characteristics to give the desired force 
directly. . 

; There was no intention in the paper of 
intimating that instantaneous tripping re- — 


~ ATEE TRANSACTIONS 


_— 


-- 


ate ae x 


lays need be applied with this type of 


\mechanism, which has sufficient force out- 


put to close and-latch the circuit breaker 
positively without stalling even on its maxi- 
mum momentary current rating. Extreme 
caution should be exercised, however, in 
the omission of instantaneous tripping relays 
on circuit breakers with conventional sole- 
noid mechanisms which may stall when 
closing against high currents. 


Variable-Unbalanced- 
Voltage Control 


Discussion and author's closure of paper 45-27 
by W. R. Wickerham, presented at the AIEE 
winter technical meeting, New York, N. Yo 
January 22-26, 1945, and published in AIEE 


. TRANSACTIONS, 1945, March section, 


pages 98-102. 


G. W. Heumann (General Electric Com- 
pany, Schenectady, N. Y.): The author has 
described in his paper a new method to con- 
trol the speed-torque characteristics of a 
wound-rotor induction motor which is sub- 
jected to overhauling loads, such as a crane 
hoist motor. The salient feature of the con- 
trol system is the application of unbalanced 
voltages to the stator terminals with the 
amount of unbalance made a function of 
both the speed and the load. The author has 
made a noteworthy contribution by disclos- 
ing the control system and by presenting a 
qualitative analysis of its performance. 

There are some points, however, which 
appear to require further clarification. The 
author has not presented a quantitative 
analysis, which makes it difficult, if not im- 
possible, to check the curves presented in the 
paper. In order to evaluate properly the 
merits of this system of control and of its 
performance under actual operating condi- 
tions, it is believed necessary that many 
questions be answered. 

In Figure 1 of the paper certain speed— 
torque curves are given for an induction 
motor with various fixed amounts of un- 
balanced voltage applied to the stator. The 
basic speed—torque curve of the motor is not 
given. From Figure 1A it appears that the 
motor in question has a*maximum torque 
of approximately 275 per cent of normal, a 
slip of approximately 3.5 per cent at full 
load and that an external resistance of ap- 
proximately 80 per cent in the secondary cir- 
cuit. In Figure 3, speed—torque curves are 
given for the various points of the controller 
described. Are these curves calculated, or 
are they based on actual test data? 

In Figure 2 a vector diagram is given 
which indicates how unbalanced voltages 
are obtained from a balanced system by 
introducing certain’ voltage-displacement 
vectors designated as £X1, and so forth. 
The text of the paper gives the magnitude 
of these vectors; however, no explanation is 
given as to how their phase angle is deter- 
mined.. In the legend of Figure 3, it is 
stated that: the displacement vectors move 
along certain loci, as shown by dotted lines 
in Figure 2. It would be interesting to 


' know how these loci have been determined. 


Is test data available to prove that the dis- 
placement vectors introduced between line 
1945, Volume 6400¢<C*—*—*~<“<i=S~*” 


stator. 


terminal Z1 and motor terminal 71 agree 
with the data given in Figure 2, both as to 
magnitude and phase angle? 

The vector diagram of Figure 2 is drawn 
for the case where the stator windings are 
delta connected. Is it possible to apply the 
control system to motors with wye-con- 
nected stators? 

In Figure 3 speed—-torque curves are 
plotted which represent steady-state condi- 
tions. These curves are plotted up toaspeed 
of 120 per cent. During acceleration or de- 
celeration of a crane load being lowered, 
torques may occur on the motor shaft 
which are in excess of the steady-state load 
torque. Therefore, it is important to know 
the maximum torque or the stability limit 
of the motor. On the system as described, 
what maximum torque can the motor de- 
liver for various degrees of unbalance in 
terms of its maximum torque under balanced 
operation? At what slip does maximum 
torque occur? 

Both the magnitude and phase angle of 
the displacement vectors is affected by varia- 
tions in load and in speed. When a heavy 
load is accelerated in the lowering direction 
to full speed, a good control system must 
respond promptly to limit the maximum 
lowering speed to a steady-state value and to 
prevent overshooting. Likewise, when 
lowering a heavy load at slow speeds, good 
control requires fast response to permit ac- 
curate spotting or inching. How fast do 
the saturable reactor and phase shifter and 
their associated controlling components re- 
spond to changes in speed and load? 

In the past, one of the main objections 
raised against a-c control systems using un- 
balanced voltages on the stator was the 
fact that with such a system the heating of 
the stator windings is higher than with sys- 
tems using balanced voltages. In Figure 8 
it is shown that for torques above approxi- 
mately 110 per cent the heating for, un- 
balanced-voltage condition at slow speed is 
lower than for balanced-voltage condition. 
Offhand, this appears to be paradoxical. 
Any induction-motor torque under unbal- 
anced-voltage condition can be regarded as 
the algebraic differences between the torque 
due to positive-sequence voltage and the 
torque due to negative-sequence voltage. 
Thus the net torque of the motor is the dif- 
ference of two torques, which both con- 
tribute to the heating of the motor. Since 
the algebraic sum of the positive-sequence 
torque and the negative-sequence torque is 
larger than the net torque, it appears that 
the heating corresponding to a given net 
torque always should be higher with an 
unbalanced voltage condition. Perhaps the 
author could give a more detailed explana- 
tion of this phenomenon. 

The curves in Figure 8 give current input 
and per cent average heating of the primary 
windings. Are the current and heating 
curves calculated or test data? Do the heat- 
ing curves include the effect of difference in 
cooling at low and high speeds or are they 
based solely on per cent Z?Rlosses? Incase 
the heating curves are calculated, how is the 
effect of unbalanced flux on iron losses taken 
into account? ; 

With unbalanced voltage applied to the 
stator, the air-gap flux is unbalanced, and 
so is the rotor flux. When operating at high 
slip, the heating of the rotor may be affected, 
as compared with balanced voltage on the 
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Does the author have any informa- 


tion on the effect of the unbalanced voltage 
control on rotor heating? 

The legend of Figure 8 states that the 
heating curves are average curves. It ap- 
pears that the meaning of the term “aver- 
age’’ should be explained. When operating 
under unbalanced conditions, the currents 
in the stator windings are not equal. Thus, 
in order to obtain a true picture of the heat- 
ing it is necessary to know the heating ef- 
fect on the winding which carries the highest 
current. Has the author information avail- 
able which would show what the maximum 
heating would be in the winding carrying the 
highest load? 

In the insert of Figure 8 the average heat- 
ing obtained with the unbalanced-voltage 
scheme as described is compared with the 
average heating obtained with other con- 
trol systems, especially with d-c excited 
stator, and with adjustable unbalanced 
alternating current on the stator. The lat- 
ter two systems employ both control of the 
voltage impressed on the stator and varia- 
tion in the resistance connected to the slip 
rings. The voltage condition on the stator 
determines essentially the maximum torque, 
whereas the amount of resistance in the rotor 
circuit determines essentially the slope of 
the speed-torque curves. In order to make 
the information given in the insert of F ig- 
ure 8 conclusive, the exact conditions on 
which the comparison is based should be 
presented. 

It is assumed that the connections of 
Figure 9 are intended to illustrate in a gen- 
eral manner one application of the control 
system described and are not intended to 
include all of the detailed circuits required 
in a hoist controller. For example, it is 
recognized practice to provide a contactor 
or relay for interrupting the brake coil cir- 
cuit in the off position of the master con- 
troller, thereby insuring quick setting of the 
brake and more accurate jogging and spot- 
ting of loads. 

Figure 10 shows a set of speed—torque 
curves which can be obtained with the con- 
trol system described. These curves differ 
somewhat from the curves given in Figure 3. 
Are the curves of Figure 10 based on test 
data or on calculation and what factors 
cause them to differ from Figure 3? 


C. B. Risler (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Mr. Wickerham’s paper has described 
in detail the control system he is introducing 
and the apparatus it requires. To deter- 
mine the value of this control system to the 
industrial user requires the study of the 
speed-torque curves of Figure 10 of the 
paper. The combination of these curves 
with standard wound-rotor motoring char- 
acteristics results in complete coverage of 
the four quadrants and meets the require- 
ments of many drives. 

This figure shows very clearly the manner 
in which this control system combined with 
a regenerative lowering point provides third 
and fourth quadrant characteristics essen- 
tial to a successful crane-hoist drive. Slow 
lowering speeds, a good variety of speeds at 
all loads and slow, and high-speed lowering 
of a nonoverhauling light hook have fea- 
tured the performance of cranes equipped 
with this system. Winch drives also can use 
these features to advantage. 

' The feature of subsynchronous motoring 
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speeds as shown in the first quadrant holds 
great possibility for reduced-speed light- 
load operation of a-c wound-rotor motors— 
a feature heretofore unavailable or at best 
available with extremely poor speed regula- 
tion or high currents. Slow speeds or inch- 
ing operation of conveyors, crane bridge, 
and trolley drives and other machines for- 
merlyrequiringarmature-shuntd-c operation 
come to mind—also slow-speed hoisting of an 
empty crane hook and the slew or rotate 
drive of a hammerhead or portal crane. 
This slow-speed feature of the reactor sys- 
tem also has merit for a-c wire-drawing 
bench drive. 

Aerial tramways characterized by in- 
herent load shifts from motoring to over- 
hauling are another field in which this con- 
trol is being successfully applied. 

Undoubtedly as the system is used new 
applications will come to light which will 
further enrich Mr. Wickerham’s contribu- 
tion to our art. 


W. R. Wickerham: The discussions raise 
the general question as to whether the curves 
and data referred to in the paper are based 
on calculations or tests. Figures 1A, 2, 3) 
and 5 of the paper are based on test data as 
also are the current curves in Figure 8. 
So far we have not considered a complete 
qualitative analysis to be of sufficient im- 
portance to warrant the effort involved in 
making the same. 

The data in the paper were compiled 
from tests taken on a ten-horsepower wound- 
rotor motor having a pull-out (maximum) 
torque of 290 per cent normal. \The sec- 
ondary resistor used for all the braking 
curves produced about 120 per cent normal 
torque at stall with balanced voltage ap- 
plied. So long as this condition is met, the 
pull-out torque and other characteristics of 
the particular motor are inconsequential. 

The vectors in Figure 2 were offered in 
explanation of what does happen and not as 
conditions that must be met to insure the 
successful performance of the system. The 
only requirements are that HX2 be ap- 
proximately equal to 0.866 E (cos 60° X £), 
and that EX1 be on the order of 0.25 E. 


‘The exact vector position of the voltages 


nor the path of the loci do not appreciably 
affect the performance. Delta vectors were 
used, because they more clearly demon- 
strate the problem. Actually the system 
performs identically, whether the motor is 
delta or wye wound. 

The remarks in the discussion concerning 
the desirability of promptness of response 
in torque reactions are well taken. It is a 
function of the time constant of the main 
reactor, pilot reactor, and the natural period 
of oscillation of the motor and mechanical 
drive. There is a slight tendency to over- 
shoot in magnitude of the decelerating 


- torque for light loads, and thus momentarily 


decelerate to a lower speed than intended. 
Field experience on applications up to 150 


horsepower has resulted in no complaint 


by operators. The maximum torque that 
the motor can deliver always is limited to 
something less than 7Q-1 in Figure 1, hence 
the excess to the steady-state value is far 
within the limits of the machine. 

The heat curves shown in Figure 8 are 
merely .J?R losses in the primary windings, 
associated with the braking curves. We 
agree that the unbalanced heating curves 
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when compared to the balanced heating 
curves appear paradoxical; however, when 
it is remembered that the input current to 
the motor primary is always limited by the 
high secondary resistance and that the 
motor operates under essentially balanced 
conditions when handling heavy loads, the 
paradox fades out. Mr. Wohl’s article? 
gives a discussion of the over-all heating of 
motors when operating under unbalanced 
applied voltage. 

With reference to the counections for the 
magnetic brake, the diagram indicates the 
scheme employing a coil weakening resistor 
used for the majority of applications. 

The diagram, Figure 9, does not include 
all detail features that might be included on 
a hoist controller, such as the brake relay 
mentioned whetelarge brakes are concerned, 
certain variations of reactor control, and 
others. Where refined inching or spotting is 
of paramount importance in an application, 
auxiliary methods of reactor control are 
employed which eliminate the necessity for 
a high-speed brake. 

The reactor control lends itself to many 
variations of performance. Certain of these 
that can be obtained are shown by the curves 
of Figure 10, in which it is illustrated that 
various degrees of negative-sequence torque 
at low speed may be associated with dif- 
ferent controller points. 


REFERENCE 


J. R.F. Wohl. Westinghouse Engineer, May 1944, 
page 44. 


A Comparison of the 

~ Amplitude-Modulation, 
Frequency-Modulation, 
and Single-Side-Band 
Systems for Power-Line 
Carrier Transmission 


Discussion and author’s closure of paper 45-68 
by R. C. Cheek, presented at the AIEE winter 
technical meeting, New York, N. Y., Janu- 
ary 22-26, 1945, and published in AIEE 
TRANSACTIONS, 1945, May section, 
pages 215-20. 


E. W. Kenefake (General Electric Company, 
Schenectady, N. Y.): The author’s paper 
is a good theoretical treatment of double- 
side-band and single-side-band amplitude 
modulation. The comparison of the two 
systems and frequency modulation as re- 
gards noise and band width is of interest in 
many areas, particularly where a number 
of carrier channels exist. The real problem 
is how to obtain more carrier channels in a 
given area, and that is basically a problem of 
interference between channels, which can be 
approached by a study of the noise-reducing 
features of various systems. Whether the 
system has half the band width or the same 
band width is merely a consideration in 
achieving that objective. } 
In a theoretical discussion it is quite gen- 
erally true that certain assumptions must 
be made that do not hold precisely in prac- 
tice. For example, the assumption that the 
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band width in a frequency-modulation sys- 
tem must be 11/2 times twice the deviation 
cannot hold for all cases of modulation. As 
Hund points out, at the lower audio fre- 
quencies, where the deviation ratio is large, 
the band width approaches that of the devia- 
tion itself. For small deviation ratios, less 
than unity, the band width is established by 
the modulating frequency and not the devia- 
tion. Therefore, for voice modulation of a 
carrier, the band width will not exceed ap- 
preciably the actual deviation of the carrier 
in a unity-deviation ratio system due to the 
energy-versus-frequency characteristic - of 
voice. In other words, it is the lower audio 
tones in voice that modulate the carrier to 
a large degree, and little contribution in 
modulation is made by the higher audio 
tones. This is true even when pre-emphasis 
is used with frequency modulation, since the 
degree of pre-emphasis is not so great as the 
decay in intensity of the energy of voice with 
increasing audio frequency. 

In analyzing the amount of distortion 
which would be caused by the elimination of 
the higher side bands, the author also has 
neglected to take into account the full ef- 
fect of the limiter in areceiver. Hans Roder 
in his paper! has shown that excessive dis- 
tortion will not occur, if limiting occurs be- 
low the amplitude variations caused when a 
small percentage of the higher side bands are 
eliminated. Whena 3,000-cycle tone modu- 
lates a carrier with a deviation of plus or 
minus three kilocycles, less than four per cent 
of the transmitted energy is contained in the 
side bands outside of a plus or minus three- 
kilocycle band width. Therefore, the curves 
shown in Figure 4 of the author’s paper are 
not a true representation of the distortion 
in a frequency-modulation system. 

Also, it is not necessary to restrict the 
deviation of frequency modulation to plus 
or minus two kilocycles when considering 
the noise reduction of the three systems. In 
actual practice it has been possible to realize 
the full plus or minus three-kilocycle devia- 
tion without increasing the channel spacing 
required for frequency modulation above 
that now needed for amplitude modulation. 

In addition the author ignores pre- 
emphasis, which, to the best of my knowl- 
edge, is used in all frequency-modulation 
systems. The modulating characteristic of 
frequency modulation, which the author has 
described quite clearly in his paper, makes 
it uniquely suited to a pre-emphasis of the 
higher audio frequencies and a correspond- 
ing de-emphasis of these frequencies in a 
receiver. Actually, of these three systems, 
only in frequency modulation does pre- 
emphasis provide a larger contribution to 
noise reduction. From a theoretical ap- 
proach, such as the author has made, the 
random noise reduction in decibels, on an 
equal-power-output basis, for frequency 
modulation and single-side-band amplitude 
modulation over double-side-band ampli- 
tude modulation is as given in Table I. 

The author claims an additional six- 
decibel gain for single side band on the basis 
of efficiency modulation but neglects to 
point out that this is also applicable to 
frequency modulation because the frequency- 
modulation output circuit need not be linear, » 
as is necessary for double-side-band and | 
single-side-band amplitude modulation. 
That is, frequency modulation can run at — 
full efficiency all the time. The comparison 
on that basis becomes that given by Table 
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II. In either case frequency modulation can 
show an 1l-decibel advantage over single 
side band. 

As regards corona modulation, which is 
fundamentally an amplitude-modulation 
phenomena, the author states that single- 
side-band carrier-suppressed amplitude 
modulation offers an ideal solution. A theo- 
retical treatment will show for single-side- 
band transmission a reduction in either 
average or effective noise of 4.76 decibels as 
contrasted with an infinite reduction by 
frequency modulation, whether pre-empha- 
sized or not. In theory then, frequency 
modulation is the ideal solution, although in 
neither case would we expect in practice to 
realize the full theoretical value as was indi- 
cated in the data given in my AIEE paper 
on frequency-modulation carrier? and sub- 
sequent articles covering the Pacific Gas and 
Electric Company installation. 

The advantages of single side band have 
many applications and are being used to ad- 
vantage in the field where they can be real- 
ized. A large field has been multichannel 
service between two stations where line 
characteristics are not severe. The applica- 
tion of single-side-band carrier-suppressed 
amplitude modulation to power lines is not 
new, since several channels are now in opera- 
tion. One installation is on the Pacific Gas 
and Electric Company system. 

The characteristics of power lines at car- 
rier frequencies are unique in many ways, 
particularly in regard to line loss. A carrier 
channel requires wide-range automatic- 
volume-control action to accommodate the 
changes in attenuation due to line switching 
and sleet. The introduction of automatic 
volume coritrol a few years ago greatly aided 
the performance of double-side-band ampli- 
tude modulation. Since carrier-suppressed 
single-side-band modulation has no steady 
carrier for stable automatic-volume-control 
operation, it has been difficult to get a satis- 
factory automatic-volume-control scheme 
without a separate pilot channel. 

The simultaneous reception in one receiver 
of telemetering signals from several different 
transmitters is described by the author as 


an important possibility of single side band, » 


but he fails to describe how the level of these 
signals is controlled, when they may vary 
in magnitude with respect to one another or 
as a group with line attenuation changes. 
Another common difficulty in single-side- 
band carrier-suppressed systems is keeping 


‘the local oscillator in the receiver in step 


with the oscillator in the distant transmitter. 
It certainly would be of interest to every- 


-one for the author to describe clearly how 


his system of carrier-suppressed single-side- 


-pand amplitude modulation overcomes these 
_. difficulties and why fundamentally it will » 
be better than existing single-side-band in- 
The author speaks of an effi- 
.eiency-modulated type of transmitter, 
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- CARRIER-CURRENT, 


which, I assume, is simply grid or screen 
modulation. 

One of the important advantages of fre- 
quency modulation not treated by the 
author is its contribution to the channel- 


conservation problem without the loss of. 


desirable features inherent in the double- 
side-band amplitude-modulation system. By 
the same means that frequency modulation 
discriminates against noise of all types bet- 
ter than double-side-band amplitude modu- 
lation, it also will discriminate against an- 
other carrier frequency on that channel bet- 
ter than double-side-band amplitude modu- 
lation. 

It is now well known that frequency- 
modulation broadcast stations on the same 
frequency enjoy a much greater interference- 
free area than amplitude-modulation sta- 
tions. Even with a unity-deviation ratio 
system, the amount of discrimination is ap- 
preciable, as can be seen from the previous 
noise considerations. A solution for the 
increase in the number of channels that can 
be provided by frequency modulation can 
be obtained for any given set of conditions. 
In general, however, this increase must be 
in proportion to the noise reduction of fre- 
quency modulation over amplitude modula- 
tion. 

The question then arises as to the possi- 
bility of applying this logic to single side 
band. If so, only the three-decibel advan- 
tage, due to eliminating half of the noise by 


halving the band width, can contribute to 


channel saving, because the actual power 
levels of the carrier signals on a system do 
not affect the number of available channels 
ina given area. Could we not conclude like- 
wise that pre-emphasized frequency, modu- 
lation, which bas a 14-decibel noise-reduc- 
tion advantage over double-side-band am- 
plitude modulation, will make a much greater 
contribution to channel conservation than 
single-side-band amplitude modulation? 

In addition to the channel-conservation 
and noise-reduction features provided by 
frequency modulation, all of the desirable 
features of double side-band amplitude mod- 
ulation not only are retained but also en- 
hanced. This is exemplified by the fast and 
sensitive form of automatic volume control, 
due to the limiter in the receiver, and greater 
freedom from transmitter and receiver 
switching surges in single-frequency opera- 
tion. y 
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R. C. Cheek: I disagree with Mr. Kene- 
fake’s fundamental premise that the in- 
crease in the number of channels provided 
by a given system of transmission must be 
proportional only to the noise-reducing 
features of that system. As a matter of 
fact, the exact opposite is true in the case of 
frequency modulation. If we followed Mr. 
Kenefake’s logic, we naturally would as- 
sume that the ideal state of affairs would 
be to use as large a deviation ratio as pos- 
sible at all stations on a power system, be- 
cause the noise-reducing properties of fre- 
quency modulation are proportional to the 
deviation ratio employed. But, if at each 
station we used a deviation ratio large 
enough to fill up the entire carrier spectrum 
from 50 to 150 kilocycles with side-band 
components from that station alone, no sta- 
tion would be able to receive any signal 
except its own without strong interference, 
no matter how the center frequencies of the 
frequency-modulation signals were spaced 
in the spectrum. In other words, this logic 
leads us to the absurd requirement that the 
desired signal be appreciably stronger than 
all undesired signals, including those from 
local transmitters, at each receiving point. 

A true measure of the number of channels 
provided by any given system is simply the 
amount of space in the carrier spectrum oc- 
cupied by the signals from that system. 
Compromises, suchas duplication of carrier 
frequencies and the requirement that de- 
sired signals be stronger than undesired 
signals, should be considered only as 


secondary means of placing more channels in _ 


a given frequency band. With the single 
side-band system, the signals occupy half 
the band width of those generated by the 
amplitude-modulation system. The selec- 
tivity of the receivers used to receive such 
signals can be increased to such a point that 
approximately twice the number of indt- 
vidual and independent channels .are avail- 
able with this system than with amplitude 


modulation, irrespective of the noise-reduc- 


ing properties of the system. 

Mr. Kenefake is incorrect in stating that 
I neglected to take into account the full 
effect of the limiter in analyzing the distor- 
tion introduced by eliminating the higher- 
order side-band components of a frequency- 
modulation signal. If he will read the ap- 


pendix of my paper more carefully, he will. 


note that amplitude variations introduced — 


by eliminating these side-band components 
are neglected completely, that is, perfect 
limiting action is assumed, in the derivation 
of equation 3 of the appendix. This equa- 
tion is an expression for the frequency varia- 
tions only of the resultant signal. Mr: 
Kenefake correctly states that less than four 
per cent of the transmitted energy is con- 


tained in the side bands outside of a plus 
or minus three-kilocycle band width when ~ 


a 3,000-cycle tone modulates a carrier with 
a deviation of plus or minus three kilocycles. 
He neglects to point out, however, that over 


28 per cent of the energy is contained in_ 


these side bands when a tone of slightly 


over 1,500 cycles modulates the carrier with 
the same deviation. Hund’s criterion for 


required band width of 1.5X2AF allows © 


us to neglect, as Mr. Kenefake implies we 
may, the distortion introduced in the former 
case but not that introduced in the latter. 

Audio pre-emphasis is essentially a dis- 
tortion of the audio characteristics of a 
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speech channel at the sending end with a 
corresponding distortion in the opposite 
direction at the receiving end. Inasmuch 
as pre-emphasis is purely a feature of the 
audio circuits of a channel and is not an 
inherent characteristic of any system, it was 
not considered in the paper. However, if 
pre-emphasis is to be considered, it is not 
fair to compare the systems on the basis of 
using pre-emphasis with frequency modula- 
tion and not using it with single side band, 
as Mr. Kenefake has done in claiming an 
11-decibel advantage for frequency modula- 
tion. Itistrue, as Mr. Kenefake states, that 
a given amount of pre-emphasis provides a 
larger additional decibel gain for frequency 
modulation than for single side band. The 
amount of pre-emphasis that can be used 
with each system requires examination, 
however. In the second paragraph of his 
discussion Mr. Kenefake states that the 
amount of pre-emphasis used in frequency 
modulation must be limited to somewhat 
less than the decay in intensity of the energy 
of the voice with increasing frequency. This 
limitation, as he states, is imposed by the 
increase in band width required by the fre- 
quency-modulation system as the higher 
voice frequencies are brought up to a level 
comparable with that of the lower frequen- 
cies. No such limitation exists with the 
single-side-band system; soa larger amount 
of pre-emphasis can be used. Only first- 
order single-side-band components are pro- 
duced, whatever the amount of pre-empha- 
sis. If the speech is passed through a low- 
pass filter cutting off sharply at 3,000 
cycles, the remaining high frequencies can 
be emphasized to full equality with the low 
frequencies, and gains comparable to those 
obtainable with frequency modulation can 
be obtained from pre-emphasis with single 
side band without exceeding a three-kilo- 
cycle band width. 

Mr. Kenefake’s figure of three decibels 
for the gain of single side band over ampli- 
tude modulation for average noise is incor- 
rect. Average noise voltage is directly pro- 
portional to the band width accepted by an 
amplitude-modulation or single-side-band 
receiver, and effective noise voltage is pro- 
portional to the square root of the band 
width. -The correct figure for single side- 
band is therefore six decibels, the same as 
the figure for frequency modulation. I 
used only effective values in the paper, 
even though comparison on this basis handi- 
caps single side band by 1.8 decibels, be- 
cause in my opinion the effective or inte- 
grated value is a better measure of the true 
interfering capability of noise. It is the 
value, for example, which would determine 
incorrect relay operation in telemetering 

service. 

Aside from the theoretical considerations 
which have been discussed, a power-system 
operator is interested from a practical stand- 
point in the actual gains that he can obtain 
by converting amplitude-modulation equip- 
ment to single-side-band operation, as I 

have suggested in the paper. On this basis, 
I have included an additional six decibels in 

- the total gain that can be realized when an 
amplitude-modulation transmitter of the 
line of equipment described in reference 5 
of the paper is so converted. It is worth 
pointing out that the design of this equip- 


ment suits it peculiarly well to such con-: 


version, and that this same additional six- 
decibel gain could not be obtained with all 
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designs of amplitude-modulation transmit- 
ters upon conversion to either frequency 
modulation or single side band. 

Mr. Kenefake states that corona modula- 
tion of a carrier is fundamentally an ampli- 
tude-modulation phenomenon and that 
frequency modulation offers an infinite re- 
duction of the noise resulting from it. Proof 
of the falsity of these statements requires 
only a brief reference to fundamental trans- 
mission theory. The propagation constant 
of any line, usually denoted by y, is defined as 
V/ (r+jx)(g+jb), in which the terms have 
their usual meanings. The effect of corona 
on a line is to vary periodically the shunt- 
conductance term g. A variation in this 
term reflects itself in a variation of both the 
real and imaginary parts of the total expres- 
sion, after the multiplication is performed, 
and the square root is extracted. The real 
part of the result is a, the attenuation con- 
stant, and the imaginary part is 8, the phase- 
shift constant. Variations in @ produce 
amplitude modulation of the carrier, to 
which an amplitude-modulation receiver 
will respond, and variations in 8 produce 
frequency modulation of tthe carrier, to 
which a frequency-modulation receiver will 
respond. Jt is not surprising, therefore, 
that Mr. Kenefake has not ,been able to 
realize in practice with frequency modula- 
tion an infinite reduction in the effect of 
corona modulation. 

The effect of corona modulation upon the 
amplitude of a single-side-band signal de- 
serves further discussion. Although the 
locally supplied carrier is not affected, the 
trarismitted side-band component itself may 
be modulated by corona. ~ The amount of 
modulation, however, will be a constant 
percentage of the amplitude of the signal, 
so that the loudness of the noise heard in 
the receiver will depend upon the loudness 
of the incoming signal, that is, upon the 
instantaneous volume of the speaker’s voice 
or the amplitude of a telemetering tone. 
An analysis, based upon breaking the 
amplitude-modulated side-band component 
down into its original frequency plus two 
components of the original frequency, plus 
and minus the modulating frequency respec- 
tively, will show that the signal is always at 
least twice as great as the noise, that even 
when the loudest modulation is present a 
gain of three decibels over amplitude modu- 
lation is obtained, and that this gain goes 
up to infinity as the loudness of the inten- 
tional modulation goes down to zero. In 
other words, as the desired modulation be- 
comes weaker, the noise modulation oblig- 
ingly drops, always remaining below the 
signal. No such effect is obtainable with 
either amplitude modulation or frequency 
modulation, because the amount of noise is 
constant and, being fixed by the amplitude 
of the continuously transmitted carriers of 
these two systems, is independent of the 
amplitude of the modulating signal. 

Mr. Kenefake has asked for details of the 
automatic-voltage-control system and the 
means used to keep the oscillators in step 
in the single-side-band system I am con- 
sidering. Actually, it was not my purpose 
in the paper to consider any specific system. 
With the exception of the remarks regarding 
conversion from amplitude modulation to 
single side band, all the figures given, and in 


~fact the entire discussion, are intended 


merely as a theoretical treatment of the 
characteristics of the signals transmitted in 
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the various systems, regardless of the means 
used to produce the signals. The recent 
announcement of the commercial availa- 
bility of a new single-side-band system no 
doubt prompted Mr. Kenefake to make 
this request. He may rest assured that all 
the details of the system of generating the 
single-side-band signals, the automatic- 
voltage-control system, and the means of 
keeping the oscillators in step will be dis- 
closed shortly. 


Tracer-Controlled Position 


Regulator for Propeller 
Milling Machine 


Discussion and author's closure of paper 45-47 
by C. R. Hanna, W. O. Osbon, and R. A. 
Hartley, presented at the AIEE winter tech- 
nical meeting, New York, N. ¥., January 22- 
26, 1945, and published in AIEE TRANS- 
ACTIONS, 1945, April section, pages 
201-05. 


G. A. Caldwell (Westinghouse Electric and 
Manufacturing Company; East Pittsburgh, 
Pa.): Mr. Osbon has stated that the tracer- 
controlled position regulator may be applied 
on other types of machines. The applica- 
tion which he describes is a large and rather 
complicated machine, and I believe it will 
be of interest to see how the equipment has 
been applied to a conventional machine tool 
of standard design. 4 
Figure 1 shows schematically a vertical 
milling machine which is used for a wide 
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Figure 1° 


variety of work and also is suitable for ma- 
chining dies which must be made to exact © 
contours. The tracer-controlled position 
regulator may be added to this machine to. 
produce the desired contours automatically. 

The work piece and the model are placed. 
side by side on the table of the machine. 
This table can be moved forward or reverse: 
in one plane, and the column of the machine: 
carrying the milling cutter and the tracer 
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mechanism can be moved in either direction 
in a plane at right angles to the movement of 
the table. The vertical movement of the 
cutter-head motor is controlled by the 
tracer mechanism mounted on the cutter 
head. The position of the tracer determined 
by the contour of the model gives the desired 
position of the cutting tool with respect to 
the work. As the table is moved horizon- 
tally by the operator, the tracer controls the 
cutter-feed motor, so that the tracer follows 
the contour of the model and thus causes 
the cutter to duplicate on the work piece 
the contour of the model. 

The same type of adjustable voltage drive 
and regulating system as described by Mr. 
Osbon is used on this simpler application, 
and the only thing required on the machine 
to make use of this device is the mounting 
adapter for the tracer and the use of a shunt- 
wound d-c motor to drive the vertical feed 
of the cutter head. 


W. O. Osbon: Mr. Caldwell has described 
briefly the application of a tracer-controlled 
position regulator to conventional machine 
tools for die-sinking work. The general 
principles and- method of regulator design 
described in the paper apply also in this 
case. However, the system must be appli- 
cable to a variety of types of standard ma- 
chine tools, and consequently the equipment 
must be of a more universal nature than 
that used on the highly specialized propeller 
milling machine. For this reason, a new 
tracer unit was designed for these applica- 
tions. This tracer unit is a fixed-ratio unit 
in which the Silverstat is moved throughout 
its full range for a probe motion of +0.004 
inch. This motion may be either axial or in 
any direction perpendicular to the probe 
axis, making the unit truly universal in its 
action. It is also possible to modify the 
regulator circuit so as to provide a very wide- 
range speed control when tracer control is 
not required. 


Application of Electric 


Equipment for Ship- 
Propeller Milling Machine 


Discussion of paper 45-71 by H. Earl Morton 
and Oren G. Rutemiller, presented at the 
AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945, and published 
in AIEE TRANSACTIONS, 1945, April 
section, pages 205-08. 


H. H. Gildner (nonmember; United States 
Navy Yard, Philadelphia, Pa.): The pro- 
filing machine described by this paper and 
paper 45-47 has been in service at the 
Philadelphia Navy Yard for about two 
The designers and builders of the 
machine are to be commended for the excel- 
lence of design and precision of performance. 

My discussion will be limited to methods 
of checking the functioning of the machine 
and adjustments found necessary to produce 
the desired results. 


Up to this time, the propellers machined 
have varied in weight from about five to~ 
more than 20 tons apiece. The amount of — 
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Figure 1 


material removed by the milling operation 
has been a very substantial item and has re- 
leased many man-hours for the important 
finishing operations. One of the large pro- 
pellers is illustrated by Figure 1. 

Working out the proper operating tech- 
nique under a variety of manufacturing 
conditions has developed some interesting 
experiences, principally resulting from the 
geometrical principles involved and due to 
the great variations in the contours on each 
blade over which the milling cutters must 
travel. On each white strip painted on the 
blades of the propeller shown on Figure 1 
are scribed lines representing the various 
cyclindrical section stations on which final 
measurements are made. When machining 
a propeller on the profiling machine, the 


Figure 2 


Figure 3 (right) 


Figure 4 ~ 
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milling cutter travels over a series of paths 
concentric with these cylindrical sections. 

As mentioned in the paper by Hanna, 
Osbon, and Hartley,! the specifications 
under which the machine was designed and 
built required work to be performed within 
a tolerance of +0.020 inch. During the 
early months of service, some erratic varia- 
tions in machining were observed. On parts 
of some blades these tolerances would be 
met, whereas on other areas of the same 
blades the tolerances would be exceeded. On 
different propellers the results would vary 
for no obvious reason. A typical example is 
illustrated by Figure 2. The narrow grooves 
across the blades were chipped by hand to 
fit gauges made to the designed dimensions. 
These grooves were made for investigative 
purposes only and are not employed in the 
normal operation of the profiling machine. 
The small figures beside the grooves repre- 
sent the amounts in thirty-seconds of an 
inch between the true dimensions and the 
actual milled surface. The manner in which 
the grooves are fitted to gauges is illustrated 
by Figure3. The procedure employed at the 
Philadelphia’ Navy Yard for measuring 
propeller blades by the gauge method is de- 
scribed by L. H. Kenney.? 

Figures 4, 5, and 6 show the first steps in 
an investigation carried out in consultation 
with Mr. Morton to determine the sources 
of variations in machining. With the ma- 
chine running through a series of complete 
cycles, but without the cutters in operation, 
the movements of the cutter rams with re- 
spect to the tracer movements were found 
to be accurate and sensitive well within the 
required tolerances. 

Further tests indicated that the accuracy 
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Figure 7 


of the work performed was affected to a 
considerable degree by even slight errors not 
readily detected in settings of the cutter 
heads and tracer heads with respect to each 
other and relative to the propeller blade and 


- master model respectively. 


As mentioned by Mr. Morton and Mr. 


-Rutemiller in their paper, the setting-up 


operation is a rather tedious process and too 
complex to permit full discussion here, but 
Figures 7 to 11 will illustrate some simple 
but effective devices provided to facilitate 
the work. As an example, when the ma- 
chine is ready for operation, the cutter 
should be in exactly the same position rela- 
tive to the ultimate finished surface of the 


blade as the tracer head (or probe) is located 
with respect to the model surface. On 
Figure 7, the pointer extension on the cutter 
spindle and a corresponding pointer on the 
tracer spindle (Figure 8) provide a quick and 
positive means for determining the positions 
of the cutter head and tracer head with re- 
spect to the propeller blade and the master 
model respectively. Figures 9 and 10 show 
fixtures employed to check the accuracy of 
angular settings prior to proceeding with the 
machining operation. The probe is operated 
along a straight edge on the tracer table as 
shown in Figure 9. Simultaneously through 
normal operation of the machine, the cutter 
head moves along the corresponding surface 
on the fixture shown in Figure 10. Actual 


movement of the cutter relative to the 
straight surface of the fixture is observed 
by means of the dial indicator (Figure 11). 
Adjustments are refined until the cutter 
follows parallel to the true surface on the 
arm of the fixture. ~ 

Some variations in machining arose, be- 
cause adjustments of the relative angular 
settings of the cutter heads and tracer heads 
were away from their theoretically correct 
positions. These settings were made in 
order to avoid interferences which in some 
cases considerably limited the scope of the 
work or speed of operation. For example, 
after milling a blade from the tip inwards 
over about three fourths of the blade area, 


‘further cutting with this setting would be 


prevented by interference between the cutter 
head and a propeller blade or between the 


Figure 9 


tracer head and the master-model surface. 
Such a condition becomes a tooling and 
operational problem. The original cutter 
head can be used with a considerable variety 
of conditions, but the Philadelphia Yard has 
developed another shape of head to broaden 
the scope of the work performed. In many 
cases it is advantageous to make a setting 
away from the true setting in order to remove 
a greater amount of metal without attempt- 
ing to hold too close to the finished manu- 
facturing tolerances. : 


The production of accurate master models 
which can be made quickly has received con- 
siderable attention in order to justify use of 
the profiling machine for relatively small 
lots of large propellers. 


Figure 8 


When the machine first was placed in 
operation, the master models were made at 
the David W. Taylor Model Basin. On 
account of the various production problems 
involved, however, it subsequently was con- 
sidered preferable to manufacture the master 
models at the Philadelphia Navy Yard. 

Various materials have been considered, 
but well-seasoned mahogany properly built 
up has appeared to be the most satisfactory 
and has been used on most of the models 
produced up to this time. 

_ Finishing and accurately measuring the 
master-model surfaces involves very careful 
work. The magnification of movement in 
the ratios of 3:1, 4:1, and 5:1 between the 
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shaft axis. 


Figure 14 


tracer head and cutter head requires the 
model surface to be held within tolerances on 
the order of 1/19, of an inch or less, depend- 
ing on the model ratio and the degree of 
accuracy desired of the milling cutter on the 
propeller blades. 

Figures 12 and 13 show one method of 
measuring by gauges which has the merit of 
simplicity. 

Another method of measurement by point 
offsets has been developed and now is used 
during manufacture of the model and for 


final checking of its accuracy. These point- 


offset measurements are the vertical dis- 
tances between points on the todel surface 
and a common reference plane normal to the 
The measurements are made 
with the model in position on the table of 


; the profiling machine and using a pointer 
attached to the tracer ram. 
shows a model ‘of a device to be used for 
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FE of be propels master model z - point-offset method. 
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Figure 11 


Figure 12 (below left) 


Figure 13 (below right) 


» Figure 15 


B—Face pitch line 
C—Center axis 

D—Suction face at 0.95 R 

E—Axial offset from 0.95 R 

F—Point contactor 


A—Hub 


Figure 16 


which incorporates the provision for making 
~ measurements of the model surface by the 


! 
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Figure 15 indicates the variations in slope 
and curvature of typical blade cylindrical 
sections. 

This discussion has not touched on the 
electrical features of the machine, but it is 
believed that a view of the control panel 
will be of interest (Figure 16). 

The propeller milling machine has demon- 
strated in a very gratifying way both me- 
chanically and electrically the care and 
thoroughness exercised in its design and con- 
struction. 
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Emest H. B. Anderson (nonmember; 
Parsons Marine Turbine Corporation, New 
York, N. Y.): This paper is of special value 
to marine engineers and I feel sure the 
authors will be interested to have the follow- 
ing particulars covering the first marine pro- 
pellers which were machined on the driving 
faces by planing. An article in the American 
Machinist described, withan illustration, the 
rig used, and I may say this work was car- 
ried out at the Bath (Maine) Iron Works. 
The article mentioned refers to three man- 
ganese bronze propellers with 60-inch diame- 
ters made and installed on the triple-screw 
Parsons Turbine steamship Belfast for the 
Eastern Steamship Company, built for pas- 
senger service between Boston, Mass., and 
Bangor, Maine. 

In the following year, the same ship- 
builders completed the scout cruiser USS 
Chester which had four propellers 72 inches 
in diameter with machined faces.? 

In 1909 and 1910 the battleships Michigan 
and South Carolina were completed, and the 
twin propellers of both these ships were ma- 
chined, and I quote the following paragraph: 


“The driving faces of the blades were machined to a 
true screw by a machine specially designed for this 
purpose, the backing face being machined where 
possible and the balance of the surface ground and 
polished. Each propeller was accurately balanced.” 


The propellers of the USS South Caro-— 


lina are described in reference 4. | 

These propellers were built up having 
three loose blades, about 17 feet zero inches 
in diameter. 

The results obtained as regards elimina- 
tion of vibration and uniform rpm of the 
machinery made the Bureau of Steam Engi- 
neering specify machined propelless for all 
Naval vessels. ; 
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W. O. Osbon (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Mr. Gildner’s discussion of some of 
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the problems encountered in the early opera- 
tion of the propeller milling machine is very 
interesting to us, since it illustrates a point 
which frequently arises in regulator applica- 
tions. Obtaining a certain specified regula- 
tor accuracy is purely a matter of design. 
A regulator may be designed to have a given 
accuracy just as readily as a generator may 
be designed to have a specified voltage droop. 
This is a fact which is not always recognized 
by those unfamiliar with regulator problems. 
It was only natural then that the regulators 
were suspected of inaccuracies when the dis- 
crepancies in machining mentioned by Mr. 
Gildner were first encountered. The 
thorough investigation conducted by Mr. 
Gildner and his associates proves, however, 
that, when the machine is set up correctly 
with due regard to the geometrical relation- 
ships between tracer and cutter axes, the 
accurate reproduction of the contour of the 
model in the propeller casting is assured. 
Thus it is demonstrated that the regulator 
_ performance fully meets the expectations 
of the designers and the requirements of the 
users in all respects. 


Improving Stability by Rapid 
Closing of Bus-Tie Switches 


Discussion and author's closure of paper 45-13 
by Edward W. Kimbark, presented at the 
AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945, and published 
in AIEE TRANSACTIONS, 1945, February 


section, pages 61-4. 


John G. Holm (Boston Port of Embarka- 
tion, Boston, Mass.): The method of im- 
proving stability by rapid closing of bus-tie 
switches proposed by Professor Kimbark has 
been discussed informally by engineers be- 
fore. Professor Kimbark is the first to pre- 
sent the method in a concise form with ac- 
companying engineering calculations. 

The method is very logical and follows 
directly from the relationship between the 
fault action and the high-voltage bus. It is 
certainly true that rapid closing of bus-tie 
breakers at the time the line breakers open 
improves the system stability. This method 
however, will find only a limited application, 
the operational considerations and economic 
calculations being responsible for it. 

In general the method is applicable to 
systems with two or more transmission-line 
circuits. In most cases such systems have 
double high-voltage busses and more than 
two generator units at the sendingend. For 
these reasons operational considerations will 
require that the bus-tie breakers normally 
be closed when-the system load exceeds the 
transmission capacity of one circuit. Bus- 
_ tie circuit breakers should be always ready 
for operation either way, open or closed, 
therefore the requirement that they 
normally be open restricts the system flexi- 
_ bility and impedes the facility and the eco- 

nomics of operation. System dependability 
may be impaired. The practice of mid- 
sectionalizing a two-circuit transmission 
line, with the involved cost of additional 
circuit breakers, accessories, and structure, 
is being followed, not only in order that the 
‘system stability be increased, but also that 
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better operational facilities may be secured. 
The intermediate switching station in longer 
lines therefore hardly can be eliminated. 
The author points out the applicability of 
the proposed method to underground sys- 
tems. But high-voltage a-c underground 
lines, for economic reasons, are always very 
short, and in short lines there simply is no 
stability problem. 

From the stability viewpoint, the present 
bus-tie breakers do not require opening 
speeds below eight cycles, with rather slow 
initial closing speeds. The method of clos- 
ing bus-tie breakers at the time of opening 
of line breakers requires breakers with very 
rapid initial closing time. The develop- 
ment of such breakers will result in the in- 
crease in the cost of standard bus-tie break- 
ers. Additional witing required also will 
contribute to increased costs, especially in 
the case of double busses. 

The proposed method will find its most 
direct application, and will give an improve- 
ment in system Stability, in existing systems 
with a rather slow opening time of the trans- 
mission-line circuit breakers and with lines 
not too heavily loaded, so as to permit the 
operation of bus-tie breakers as required by 
the method. Should the line have rapid- 
reclosing-type breakers, the proposed 
method also will be applicable, although with 
normal reclosing time of 35 cycles (on 60- 
cycle basis) of high-speed breakers of 115 
ky and higher rated voltages, the improve- 
ment in stability obtained from the use of 
this method will be smaller than that given 
in the paper where breakers of 20-cycle re- 
closing time are assumed._ 

If a system uses ultrahigh-speed breakers 
of the latest design, be they oil or air-blast, 
with a reclosing time of 12 to 15 cycles, the 
improvement in system stability will be 
such that the contribution obtainable from 
closing the bus-tie breakers will appear in- 
significant. Single-pole rapid reclosing 
serves the purpose still better, for it not only 
increases stability, when compared with a 
three-pole reclosing, but, in addition, cre- 
ates more favorable conditions for keeping 
motor loads in system and reduces switching 
surges. It may be had today at a very mod- 
erate increase in cost. 

The author of the paper deserves credit 
for bringing the method of rapid closing of 
bus-tie breakers for discussion before the 
Institute. 


E. L. Michelson (Commonwealth Edison 
Company, Chicago, IIll.): This paper by 
Mr. Kimbark is an excellent contribution 
to the literature on system stability. He 
has added a new idea to the various methods 
that have been proposed for improving sys- 
tem stability by controlling system connec- 
tions. 

I would like to point out the value of the 
ring bus as compared with the conventional 
type of bus with regard to improving system 
stability. In the conventional-type bus, a 
fault on the bus requires clearing all the cir- 
cuits connected to it; with the ring bus, a 
bus fault limits the outage to one circuit. 
This improvement is obtained with the use 
of fewer breakers than the number required 
with the conventional-type bus. At the 
same time, the ring bus would be applicable 
to the type of operation suggested by Mr. 
Kimbark by properly selecting the breakers 
in the ring which normally would be closed 
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and those which would be closed auto- 
matically when a fault occurred on the sys- 
tem. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): Professor Kimbark 
has made a very thorough analysis of the 
use of rapid-closing bus-tie switches for im- 
proving stability. He has shown the order 
of magnitude of advantages to be expected 
as well as the limitations. The advantages, 
as he points out, are small, particularly when 
high-speed clearing and relaying are used. 
The field of application for bus-tie reclosing, 
therefore, will depend considerably on the 
particular case. In general, the following 
factors will tend to limit the field of applica- 
tion or decrease the value of bus-tie breakers. 


sa The necessity for using bus-tie reclosing break- 


ers tends to be limited to systems where the power 


transferred is dependent upon the first-swing ° 


transient-stability limits as distinguished from the 
steady-state stability limit with the faulted sec- 
tion switched out. With modern switching and 
relaying this will be more likely to occur for the 
case of a hydroelectric station transferring power 
over long high-voltage lines. This was the case 
analyzed in the paper. 


2. The generator inertia of such a hydroelectric 
station may be greater than the value assumed by 
theauthor. (H =3.0.) 


3. The number of lines may be greater than two, 
particularly for large hydroelectric developments. 


4. Intermediate switching stations are evaluated, 
not only on the basis of improvement of first-swing 
transient stability, but also because of the increase 
in steady-state and emergency-power transfer, in- 
creased reliability for line maintenance and repair, 
and decrease in the amount of kilovars required for 
power transferred with a faulted section out. 


5. Three-cycle fault-clearing circuit breakers are 
being made available. 


6. Higher-interrupting-capacity breakers have 


been and will be made available as required. 


7. Practically perfect synchronization will be dif- 
ficult to realize except by special rapid bus-tie clos- 
ing switches. 


Edward W. Kimbark: I am glad that Mr. 
Michelson pointed out that the principle 
of switching proposed in the paper is ap- 
plicable to the ring bus as well as to the con- 
ventional bus. When applied to a two-cir- 
cuit transmission line, the ring bus requires 
two circuit breakers that can open rapidly 
and two switches that can close rapidly; or, 
for complete operating flexibility, it requires 
four circuit breakers that both can open 
rapidly and close rapidly. The conventional 
bus requires four circuit breakers that can 
open rapidly and one switch that can close 
tapidly. 

The principle proposed in the paper is 
applicable to transmission systems of more 
than two lines, although the gain in power 
limit would be less than that obtained on 
systems of two lines. The switching sta- 
tions for three or more lines could use the 
ring bus advantageously. 

Both Mr. Crary and Mr. Holm call atten- 
tion to the fact that intermediate switching 
stations are desirable for a number of 
reasons besides the improvement of tran- 
sient stability. This fact is admitted. 
Nevertheless, the paper shows that the use 
of rapidly closed bus-tie switches at all 
switching stations on a double-circuit line 
raises the transient power limit by about 
the same percentage when there are inter- 
mediate switching stations as when there 


are switching stations at the terminals only. 
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Mr. Holm discounts the applicability of 
rapidly closed tie switches to cable systems 
by claiming that there is no stability problem 
on a cable system. This may be true of 
power systems consisting of cables only, but 
it 1s not necessarily true of mixed systems 
consisting partly of cables and partly of 
overhead lines. For example, there are in 
Chicago some 132-ky underground cables 
that are connected in series with, and 
operated as part of, 132-kv overhead lines 
extending outside of the city. If these 
overhead lines were connected to distant low- 
inertia hydroelectric generators, there would 
be a stability problem similar to that con- 
sidered in the paper. 

The rapid closing of bus-tie switches is not 
advocated as a cure-all for the problem of 
power-system stability. It is put forth 
merely as an additional method of improving 
stability, not previously described in the 
literature, and meriting consideration on 
some power systems. The calculated curves 
given in the paper show that, on the par- 
ticular power system studied, the proposed 
method increased the transient power limit 
by a substantial amount, whereas alterna- 
tive methods applied to the same system re- 
sulted in much smaller increases. 

Circuit-breaker speeds were assumed that 
were available generally when the study was 
made; namely, five cycles and eight cycles. 
If three-cycle breakers are used, the gain in 
power limit because of rapid closing of bus 
ties is admittedly less than when five-cycle 
breakers are used. The extra cost of three- 
cycle breakers would have to be compared 
with the cost of achieving the desired in- 
crease of power limit by some other means 
in conjunction with slower, cheaper breakers. 


Supervisory Control for New 
Chicago Subway 


Discussion of paper 45-7 by W. A. Derr, 
C. J. Buck, and J. A. Stoos, presented at the 
AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945, and published 
in AIEE TRANSACTIONS, 1945, January 
section, pages 10-16. 


J. J. Trainor (nonmember); and C. E, 
Parks (Public Service Company of Indi- 
ana, Inc., Indianapolis, Ind.): ‘The authors 
have described well the very intricate 
control of a large and complicated elec- 
tric system in their fine paper. The fact 
that it is possible to control so large a 
system from a central dispatching point 
speaks well for the place supervisory control 
occupies in the solution of present-day elec- 
tric network problems. Without such means 
for co-ordinated operation, it is difficult to 
imagine the complexities that would present 
themselves to a system operator, if he were 
faced with the impossible job of performing 
all the duties involved by means of direct 
communication to each of the eontrol points. 

There are in operation at the present time 
on the system of the Public Service Com- 
pany of Indiana, Inc., six pairs of control 


terminals using the Visicode system which 


the authors describe. Another pair of 


terminals is to be installed shortly. The ~ 
‘control of breakers and air-break switches, - 
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the starting of rotary converters, and check- 
ing of synchronizing, voltage, and current 
are some of the uses to which this equip- 
ment is put. 

One interesting pair of terminals on our 
system is located only some 500 feet apart. 
The decision to use supervisory control over 
so short a distance was prompted by com- 
parison of costs between metallic control 
circuits and supervisory control coupled 
with the expected future development at 
the substations involved. 

Our operating experience with the Visi- 
code equipment has been very gratifying. 
Our maintenance department has experi- 
enced only minor trouble with the adjust- 
ment of the coding and control relays in- 
volved, after original adjustment was per- 
formed when the equipment was placed into 
operation. We have been using this type of 
supervisory control for almost eight years 
and during that time have experienced only 
minor difficulties with it. Experience has 
taught us that the least possible amount of 
maintenance performed on the relays in- 
volved is much the better method of assur- 
ing proper operation. This of course excepts 
the evident cases of trouble that needs to 
be taken care of immediately. Our original 
maintenance of the equipment was sched- 
uled once every two or three months, at 
which time the relay contacts were burnished 
and adjusted. It was found that this method 
of maintenance produced much mis-opera- 
tion in that the relays were unintentionally 
disturbed in their adjustment. It was 
found that this type of maintenance was 
entirely unnecessary, that the relay con- 
tacts were almost self-cleaning in their ac- 
tion, and that the slight burning of the con- 
tacts was not at all detrimental to the opera- 
tion of the equipment. Our worst mistake 
was the effort, by the maintenance crew, to 
clean the contacts by passing a slip of paper 
between them. Such methods produced a 
deposit on the surface of the contact, mak- 
ing the contact resistance high and subse- 
quently preventing proper operation of the 
equipment. 

We have used both privately owned and 
leased pilot wires on our supervisory scheme 
and find that results obtained are good in 
both cases. 


Organo-Silicon Compounds 
for Insulating Electric 


Machines 


Discussion of paper 45-30 by T. A. Kauppi 
and G. L. Moses, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945, and published in 
AIEE TRANSACTIONS, 1945, March sec- 


tion, pages 90-3. Z 


L. J. Berberich (Westinghouse Research 


’ Laboratories, East Pittsburgh, Pa.): The 


recent introduction of silicones may be con- 
sidered a historic event in the field of insula- 
tion as well as in the field of high polymer 


- chemistry. They were developed by cross- 


ing organic and inorganic materials, and this 


“resulted in a new breed of materials having 
thermal stabilities intermediate between the 
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two parent stocks from which they were 
derived. Considering the short time they 
have been under development, the chemist 
has a surprising control over their synthesis 
and already these materials are available 
in the form of liquids, greases, and elastic 
and solid resins, 

As Mr. Kauppi and Mr. Moses have 
pointed out, the basic chain structure of the 
silicones consists of alternate silicon and 
oxygen atoms. It is well known that the 
inorganic material quartz consists entirely 
of silicon and oxygen atoms and that this 
material has excellent electrical properties 
and thermal stability. Quartz, however, 
has the disadvantage of being a hard brittle 
material and having a melting point so high 
that it can be worked into a usable form 
only with great difficulty. The organic 
resins, on the other hand, have a basic chain 
structure consisting of carbon atoms, and 
their thermal stability is comparatively low 
because the carbon-to-carbon bonds are 
severed relatively easily by heat. While the 
silicon—oxygen chain is very _ stable 
thermally, hydrocarbon side groups must be 
attached to the silicon atoms in order to 
obtain the desirable mechanical properties 
observed in silicones. The chief function of 
these side groups along the chains is to keep 
the various silicon—oxygen chains far enough 
apart to make flexible or plasticize the ma- 
terial, thus getting away from the hard 
brittle character of quartz. The introduc- 
tion of these hydrocarbon side groups, how- 
ever, lowers the over-all thermal stability. 
This explains why the thermal stability of 
the silicones is intermediate between that of 
hydrocarbon resins and quartz. The nature 
of the product obtained, that is, whether 
liquid or solid, is controlled through choice 
of starting materials and the process for 
synthesis. 

No one insulating material has universal 
application and this, of course, is true of the 
silicones. It is certain, however, that the 
chemist will exercise his ingenuity to the 
fullest to broaden the field of application of. 
these materials. Some of the limitations 
that now exist gradually will be overcome. 
Even in the phenolics and alkyds introduced 
many years ago, improvements still are being 
made. Thus the ultimate in properties and 
range of application is to be expected only 
after a considerable number of years. The 
price of the silicones is rather high. Progress _ 
in this direction can be anticipated also, for 
chemical history is replete with price reduc- 
tions. Thus, the silicones can be expected 
to go down in history as a marked advance 
in the field of electrical insulation, along 
with the phenolics introduced in 1907, the 
alkyds in the 1920’s, and other syntheti 
materials of varying importance. - 


K. N. Mathes (General Electric Company, 
Schenectady, N. Y.): Our tests confirm 
that heat resistance of silicone varnishes is. 
greater than for organic varnishes. Al- 
though there is considerable range in the 
properties of different silicones, in general 
the types available at present offer greatest 
promise in the range between 175 and 200 _ 
degrees centigrade. 

Many people working with silicone films _ 
have encountered the fine cracks or crazing 
which develop after exposure to very high 
temperatures or to lower temperatures for 
considerable periods of time. Water pene- 
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trates these cracks very slowly because of its 
high contact angle against the silicone sur- 
face. It seems desirable, therefore, to make 
comparisons of moisture resistance such as 
shown in Figure 3 of the paper for longer 
periods of time (perhaps 24 hours). Presence 
of dirt or other contamination on the sur- 
face of the silicone may change the water 
contact angle and permit much more rapid 
entrance of water. A comparison of mois- 
ture resistance under these conditions more 

‘closely approximates actual service condi- 
tions and would be of interest. 


Rating of High-Temperature 
Induction Motors 


Discussion and authors’ closure of paper 45-50 
by P. L. Alger and H. A. Jones, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 22-26, 1945, and 
published in AIEE TRANSACTIONS, 1945, 
June section, pages 300-02. 


John L. Fuller (Reliance Electric and Engi- 
neering Company, Cleveland, Ohio): The 
paper on the rating of high-temperature 
induction motors has served a very useful 
purpose in pointing out that high-tempera- 
ture insulation is not a panacea for motor 
designers but that this very development 
has brought out other limitations such as 
bearings, overload capacity, and efficiency. 
These are certainly very real limitations in 
attempting to use the silicones with the 
ptimary purpose of reducing size and weight 
of motors. 

However, it is hoped that the analysis will 
‘not dampen the ardor of those doing develop- 
ment work with these new materials. It 
appears entirely possible that the silicones 
may be as useful in the war on moisture as 
they are for high-temperature applications. 
Present indications are that greatly increased 
reliability can be obtained at class B tem- 


- peratures through the use of silicone ma- 
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_ F. D. Phillips (General Electric Company, 
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terials, particularly under adverse conditions 
exemplified by a heating—cooling cycle under 
high humidity, with the attendant conden- 
sation on the windings. Because of favor- 
able results thus far, a new series of tests is 
being organized just now to explore further 
the value of the silicones in promoting re- 
liability under class B temperatures and 
humid conditions. 
The authors mentioned “hardened steel 
‘races of ball bearings gradually soften if 
kept at temperatures of 200 degrees centi- 
gradeormore.”’ Information from ball bear- 
ing manufacturers has indicated that the 
danger point is of the order of 125 degrees 
centigrade for standard ball bearings. 
_ Special bearings with somewhat lower hard- 
hess and with variations from standard in 
their metallurgy have been made to with- 
stand slightly higher temperatures without 
serious softening. 


Schenectady, N. Y.): There has been 
much well-justified enthusiasm for the newer 
high-temperature insulating materials such 


as the silicones. Mr. Alger and Mr. Jones 


have discussed ably the economic as well 
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Output obtained from a given 
induction-motor frame 


as the engineering problems involved in their 
use, and have called attention to the factors, 
other than permissible temperature rise of 
the insulation, which govern the actual 
design of motors. 

In the past 50 years there has been a con- 
tinuous advance in the art, due, not to any 
one cause, but to successive improvements 
in the materials and processes involved in 
motor manufacture, as well as a widening 
knowledge, both theoretical and practical, 
of both design and manufacture. Figure 1 
shows the progress in horsepower rating 
from the same amount of material from 1896 
to the present date. Through this period, 
guaranteed temperature rise has remained 
40 degrees centigrade, except for a very short 
time during which the guarantee was 50 
degrees centigrade. 

There is a very strong feeling among users 
against temperatures higher than 90 degrees 
centigrade. This is partly prejudice and 
partly with good reason, for example, the 
discomfort to men working near a higher 
temperature, the presence of dusts or lint, 
and the more rapid deterioration of lubricat- 
ing oils and greases under increased tempera- 
ture, The higher-temperature materials will 
have many uses in motors for special pur- 
poses and conditions, while in the near 
future the progress in general-purpose mo- 
tors probably will continue more along 
present lines than toward radically higher 
temperatures. It would be difficult to con- 
vert the majority of motor users to a higher 
temperature rise than 50 degrees on the 
open motor with 15 per-cent service factor 
or 55 degrees on the ericlosed motor with no 
service factor. 


P. L. Alger and H. A. Jones: We have 
every confidence that the silicones and 
other synthetic insulating materials now 
becoming available will add greatly to the 
reliability and range of application of elec- 
tric apparatus, for low- as well as high- 
temperature service. Many tests have 
shown that their moisture, as well as their 
temperature endurance, is outstanding, so 
that we heartily agree with Mr. Fuller’s 
comments. 

We welcome also Mr. Phillips’ data, show- 
ing how markedly the size of motor for a 
given performance has decreased over the 
years, despite adherence to a 40-degree- 
centigrade rated-load temperature rise. 

The studies presented in our paper were 
made in the course of a developmental pro- 
gram to find the best way of utilizing these 
new materials. A dispassionate review of 
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all the factors involved in selecting the op- 
timum temperature rise showed a surprising 
interdependence of the different aspects of 
motor design. The conclusion we draw, 
therefore, is that a balanced consideration 
of all factors in design and application is de- 
sirable, rather than that any particular tem- 
perature is best. 

We are confident that, as time goes on, 
the problems of high-temperature lubrica- 
tion will be solved, improvements in space 
factor of these new insulations will be made, 
and overload needs will be defined more 
closely; all of which will make high-tempera- 
ture motors more reliable and useful. 

One of our associates has advocated re- 
cently the use of 100-degree-centigrade tem- 
perature rise, measured by the resistance 
method, for control coils insulated with 
some of the newer synthetic materials of an 
organic nature. Even higher temperatures 
are being used successfully on aircraft and 
railway applications, with present class B 
materials. For naval and aircraft applica- 
tions especially, where reliability is vital 
rather than very long life at full capacity, 
the silicones and other synthetic materials 


— of high-temperature endurance certainly will 


play a vital part in future electric equipment. 


Insulation Resistance and 
Dielectric- Absorption 
Characteristics of Large 


A.-C Stator Windings 


Discussion and author's closure of paper 45-49 
by J. S. Askey and J. S. Johnson, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 22-26, 1945, and 
published in AIEE TRANSACTIONS, 1945, 
June section, pages 347-51. 


R. L. Webb (Consolidated Edison Company 
of New York, Inc., New York, N. Y.): Mr. 
Askey and Mr. Johnson have done a com- 
mendable job in preparing a great mass of 
insulation-resistance test data on approxi- 
mately 1,000 new machines rated 1,000 
horsepower and above. The information 
supplied by the paper will assist the work of 
the AIEE insulation-resistance subcommit- 
tee, the wotk of which is now under way. 
It is hoped that the authors will find it pos- 
sible to submit to the subcommittee the 
actual test data on these machines, giving 
the insulation-resistance values in megohms 
together with their associated machine rat- 
ings and the conditiens for each test. 
These direct test data, if they can be made 
available, will permit other reviews and 
comparisons that will be of even greater 
assistance to the subcommittee in its pres- 
ent activities. 

The suggested linear formula for mini- 
mum insulation resistance of large class-B 
insulated machines now is being considered, 
together with the Wieseman formula and 
other suggested formulas, by the sub- 
committee. It appears that much addi- 
tional test data, taken under uniform con- 
ditions, will be required for review and 
analysis, before a final agreement can be 
reached on a standard set of formulas for 
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_ standard. 


minimum insulation resistance. of rotating 
electric machines. 

The authors might have added that the 
present AIEE formula, which is repro- 
duced in the paper, is considered inade- 
quate, since it does not take into account 
such items as 


(a). Machine speed. 
(6). Insulation class. 
(c). Winding temperature. 


All of these have large effects, as they vary, 
on the insulation-resistance values which 
reasonably may be expected for a particular 
machine. It is this situation that started 
the search for a more accurate formula some 
ten years ago. The search has been spurred 
along somewhat by the formation of the 
insulation-resistance subcommittee under 
the AIEE electric-machinery committee in 
1941. 


H. A. Eysenbach (James G. Biddle Com- 
pany, Philadelphia, Pa.): The paper is a 
significant contribution to the information 
available on this important subject. 

The measurement of insulation resistance 
is of practical importance not because we 
are interested in the magnitude of the insu- 
lation resistance, but rather because it may 
be an indication of the ability of the insu- 
lating materials to give adequate service. 
There are three principal applications of 
insulation-resistance measurements, namely: 


1. Determination of quality (in new insulation 


_ before it is put into service). 


2. Determination of trend in condition (in ma- 
chines which are in nermal service). 


3. Determination of condition resulting from 
temporary effects (in machines subjected to the 
unusual effects of flood, live steam, excessive 
humidity, or periods of idleness). 


This paper adds to the information avail- 
able concerning the determination of quality 
in new machines of the types and sizes 
studied. It indicates clearly that there is 
work to be done before we shall have sta- 
tistical information from which to judge the 
average magnitude of insulation resistance 
in acceptable new machines. Comparable 
studies of machines of other ratings and 
other designs as well as figures for machines 
in service also are needed. That these are 
being studied is indicated by the several 
other papers on related subjects presented 
at this meeting. 

The authors are to be congratulated on 
their contribution. 


H. C. Marcroft (Pennsylvania Water and 
Power Company, Baltimore, Md.): The 
additional data presented in this paper con- 
cerning electric-machine insulation have 
aided considerably the evaluation of re- 
sistance measurements on electric machin- 
ery in several respects: 

First, wide variation in absolute resist- 
ance values was shown to exist for identical 
machines even when made at the same time 
of year. This suggests the authors’ con- 
tention that simplification of the Wieseman 
formula could be made without impairing 
the over-all insulation standard for mini- 
mum allowable resistance. With the pres- 
ent state of the art, it appears possible to 


Resistance measurements were made in 
1937 on 12 large water-wheel generators for 
comparison with the Wieseman formula. 
The generators were built between 1912 and 
1925, had class-B insulation (except slot 
liners), and were well maintained. These 
generators were rated 10,000 to 15,000 kw, 
13,000 volts, 100 rpm. The measured 
values of resistance at 75 degrees centigrade 
were between 5.7 and 28.8 times the mini- 
mum allowed by the Wieseman formula, 
using K,=0.10. Machines of two large 
manufacturers were represented about 
equally in these measurements; the high 
and low values were fairly well divided 
between them. 

Another group of six water-wheel genera- 
tors, built since 1931, have insulation re- 
sistances of 8, 18, 35, 51, 55, and 62 meg- 
ohms, measured at one-minute time aid 
75 degrees centigrade. The spread is be- 
lieved to be caused by different coil-insulat- 
ing techniques and materials, as these ma- 
chines are all class B insulated with corona- 
preventive binding tape in the slot section. 
Machine rating is 31,100 kva, 13,200 volts, 
109 rpm. For these machines, the Wiese- 
man standard is 3.42 megohms at 75 de- 
grees centigrade. The authors’ proposed 
standard is 4.22 megohms. At 40 degrees 
centigrade, the measured resistance values 
are 125, 60, 120, 82, 82, and 82, respectively. 

At room temperature, the resistance 
values are much higher, especially for the 
first two machines, which are much more 
sensitive to temperature. These data are 
taken from Figure 4 of the discusser’s paper.! 

These data confirm the findings of the 
authors concerning the large dispersion of 
resistance values. Of the machines tested, 
the region of lowest dispersion is at approxi- 
mately 40 degrees centigrade, including 
machines of two manufacturers. 

Secondly, the authors’ contention that 
dielectric-absorption curves with time re- 
flect the relative amount of moisture in the 
insulation with less dispersion than the 
absolute resistance values show agrees with 
our past experience on large water-wheel 
generators. We prefer to use dielectric 
absorption as a means of determining when 
large generators are dry. Our custom is to 
evaluate the absorption curve in terms of 
slope factor, which is defined as the ten- 
minute minus the one-minute resistance 
value divided by the one-minute value. 
The slope-factor values will be the same as 
the authors’ value of Rw/R:, if the latter 
value be decreased by unity. Figure 11 of 
their paper is interesting in showing a 
maximum value of Ryjo/R; between 4 and 5. 
This is confirmed in tests on operating gen- 
erators in which top values of slope factor 
were in the range of three to four when dry, 
and at 60 degrees centigrade. The type of 
slot insulation influences this value. The 
authors show in Figures 8, 9, and 10 some 
very useful data for application to absorp- 
tion testing. I should like to ask the 
authors, if the only difference between 
Figures 8 and 9 is that due to form-mica slot 
insulation in group 2 and wound mica tape 
in group 3, or are there also differences in 
varnish, coil size, winding dryness, tem- 
perature of insulation, and so forth? The 


‘answer to this should reveal if the Rio/Ri 


ratio is sensitive to the mechanical assembly 
of the mica alone, while other factors remain 


use the simpler borate for Jaz working - unchanged. 
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Thirdly, the paper points out that simply 
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designating insulation as class A or class B, 
though satisfactory as far as thermal con- 
siderations go, is not sufficient to fix re- 
sistivity values. More correlation of data 
relative to the effect of various binders and 
other reinforcing material on absorption 
characteristics is needed in order to fix 
narrower limits to resistance values of 
machine windings. 

The authors’ work in measurement of re- 
sistance values and analyzing the data has 
been a valuable contribution toward under- 
standing insulation behavior. 
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L. J. Berberich (Westinghouse Research 
Laboratories, East Pittsburgh, Pa.): The 
interpretation of insulation-resistance data 
taken on electric machines is difficult, be- 
cause extremely large variations are possible 
even under the best conditions. The 
statistical analysis of the data on a relatively 
large number of machines made by Mr. 
Askey and Mr. Johnson brings some order 
out of the chaos. 

Since, as is shown in the paper, variations 
as large as 20 to 1 are possible in identical 
machines, no great significance can be at- 
tached to any individual reading of insula- 
tion resistance. Any change in successive 
readings taken over a period of time may, 
however, be indicative of some change in 
the insulation. 

Dielectric absorption is perhaps the least 
understood phenomenon in the whole field 
of insulation. Maxwell, many years ago, 
showed that a decreasing current with time 
in an insulating material can be attributed 
to inhomogeneity. He analyzed a two-layer 


dielectric and showed that, when the ratios _ 


of conductivity to dielectric constant of the 
materials in the two layers are not equal, 
dielectric absorption or a decreasing current 
with time is possible. This explanation 
appears to be correct for nonhomogeneous 
materials, such as generally are used for 
machine insulation. It is, however, ques- 
tionable whether the Maxwell theory can 
be used to explain why dielectric absorption 
also takes place in relatively pure materials 
such as quartz. It appears that a molecular 
theory which goes beyond the Maxwell 
layer theory is necessary to explain all of 
the observed facts. 7 


Dielectric-absorption tests, however, have 


proved to be very useful in detecting mois- 
ture and ionizable impurities in insulation. 
The charging current under direct current 
is made up of three components, namely: 


(a). The current necessary to satisfy the instan- 
taneous polarization of the dielectric, which has 
been called the geometric capacitance charging 
current. 5 


(b). The current necessary to satisfy the polariza- 
tions requiring time to form, which has been called 
the reversible absorption current. 


(c). The irreversible conduction current which is 
independent of time and is equal to the final 
constant current. 


Moisture and ionizable impurities increase 
the conduction component and may, if 
sufficient ions be present, mask completely 


the absorption component. Thus, as mois- — 
ture and ionic contaminants increase, not 


~ 


only. is the level of the resistance-time 
lowered, but also the change of resistance 
with time becomes less. Leakage over the 
surface of the insulation caused by mois- 
ture or dirt will affect the resistance-time 
curve in a similar maaner. 

Attempts have been made to correlate 
insulation resistance with breakdown 
strength. There appears to be some degree 
of correlation in the case of very wet insu- 
lation. However, in moderately dry to 
very dry insulation there is no apparent 
relationship between insulation resistance 
and breakdown strength. Perhaps insula- 
tion-resistance tests made at higher voltages 
will provide more information regarding the 
condition of the insulation. Only a little 
work has been done at higher voltages, and 
much more must be done to determine the 
possibilities in that direction. 


J. S. Johnson: The insulation-resistance 
measurements of all machines were ex- 
pressed as’ a resistivity per inch megohm 
inch of insulation to put all’ machines 
studied on a comparable basis. This is 
necessary, since there are relatively few 
large machines of identical design. As indi- 
cated in the paper, however, groups 2 and 3 
both represent data on a large number of 
identical machines. In answer to Mr. 
Marcroft’s question, the treatment of both 
groups of machines was the same. Perhaps 
the significant difference between the two 
insulations, as far as the slope of the absorp- 
tion curve is concerned, is the different mica 
reinforcing material. 

The sheet-form mica wrappers used on 
machines of group 2 had a fibre-glass cloth- 
backing material, and the continuous mica 
tape on machines of group 3 had a cambric- 
backing material. 

Usually insulation resistance-time curves 
on wound machines are not continued be- 
yond 10 or 15 minutes, because, with the 
exception of extremely dry machines, the 
insulation-resistance curve is usually sub- 
stantially flat after these times. 

Another practical limitation is that, when 
the insulation resistance is very high and 
‘changes slowly with time, small fluctuations 
in line voltage affect the indication of avail- 
able electronic instruments more than the 
resistance change in the insulation. Some 
long-time measurements have been made on 
insulation coils as shown in Figure 1 of the 
paper. 


The Application of Silicone 
Resins to Insulation for 
Electric Machinery 


Discussion and authors’ closure of paper 45-23 
by J. DeKiep, L. R. Hill, and G. L. Moses, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 22-26, 1945, 
and published in AIEE TRANSACTIONS, 
1945, March section, pages 94-8. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): It has been my 
‘good fortune to follow for a few years de- 
‘velopments that led to the achievements ac- 


hy 
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counted in these papers. When I first heard 
of a silicone resin, its cost was $75 a pound, 
or a few hundred times the cost of ordinary 
insulating varnishes or insulating oils. 
Now, I understand, the cost is down to 
about three dollars a pound. 

With the present cost for silicones, it 
seems that the cost of a motor of a given 
output rating is considerably above the 
cost of a motor with class A insulation. It 
would, therefore, seem that the application 
of silicones to motors for factories and elec- 
tric generating stations, for example, would 
be limited, because in almost all cases nowa- 
days it is feasible to limit the ambient tem- 
peratures. There are some cases where the 
high ‘‘moisture-proofness’ of a silicone- 
resin finish on the coil insulation may be of 
interest. 

The use of silicones for some transformer 
applications may become very attractive, 
especially in those instances where a high 
ratio of emergency load rating to normal load 
rating (or to normal actual loading) is de- 
sired. One example of this situation would 
be some locations in an a-c network system. 

Perhaps further reductions in cost of sili- 
cones will occur just as steadily occurred 
over the past decade for another synthetic 
material, namely, neoprene. 


A. F. Lukens (General Electric Company, 
Lynn, Mass.): The authors have given 
some of the properties of this very interest- 
ing and useful new material, and detailed 
some of their experimental results. In- 
vestigation by the motor divisions of the 
General Electric Company has followed and 
is following along the same general lines. 
Silicones, as a class of material, possess the 
startling characteristic of a much greater 
heat endurance than any physically similar 
material previously used for insulation. 
The question is how best to use this new 
property. 

Anything new first may be oversold or 
overapplied by the enthusiasts and then fail 
on some of its jobs, not because of any fault 
of the new thing, but because it was un- 
suited in the first place. However, during 
this shakedown stage, the whole project 
may receive such a “‘black eye” that it is 
delayed or discarded. Therefore, I would 
like to point out some pitfalls of high wind- 
ing temperature, so that overenthusiasm 
may not harm this very useful program. 

One of the first things that comes to mind 
when high temperature is mentioned is the 
chance to reduce total machine weight. 
However, higher temperature usually means 
lower efficiency and the extra cost of energy 
to care for the lower efficiency or the weight 
of the prime mover fuel, if it floats or flies, 
must be capitalized and considered in strik- 
ing the final economic balance of the bene- 
fits gained by the higher temperature. As 
an example, to break even in total weight 
carried by a ship (fuel, generating equip- 
ment, and so forth) a continuously running 
motor must save seven pounds for every 
point of efficiency per horsepower dropped. 

High temperature also means temperature 
creep. This may be defined, at least 
roughly, as a temperature rise on increased 
load that is much greater, and perhaps out 
of all proportion, to the increase in load. 
This means that a machine with an in- 


herently high rise will have a much shorter 


life on overload as compared with a conyen- 
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tional-rise machine, provided each has the 
same life at nominal load. Motor engineers 
are accustomed to think of a 40-degree motor 
on 115-per-cent load as having about 50- 
degree rise or a 10-degree differential and 
about one-half the insulation life, since insu- 
lation life is halved for each 10-degree in- 
crease in temperature. On the same basis, 
a 135-degree-rise motor on 115-per-cent 
load will have a rise of 188 degrees or a dif- 
ference of 50 degrees and a life of 1/29 of the 
life on full load. Perhaps the comparison 
of 1/, and 1/29 is too pessimistic, but the 
tendency is present. 

Higher winding temperatures mean 
greater thermal expansions and, what is pos- 
sibly more important, greater differential ex- 
pansions during starting and coming up to 
temperature. Mechanical parts must have 
clearance enough to care for these increased 
expansions, or strength enough to withstand 
the stresses if the expansion is “locked in.” 

Bearing lubricants must keep pace with 
winding temperature if a practicable ma- 
chine is to be built, since the bearing tem- 
perature of a small machine of conventional 
design is influenced to a great extent by 
winding temperature. In addition, it should 
be remembered that the permissible operat- 
ing temperature of some conventional bear- 
ing materials is surprisingly close to the 
present operating temperatures. Tin-base 
babbit- melts at approximately 240 degrees 
centigrade and ball bearings begin to anneal 
at about 150 degrees centigrade. 

Although, as the sage has it, “all is not 
gold that glitters,” gold does glitter and 
silicone insulation does have many possible 
profitable applications. Obvious examples 
are where space and weight are important 
and energy is cheap; where high ambient 
temperatures are encountered and proper 
precautions can be taken with the bearings; 
where a hot spot exists in a machine that is 
detrimental to insulation life, but is not 
large enough in extent to materially affect 
efficiency; and a myriad of others that will 
appear as experience is gained. 


V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): While I am not a 
motor engineer, I would like to discuss the 
general subject of the use of the new high- 
temperature materials such as glass, asbes- 
tos, and so forth, impregnated either with 
phenolic or silicone varnishes for dry-type 
transformers, which have some problems in 


common with those of rotating machinery. 


The authors have presented some interest- 
ing data on how these silicones compare with 
the high-temperature phenolic varnishes 
under aging tests, and have made what ap- 
pears to be a reasonable suggestion of set- 
ting a temperature limit of 175 degrees centi- 
grade for the silicones in motors which com- 
pares with 130-degree-centigrade limit for 
class-B insulation in AIEE Standard 1. 

The authors’ suggestion that high-tem- 
perature silicone material be restricted to a 
few specific applications lines up with the 
transformer situation. According to the | 
best information available, it has not been 
possible to use silicone varnish in commercial 
dry-type transformers. For the time being, 
at least, the transformer industry must de- 
pend on the best high-temperature phenolic 
varnishes available. eee ‘ 

Until positive proof is submitted to justify 


AIEE TRANSACTIONS 


oa x re Se Yeat- ts 


Fee, tee 
- 4 


increasing the temperature limit above 130 
degrees centigrade for high-temperature in- 
sulations impregnated with the best-known 
grades of phenolic resins, it seems quite cer- 
tain that the transformer industry is not 
yet in a position to take full advantage of 
the new materials like glass tape and asbes- 
tos. It is from this standpoint that I wish 
to discuss the general question of high-tem- 
perature insulation and to present some ad- 
ditional aging data on phenolic varnish. 

The authors give some interesting com- 
parative data on the effect of 250 degrees 
centigrade on a good phenolic alkyd organic 
varnish and silicone varnish. They state 
that at 250 degrees centigrade the phenolic 
varnish was affected seriously after two 
hours, and completely deteriorated at the 
end of 20 hours, whereas the silicone had 
undergone no observable change. Also, at 
200 degrees centigrade the phenolic organic 
varnish lasted about two hours before failure 
at 14-per-cent elongation. I assume that 
the phenolic varnish used for these tests 
was selected as being representative of a 
good type of high-temperature organic 
varnish for impregnating high-temperature 
insulating materials. 

The results of some aging tests, made at 
Pittsfield over a period of approximately 15 
months at 175 degrees centigrade, are shown 
in Table I. 

These tests were made on strips of inor- 
ganic turn insulation material impregnated 
with one of the best phenolic organic 
varnishes; consequently, the deterioration 
(in tensile strength) was caused by the 
weakening of the varnish film and not by 
weakening of the structure of the base ma- 
terial. In fact, this was proved by aging 
some of the untreated material in parallel 
with the treated material. 

Table I indicates that if such an insu- 
lation is expected to keep its film intact for 
20 to 25, or 30 years, the temperature limit 
must be well below 175 degrees centigrade. 

If we assume that 28 per cent of the initial 
strength (at the end of 15 months) represents 
the end of its useful life, then, by the ten- 
degree rule, the life at 130 degrees centigrade 
would be: 


175 degrees centigrade—15 months 

165 degrees centigrade—30 months 

155 degrees centigrade—60 months 

145 degrees centigrade—120 months 

135 degrees centigrade—240 months (20 years) 
130 degrees centigrade—approximately 30 years 


All of the aforementioned tests at 250, 
200, and 175 degrees centigrade indicate 
that the temperature limit for any kind of 
varnish other than silicone should not be 
radically different from the present AIEE 
value of 130 degrees centigrade continuous 
temperature. : 

Operating experience reported by W. W. 
Satterlee! where dry-type transformers 
Table I. Aging of Insulation at 175 Degrees 

| Centigrade 
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operated successfully for limited periods of 
time at temperatures well above 130 de- 
grees centigrade, indicated that a continuous 
limiting temperature might be supplemented 
by permitting higher temperatures for short- 
time loads similar to those used in trans- 
formers with class A insulation. 
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John L. Fuller (Reliance Electric and Engi- 
neering Company, Cleveland, Ohio): The 
recommendation of the authors to establish 
at once a designation for silicone-type insu- 
lation and their selection of 175 degrees 
centigrade as a tentative limiting hot-spot 
temperature are endorsed. The temperature 
limit appears to be a sufficient increase over 
class B to be worthwhile to motor designers, 
and at the same time appears to be ade- 
quately conservative in the light of tests. 
It is thought worthwhile to emphasize 
the excellent results obtained on the first 
motor tested which had silicone only in the 
form of the impregnant. This appears to be 
doubly important since considerable diffi- 
culty has been experienced in winding 
motors with glass wire bonded with silicone 
resin. Lack of abrasion resistance and pres- 
ence of stickiness have been the primary 
causes. The excellent result with the sili- 
cone varnish only was corroborated by tests 
on a 11/;-horsepower motor similarly insu- 
lated. This motor was run 4,300 hours at 
200 degrees centigrade as measured by re- 
sistance followed by 1,900 hours at 175 
degrees centigrade, all on reversing service 
without noticeable deterioration of the insu- 
lation except for the bakelized canvas slot 
wedges. Insulation resistance and appear- 
ance, as well as coil tightness, showed no 
noticeable trends during this test, which 
was terminated by bearing failure and re- 
sultant stator destruction. These results 
make it worthwhile to consider the use of 
silicone varnishes on motors otherwise 
wound as class B motors in the interests of 
much greater protection than that afforded 
by the organic resins and less cost and com- 


plication than required for full silicone insu-_ 


lation. This might be considered a separate 
insulation class. 

In addition to the afore-mentioned test, 
several other silicone-insulated motors have 
been put in service with no difficulties re- 
ported except for the one recorded here. A 
30-horsepower 1,750-rpm motor was built in 
a 15-horsepower fan-cooled frame. This 
motor has run approximately 10,000 hours 
on a continuous-duty industrial job at about 
175 degrees centigrade with no insulation or 
bearing troubles, bearing temperatures be- 


‘ing kept below 105 degrees centigrade by 


the action of the fan. Lead balancing rivets 
were softened and thrown from the rotor 
and the connecting leads became short-cir- 
cuited where they entered the motor; but 
with these repairs, the test is continuing 
satisfactorily. Silicone-rubber lead cable 
now gives the hope of a very practical solu- 
tion to the lead-cable problem. It may be 
pointed out here, in connection with bear- 
ing troubles, that continuous running fan- 
“cooled or open motors may have little or no 
difficulty with bearings while fully enclosed 
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motors may have bearing temperatures ap- 
proaching those of the windings, unless 
special precautions in design are taken. 
Where high winding temperatures are 
reached only infrequently, the bearing prob- 
lem diminishes. 

With regard to materials to be used, it is 
found that glass-base melamine laminate, 
though quite difficult to handle, appears to 
be a good match for silicone and, hence, use- 
ful as slot wedges. Thermosetting silicone 
varnishes have been much less satisfactory 
than the thermoplastic versions, and, con- 
sequently, the art has advanced more slowly 
on d-c than on a-c motors. 

Two excellent applications for silicone-in- 
sulated motors should be pointed out. Ex- 
cellent results can be obtained with a motor 
designed to be efficient and to run at class 
A orclass B temperatures for normal opera- 
tion, but where it is known that occasional 
severe overloads will be imposed for long 
enough periods to cause damage to class B 
insulation. Here silicone gives the relia- 
bility while retaining efficient operation at 
normal loads. d 

Where number of reversals obtainable 
with a given application is limited in large 
measure by the inertia of the rotor itself, 
silicone can be helpful by permitting the 
use of a smaller motor with lower inertia 
without lowering the over-all capacity of 
the motor within safe temperatures. 


J. G. Noest (Consolidated Edison Company 
of New York, Inc., New York, N. Y.): 
At the outset I should like to point out that 
this discussion represents the viewpoint, of 
an operating engineer who, for the last 20 
years, has been connected intimately with 
the operation and maintenance of electric 
motors as used for auxiliary drives in large 
generating stations, and who, for the last 
few years, has been associated with the 
engineering groups responsible for the plan- 
ning of central-station construction. 

-It is my belief that, had those in positions 
similar to mine simultaneously read the 
paper which I am discussing, the resulting 
whisper of relief could have been heard - 
throughout the nation. Through this paper 
we are encouraged to look forward to a motor 
insulation, not Only capable of withstanding 
considerably higher temperatures but, in 
addition, being capable of withstanding 
moisture. Not only are we promised a motor 
insulation that can withstand higher tem- 
peratures but, to go with it, a lubricant for 
the motor bearings which will retain suitable 
viscosity and resist sludging at the corre- 
sponding higher temperature. 

Within the last few years a considerable 
number of utilities have installed topping 
turbogenerators supplied by large high- 
pressure boilers. In a good number of cases 
the auxiliary drives were electric. Most of 
these installations are operated as base- 
load plants, which means that the auxiliary 
drives operate at maximum loads practically 
continuously. Frequently, in spite of care- 
ful consideration beforehand, it turns out 
that the location of the driving motors gives 
ambient temperatures in excess of those 
anticipated, so that these auxiliary motors 
are operated in ambient temperatures of as 
high as 55 and 60 degrees centigrade. More- 
over, the seasonal temperature variations do 
not, in general, penetrate into the plant, so 
that these high ambient temperatures are 
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exchanger is not a complete solution. 


continuous throughout the year. Under 
these conditions of high load and high am- 
bient temperature, checking of the insulating 
varnish, which is supposed to protect against 
moisture, takes place rapidly. During the 
last year one of these plants has experienced 
three cases of boiler-tube failure. In each 
case one of the 600-horsepower induced- 
draft fan motors failed within two minutes 
of the boiler-tube failure because of the ab- 
sorption of water vapor condensed from the 
leaking steam. It was fortunate that the 
failure of one motor opened the load feeder, 
de-energizing the remaining motors in the 
affected area, since all motors in that area, 
shortly after the boiler-tube failure, were 
found to have very low insulation resistance. 

Because of these experiences, and with 
the hope of reducing the cost of motor main- 
tenance, we have swung recently to the use 
of totally enclosed fan-cooled motors wound 
with class B insulation for operation in 
50-degree centigrade ambient air. Here we 
see a major application of silicone insulation 
with the hope that the differential in cost 
for the totally enclosed fan-cooled motor 
over the open or drip-proof frame motor 
will be reduced at the same time that relia- 
bility of such motors is increased. For 
the type of motor application with which we 
are concerned, increased reliability and free- 
dom from trouble is of greater concern than 
first cost. To substantiate this last state- 
ment, let me point out that in some of these 
applications the loss of a motor represents a 
loss in station capacity of as much as 100,000 
kw. 

We also anticipate that the existing motor 
design of the totally enclosed fan-cooled en- 
closure type will be extended to the larger 
sizes of single-speed and multispeed motors 
for which this design is not available now. 
In these sizes the presently available en- 
closed forced ventilated motor and the en- 
closed motor with integral air—water heat 
The 
first design, for use in central stations, re- 
quires air filters, because of the coal-dust 
and fly-ash problem, with resulting high 
initial cost as well as constant high main- 
tenance. The second involves high cost due 
to water piping and pumping facilities and, 
in addition, it presents the ever present pos- 
sibility of water leaks within the motor en- 
closure. 

Another point I should like to make is that 
the development of high-temperature sili- 
cone insulation undoubtedly will lead the 
manufacturing industry to survey their de- 
signs for the purpose of utilizing the capa- 
bilities of this insulation. This will present 
an opportunity to incorporate in the new 
designs other improvements for the purpose 
of reducing motor-maintenance costs. To 
illustrate the need for such improvements, I 


cite the result of a study of motor failures 


covering a period of five years. This survey 
covers only motors larger than 50 horse- 


power used as auxiliary drives in large power 
plants. This study divided the cause of 
motor failures into six responsibility groups: 


1. Design. Allfailures where design features 
in the motors are a primary cause of failure. 
Number of failures. 15.2.5. eens ee ee eee 


2. Insulation. All failures of motor-coil in- 
sulation to which no other major contributing 
cause could be found. Number of failures..... 50 


3. External Conditions. All failures caused 
by factors external to the motor, such as flood- 
ing, salt-water exposure, or dust. Number of 
FaiTMCES Ho cei, ow olka shel cen Ao aia tinea, alegre 


4. Workmanship. Failures primarily at- 
tributable to poor workmanship of either the 
manufacturer or the agencies who have done 
major repairs at a previous date. Number of 
PALITIGES ois erels ered) olial ous yol'egons' 6 puenetaletelalepede vers, «ictet ces 


5. Maintenance. All failures in which de- 
ficiencies in maintenance are a primary factor. 
Number of failures.....0..00scecveeer accrue 2 


6. Unknown. Those failures for which suf- 
ficient information is not available. Number 
Of failurcess 20225, ies Cerise gs Hashes opebesn less inh) chav 


188 


It should be noted that, of the total num- 
ber of 188 cases of motor failures investi- 
gated, 35 definitely were laid at the door of 
the motor manufacturer. In addition, an 
uncertain number of the 22 cases which are 
classed under ‘‘Workmanship”’ belong also 
at the manufacturers’ doorsteps. A large 
contribution to this type of failure was in- 
sufficient mechanical strength built into the 
coil supports in the motor. A second large 
contributing factor was oil leakage from 
bearings into the motor windings. 

Two other factors are of special interest: 
first, that the rate of motor failure increases 
with the size of the motor; and second, that 
the experience with antifriction bearings in 
motor sizes of over 50 horsepower and over 
1,200 rpm generally has been disappointing. 
In regard to the first statement, it was 
found that in a group of 32-, 600-, and 1,000- 
horsepower motors, 26 failures that neces- 
sitated rewinding occurred within ten years. 
In these cases, overloading was not involved 
and high ambient temperature, while it 
existed, could not be held responsible. All 
failures were due to either of two causes: 
incorrect design, and abrasion of winding 
insulation by dust-laden atmosphere. 

In regard to antifriction bearings, our ex- 
périence in the larger motor sizes has been 
so bad that in sizes over 50 horsepower we 
avoid the use of that type of bearing when- 
ever possible. The difficulty with antifric- 
tion bearings is twofold; oil or grease leak- 
ing into the motor windings, and the diffi- 
culty of replacing an antifriction bearing in 
the usual power plant atmosphere without 
contamination by coal dust and airborne 
grit. . 

It is my opinion that the manufacturers 
should prepare for the coming opportunity 
by having their contact men ask, not gen- 
eral, but pointed questions of the utility- 
plant operators to accumulate data for utili- 
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zation in design improvements. Question- 
naires are a nuisance to busy plant opera- 
tors and are, therefore, not likely to produce 
the desired information. In closing, ps 
should like to ask two questions: 


(a). What is the abrasion resistance of silicone 
varnishes as compared to the best type of previ- 
ously existing varnish? 


(b). Are cured silicone varnishes soluble in silicone 
lubricants? 


J. DeKiep, L. R. Hill, and G. L. Moses: 
It must be recognized that silicones are a 
broad class of materials and individual com- 
pounds in this class differ widely. The 
silicone resins referred to by the authors are 
Dow Corning number 990-A and number 
993 varnishes. These resins were selected 
because of their relatively superior physical 
properties as compared to other silicone 
resins commonly available. When properly 
processed they possess suitable properties 
for shop use which is not true of some silicone 
resins. Their oil resistance and solvent 
resistance is acceptable for many applica- 
tions, though they are not as good in this 
respect as certain organic resins. Varnish 
number 993 passes the American Society of 
Testing Materials’ oil-resistance test. Heat 
stability of both number 990-A and number 
993 varnishes is good, but not as high as 
some of the other silicone varnishes which 
have poorer mechanical properties and low 
resistance to oil and solvents. 

Mr. Fuller’s comments on poor abrasion 
resistance and presence of stickiness do not 
indicate which silicone resin was used nor 
the degree of processing. It has been found 
possible to overcome both these difficulties 
with number 990-A and number 993 silicone 
varnishes by proper processing. 

The authors heartily concur with Mr. 
Lukens’ comments that high-temperature 
insulation should not be ‘‘oversold.”” As 
indicated in the body of our paper, each ap- 
plication of silicone insulation should be 
analyzed and the advantages and possible 
disadvantages evaluated. 

Mr. Noest suggests several possibilities 
which would justify the serious considera- 
tion of silicone insulation. Increased reli- 
ability of operation of an essential part of a 
complex system is, of course, difficult to 
evaluate, but in an emergency may be worth 
a great deal, as he indicates. 

The test data on silicone materials and 
silicone machines presented in our paper are 
believed to represent reasonably good prac- 
tice and to be valid as far as they go. The 
specific comments concerning materials and 
machines cannot be analyzed critically in 
the light of our present experience. As 
more silicone materials and machines are 
used we gradually will acquire experience 
which will answer some of the more critical 
points voiced by the various comments. 
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Field Tests and Performance 
of Heavy-Duty High- 
Speed 138-Kv Circuit 
Breakers—Oil and 
Aiir-Blast (5243) 


A Three-Cycle 3,500- 
Megavolt-Ampere Air- 
Blast Circuit Breaker for 
138,000- Volt Service 

(45-44) 


A High-Capacity High- 

Voltage Three-Cycle 
Oil Circuit Breaker i 
(45-45) 


The Next Step in Interrupting 
Capacity—5,000,000 Kva 
(45-46) 


Discussion and authors’ closures of papers 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 22-26, 1945, 
and published as follows in AIEE TRANSAC- 
TIONS, 1945: 


45-43 by Philip Sporn and Harry P. St. 
Clair, pages 401-10. 

45-44 by H. L. Byrd and Ben S. Beall Ill, 
May section, pages 229-32. 

45-45 by H. L. Byrd and E. B. Rietz, fpril 
section, pages 160-63. 


45-46 by A. W. Hill and W. M. eed 
June section, pages 317-23. 


John G. Holm (Boston Port of Embarka- 


tion, Boston, Mass.): The very interesting 
paper by Mr. Sporn and Mr. St. Clair de- 
scribes the performance of devices in the 
development of which: the public-utility 
engineers and the manufacturer’s develop- 
ment engineers participated, the latter prob- 
ably to a greater extent. In this case it 
was the demand that determined the sup- 
And, since in the case of the high-volt- 
age circuit breakers the tendency with each 
new development has been to ask for circuit 
breakers which are able to reclose in a shorter 
time and interrupt larger kilovolt-ampere 
magnitudes, it is natural to consider how far 
in these directions will go the demand which 
the manufacturers are expected to satisfy. 
The speed of operation of a circuit breaker 
has to satisfy, certain requirements which 
may be grouped as internal and external. 
To satisfy the internal requirements the 
circuit breaker will have to trip, open, and 
deionize in the minimum possible time. The 
higher the operating voltage, the more time 
has to be allotted for the deionization, so 
that the internal requirements will impose a 
certain minimum time. The tests have 


__ shown that for 136 -ky circuit pares the 


minimum time, at this stage of develop- 
ment, is about 12.5 cycles (on 60-cycle 
basis) for the air-blast type. Present indica- 
tions are that it might be possible to shorten 
this time still further. The external require- 
ments which the speed of the circuit breaker 
must satisfy are imposed by the condition of 
system stability and by the operational 
requirements of the load. The reclosing 
speed of 13 to 15 cycles is sufficient to pre- 
vent the machines from drifting dangerously 
apart from synchronism; it is satisfactory 
insofar as the operation of steel furnaces and 
radiobroadcasting are concerned, and it 
causes no insurmountable difficulties with 
certain synchronous-motor loads. From all 
these considerations, therefore, a 12.5- 
cycle circuit breaker is satisfactory, and 
there is little justification for requiring 
speeds much below the 12 cycles which have 
been practically attained. 

On the subject of the circuit-breaker inter- 
rupting capacity there seems to be a general 
agreement that 5,000 megavolt-amperes are 
attainable, and some engineers think that, 
if necessary, this figure may be appreciably 
exceeded. If this isso, should here again the 
goal be for bigger and bigger units? The 
demand for larger interrupting capacities 
comes from two directions: from the inte- 
gration of systems into more extensive units 
and from adding additional loads. Should 
these two tendencies be encouraged, or 
should they be resisted, and to what extent? 
The answer to this is of an economic nature. 
There unquestionably exists a size of any 
system, or of its particular parts, beyond 
which the expansion becomes uneconomical. 
It is to be regretted that it is seldom known 
where this limit is, for it is rarely, if ever, 
that studies of this type have been made for 
an interconnected system as a whole. The 
large size by itself is no solution. On the 
contrary, the size often has been the reason 
for the extinction of the species—from what- 
ever domain one chooses to select examples 
for substantiation of this statement. There- 
fore the requirement for steadily increased 
interrupting capacity of circuit breakers 
should be determined by considerations of 
capacities that may be interrupted eco- 
nomically within a system of the most”eco- 
nomical size, rather than be set by possi- 
bilities of developing larger and larger circuit 
breakers. This latter will lead ultimately to 
tremendous load concentrations and to sys- 
tems expanded beyond their economic use- 
fulness. 

Whatever be said of the tendencies for 
defining desirable characteristics of circuit 
breakers, the tests have shown that the air- 
blast type is eminently more suitable for 
attaining shorter reclosing times and for in- 
terrupting larger kilovolt-ampere capacities. 
If we will adopt operating voltages of 345 
kv in the United States, the statement in 
favor of air-blast circuit breakers will be more 
pronounced. Still one may say that, should 
the electric utilities require circuit breakers 
with interrupting capacities of the order of, 
let us say, 10,000 or 15,000 megavolt-am- 
peres, it well may be that a start on the path 
of exploration of other, yet untried, methods 
of high-power circuit interruption is indi- 
cated. As the rockets in this war success- 
fully have put an end to the development of 
heavier and heavier caliber guns, so also new 
types of circuit-opening devices may bring 
an all-around better solution to this prob- 
lem. In the face of so many successful engi- 
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neering developments, there is no reason to 
believe that this undertaking cannot be 
accomplished also. 

What impresses most in this paper is the 
fact that the tests of the powerful circuit 
breakers were executed in actual operation 
on a large interconnected system and that 
they evidently came out without the slight- 
est mishap or difficulty to the system. The 
preparation for these tests unquestionably 
involved a great deal of detailed planning, 
considerable load rearrangements, and a 
careful execution of the entire procedure. 
For this the authors of the paper and their 
colleagues deserve a great deal of praise and 
credit. The planning of the tests and the 
changes in the system load involved in it, so 
briefly described by the authors, well could 
form a subject for a separate valuable paper. 

In connection with the test results shown 
by the air-blast circuit breaker, it perhaps 
might be of interest to refer to a meeting 
of one of the AIEE Sections held a couple of 
years prior to the beginning of the current 
war in Europe. At this meeting the 
speaker, a circuit-breaker development engi- 
neer, who just had returned from a European 
tour of electric-equipment manufacturing 
companies, made a statement that the Swiss 
never would have developed this, as he said, 
very much inferior air-blast type of circuit 
breaker, had they not been forced by the 
difficulties experienced in connection with 
importing special oils. The speaker made a 
prediction that, because of oil abundance in 
the United States and in view of the oil 
circuit breaker having all the advantages 
over the other type, the air-blast circuit 
breaker never would be accepted in the 
United States, and was not even worth a 
trial. This engineer is now in important 
charge on circuit-breaker developments with 
one of the leading companies. 

What has been said on frequent occasions 
before seems again to be true, namely, that 
the majority of great engineering ideas origi- 
nate in Europe; that they then are taken 
to the United States and developed to an 
extent undreamed of in Europe. 


M. H. Hobbs (We3tinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Following presentation by Mr. Sporn 
and Mr. St. Clair of this excellent paper on 
field tests of high-voltage oil and air-blast 
circuit breakers, together with related papers, 
45-44, 45-45, 45-46, which have been pre- 
sented this year and others which have been 
presented in the past two or three years! 
(also reference 2 of B. P. Baker discussion), 
it seems desirable to pause and look ahead 
to see what the future trend appears to be. 

It is absolutely essential that we as 
manufacturers do this, as it determines our 
future development program and its cost. 
Also, operating engineers may be somewhat 
confused about what to expect and would 
like to know what is to be available in the 
near future. 

The papers have shown that it is possible 
to produce circuit breakers of either the oil 
or the air-blast type which will give high 
speed of arc interruption and high-speed 
reclosing, at least on-a relatively limited 
number of tests. 

On the other hand, the ability to produce 


a device does not mean that it is at present 


t 


economically desirable to do so. 
The total number of high-voltage outdoor 
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circuit breakers which are manufactured and 
sold is somewhat limited, and it is question- 
able whether the development of parallel 
lines for the same application can be justi- 
fied. So far, the design and development of 
the outdoor air-blast circuit breaker has 
been on an experimental basis as outlined 
by the Triple Joint Committee, comprising 
members from the operators’ organizations 
(Edison Electric Institute and Association 
of Edison Illuminating Companies), the 
manufacturers (National Electrical Manu- 
facturers Association) , co-operating with the 
American Standards Association and the 
AIEE. The program was outlined early 
in 1941 as follows: 


‘It is the judgment of the utility members of the 
Joint Committee that the time is not yet ripe for 
the commercial development of the lines of outdoor 
oilless or oil-poor circuit breakers. However, if 
the manufacturers feel that outdoor oilless or oil- 
poor circuit breakers show promise of being com- 
mercially attractive in the future, the Joint Com- 
mittee is agreeable to a field trial of a limited number 
of ratings.’”’ 


At that time a limited number of ratings 
were agreed upon, as a framework to guide 
the scope of the development. It is interest- 
ing to note that no higher than 2,500,000-kva 
ratings were included in this table. The 
program was laid out to cover all oilless 
breakers, including air-blast, oil-poor, and 
soon. Recent development has been limited 
largely to the air-blast type, which has 
seemed to offer the most promise, and several 
ratings including 34.5, 69, and 138 kv have 
been produced by several manufacturers. 
The economic situation in regard to elec- 
tric equipment undoubtedly will be more 
critical after the war than it has been in the 
past, and it will be essential that the manu- 
facturers and operators co-operate to the 
fullest extent to prevent costs from rising. 
Several committees at the present time are 
working on standardization programs, in- 
cluding one set up by EEI on metal-clad 
switchgear. Results of value both to the 
users and manufacturers should be obtained. 
Specifically, as to a comparison of the 
two circuit-breaker designs, oil and air-blast, 
in all designs so far proposed, including 
those which have been described before the 
AIJEE, it is quite evident, even from a visual 
inspection, that the present air-blast designs 
will cost materially more than the dead-tank 
oil circuit breaker. There are several reasons 
for this, and the situation is quite different 
from that on the indoor air-blast circuit 
breakers. First is the insulation problem, 
involving as it does large porcelain columns 
and post insulators. Second is the relatively 
complicated mechanism required for the air- 
blast circuit breaker, particularly for quick 
reclosing, partly due to the operation of the 
isolating switch, whether this is internal or 
external. Third is the weatherproofing, 
which becomes a real problem on circuit 
breakers of this type. Fourth is the relative 


- difficulty of providing for potential and cur- 


rent transformers. There is no thought here 
of saying that these problems are unsur- 
mountable, but simply that we should be 
realistic and admit they have not been solved 
satisfactorily up to the present time in exist- 
ing designs. 

Present oil-circuit-breaker designs are 
entirely different from those produced only 
a few years ago. The new low-oil-content 


* dead-tank oil circuit breaker has shown itself 


to be not only highly satisfactory from an 
operation standpoint, both as to interrupt- 


ing and reclosing, but also to be relatively 
simple and convenient to manufacture and 
service in the field. It is suitable for either 
five- or three-cycle interruption and exceed- 
ingly fast reclosing, as we have seen from 
the oscillograms. The matter of oil handling 
in all except the most isolated locations 
should not prove to be a serious problem. 

It is always hazardous to make long-range 
predictions in our industry, and no attempt 
is made here to doso. I am simply presum- 
ing to state the picture as it appears to us 
in January 1945. The development work 
which has been done now and the limited 
amount of field experience which has been ob- 
tained on air-blast circuit breakers have 
been very valuable to both manufacturers 
and users, and this should be continued, be- 
cause it is only-in this way that we learn. 
At the present time there seems no necessity 
for changing the program outlined by the 
Triple Joint Committee, which the commit- 
tee has reaffirmed several times since it was 
set up in 1941, that commercial development 
and design work still should continue along 
the lines of the conventional dead-tank oil 
circuit breaker. 
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B. P. Baker (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): When one reviews the work which 
has been done in the United States on out- 
door high-voltage circuit breakers during 
the last four or five years, it is interesting 
and perhaps encouraging to note the general 
trend in design. 

The oil circuit breakers discussed in the 
paper by Mr. Sporn and Mr. St. Clair and 
in papers 45-45 and 45-46 possess the same 
general features, give results which are com- 
parable, and their conclusion regarding 
future possibilities are quite compatible. 

When one compares this compressed-air 
circuit breaker with previous designs as 
shown in AIEE papers,!:?)3 one must feel 
that some of our concepts and designs are 


_ pulling together. The elimination of fibrous 


insulation to ground in favor of all porcelain 
seems a good move, even though it has neces- 
sitated an awkward looking, propped-up 
structure. This propping-up idea is almost 
certain to become more important at higher 
voltages. The use of interrupting elements 
which approach the orifice construction 
seems to be an improvement over previous 
designs, at least it is consistent with results 
obtained in the Westinghouse laboratory, 
which were published in 1941.1 Also, the 
shifting of the two interrupting elements 
to the same column and the use of a single 
isolating gap may prove to be more de- 
sirable. It is unfortunate that in practically 
every high-voltage compressed-air circuit- 
breaker design so far proposed the current 
transformers and potential devices have to 


be so costly, and, therefore, it is nice to see 


some structural use made of the current 
transformer in this design. 


In spite of these improvements and the 
test results which appear to be quite remark- 
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Figure 1. 341/9-kv 1,000,000-kva com- 
pressed-air circuit breaker 


able, and in many respects are, I am sure 
the authors are inclined to regard this circuit 
breaker as still in the development stages. 
With this in mind, it seems pertinent to offer 
to the AIEE at least a review of additional 
available data. 


Figure 2. Oscillogram of 6,800 Smperer 
being interrupted at 66 kv in 2.3 cycles — 
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Figure 3 of reference 2 shows a 138-kv 
1,500,000-kva compressed-air circuit 
breaker which has been in service on the 
West Penn Power Company system since 
August 1942. This circuit breaker has given 
a splendid account of itself electrically. 
However, there have been some mechanical 
troubles, and this circuit breaker may re- 
quire some propping up. Before shipping 
this circuit breaker a single-pole unit was 
tested at 132-kv up to 6,600 amperes. 
Figure 3 of reference 1 is an oscillogram 
showing the interruption of 8,900 amperes 
at 132 ky on a circuit with a rate of rise of 
2,970 volts per microsecond. This is the 
three-phase equivalent of 3,500,000 kva for 
230-kv service. 

Since then circuit breakers for 66- and 
341/s-kv service have been developed, which 
are simplified considerably by utilizing an 
internal isolating switch. Figure 1 of this 
discussion shows a 34!/2-ky compressed-air 
circuit breaker for 1,000,000-kva service. 
The interrupter consists of a single orifice 
located between the two upper porcelains. 
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Figure 3. Single-pole unit of 3,500,000-kva 


230-ky high-speed compressed-air circuit 
breaker 


—————— 


The moving contact first draws the arc 
through the orifice where interruption is ob- 
tained, after which it moves into the second 
porcelain where the isolating gap is formed. 
A‘singlé-pole unit of this circuit breaker 
has been tested successfully at 66 kv up to 
13,400 amperes on a circuit with a recovery 
rate of 2,700 volts per microsecond, and at 
44 kv up to 19,100 amperes at 1,800 volts 
per microsecond. The first test approaches 
3,000,000 kva, three-phase equivalent for 
138-kv service. The voltage is somewhat 
low; however, the circuit is exceptionally 
fast. : 
Considerable work has been done on the 
various elements for higher-voltage high- 
speed compressed-air circuit breakers. A 
high-speed blast valve was developed, which 
produced an 11-square-inch opening against 
350-pounds-per-square-inch pressure in 1.1 
cycles. This valve, in conjunction with a 
high-speed single-orifice interruption unit, 
was tested up to 6,800 amperes at 66 kv 300 
pounds per square inch, 1,800 volts per 
microsecond, giving a circuit breaker time 
of 2.3 cycles. Figure 3 of this discussion 
_shows the oscillogram of this operation. At 
3,000 amperes 66 ky 2-cycle interruption was 
_ obtained. 
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A similar interrupting element, but with 
a slower-speed blast valve has interrupted 
18,700 amperes at 66 kv 2,700 volts per 
microsecond giving a circuit breaker time of 
3.8 cycles. 

For 138 and 161 kv one of these units, 
consisting of two orifices and one blast 
valve, would be used. Double this, as shown 
in Figure 3 of this discussion, would be used 
for 230 kv. By allowing the difference be- 
tween 4X66 kv and 230 kv for malvoltage 
division, three-phase power of 7,000,000 kva 
at 230 kv does not seem impossible even on 
afast circuit. However, these test results do 
represent the high spots in interrupting per- 
formance obtained at our laboratory and 
are not meant to convey the impression that 
such quality results may be obtained con- 
sistently on the high rate of rise circuits. 

The orifice or longitudinal-flow type of 
compressed-air interrupter is very sensitive 
to the combination of large current, high in- 
stantaneous values of restored voltage, and 
high rate of rise of restored voltage. These 
factors render such interrupters erratic and 
inconsistent. However, it has been demon- 
strated that, if the rate of rise is reduced 
from 3,200 volts per microsecond to 1,700 
volts per microsecond at 132 kv, very con- 
sistent performance is obtained from 240 
amperes to 7,500 amperes. Also, at 66 kv 
where the maximum rate of rise was reduced 
from 2,700 to 1,370, consistent operation 
was obtained from 500 amperes to 16,300 
amperes. 

In both sets of tests the maximum arcing 
time did not exceed 1.2 cycles. 

One would, therefore, predict the excellent 
performance and uniform arcing time ob- 
tained on the field tests reported. In closing 
I would like to raise a question for considera- 
tion: Since the higher values of kilovolt- 
amperes are not generally obtainable on 
service circuits without a large connected 
network in which high recovery-voltage rates 
are not encountered, is it permissible when 
testing in a high-power laboratory to modify 
the circuit to obtain recovery-voltage rates 
equivalent to those which may be encoun- 
tered in service? 
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H. W. Haberl (Quebec Hydro-Electric Com- 
mission, Montreal, Quebec, Canada): The 
interrupting tests recorded by this paper at 
substantially higher values than heretofore 
reported are, of course, important and of 
general interest. There are, however, cer- 
tain points which do not seem to be quite 
clear. 

In paper 45-44 the authors state that the 
contacts part in approximately 11/2 cycles 
and reach the end of the restriction in ap- 


‘proximtely 21/4 cycles and that interruption 


occurs at the subsequent current zero. 
Some of the tests, however, seem to show 
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that the current was not interrupted at the 
“subsequent current zero’’ but continued 
until the second current zero. It is some- 
what surprising that an air-blast circuit 
breaker of this importance would not have 
a shorter duration of arcing. The arcing 
time shown on the oscillograms appears to 
vary from 0.9 cycle to 1.35 cycles, in the 
latter case the interruption did not take 
place until the third current zero after part- 
ing of contacts. From an examination of 
Figures 2 and 3 of the paper it would appear 
that the parting of the contacts takes place 
at zero velocity of moving contact, which 
naturally would account for the relatively 
short time of contact parting and also for 
the relatively long duration of the arc. 

Figures 3 and 4 also indicate a relatively 
indirect or tortuous path of the compressed 
air in reaching the contacts and the piston 
which moves the contacts; this applies 
especially to the upper contact, and it is 
rather surprising that the opening of the 
upper contact is shown as parting at the 
same time as the lower contact. Many 
tests on high-voltage circuit breakers in 
which there is a difference in the path of the 
air have shown that there is a substantial 
difference in the time of parting of the con- 
tacts. 

In paper 45-44 the authors state: ‘‘More 
operating experience with high-voltage out- 
door air-blast circuit breakers is needed.” 
It must be assumed, of course, that the 
authors are referring to the particular design 
of circuit breaker used in these tests and not 
to air-blast circuit breakers of other de- 
signs. 

The writer has been connected with the 
development and use of air-blast circuit 
breakers outdoors in Canada for more than 
ten years. In the early part of this period, 
experience showed many points which re- 
quired modification, principally in connec- 
tion with the maintenance of safe insula- 
tion outdoors. However, such troubles 
have been reduced to a practically satis- 
factory condition. From operating experi- 
ence with a large number of 138-kv and 230- 
kv circuit breakers in late years, we have 
found that such outdoor air-blast circuit 
breakers do not require any greater amount 
of maintenance work than corresponding oil 
circuit breakers. 


H. V. Nye (Allis-Chalmers Manufacturing 
Company, West Allis, Wis.): My interest 
in the circuit breaker described in paper 
45-44 is very keen, as the interrupting per- 
formance of axial-blast compressed-air cir- 
cuit breakers, both low-voltage and high- 
voltage has been so manifestly good that it 
seems only logical to turn to this type of 
interrupter where short arcing times and 
extremely fast reclosing cycles are required. 

The design of the circuit breaker described 
in this paper seems to follow rather closely | 
the European designs previously built for 
high-voltage air-blast circuit breakers, and 
I think this is a commendable and safe ap- 
proach to the problem. 

It would help if more information were — 
given in the paper regarding the air system 
employed. I would appreciate knowing 
what operating pressure was used and 
whether a single-pressure or double-pressure 
system was employed. I also would like to 
inquire whether special precautions were 
taken to dry the intake air. 
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The description of an oil circuit breaker 
in paper 45-45 for three-phase interruption 
and fast reclosing is particularly interesting 
in view of paper 45-44 describing an air-blast 
circuit breaker for the same service and built 
by the same company. I feel that the ex- 
perience gained with operating both of these 
breakers on the same system will go a long 
way toward clarifying the relative merits of 
the two types of circuit breaker. 

The value of this paper would have been 
enhanced if some data had been given as to 
the circuit-breaker weights and over-all 
dimensions to give the reader a better basis 
of evaluating the relative merits of these 
designs. 

The presentation of the test data to show 
that field tests substantiate the results indi- 
cated by laboratory tests at lower voltages 
should be very heartening to the users of 
these large-capacity circuit breakers where 
it is not feasible to test them at the factory 
under full-voltage full-capacity conditions. 

The data presented on this circuit breaker 
show a very constant arcing time throughout 
the range of the circuit breaker, and for 
such a type of interrupter the assumptions 
made from the laboratory tests seem reason- 
ably justified. This is particularly true 
when the low-voltage tests are carried up to 
a considerable margin above the circuit- 
breaker current rating. In this case Figure 
7 shows the currents at low voltage were car- 
ried up nearly 50 per cent above the actual 
circuit-breaker rating. 

It seems to me, however, that a word of 
caution should be sounded that such extra- 
polation of test results to prove a circuit- 
breaker rating can be relied on only when the 
tests are carefully co-ordinated to prove the 
performance of the interrupting element 
under all conditions and such interrupting 
element’ is shown to be consistent in its 
operating characteristics through the entire 
range of current interruption. 

In paper 45-46 the authors have given a 
frank, interesting, and comprehensive survey 
of the possibility of the extension of the inter- 
rupting capacity of high-speed supervoltage 
oil circuit breakers. The paper also contains 
an excellent discussion of the value of data 
obtainable from a high-capacity test plant 
and the various methods of testing circuit 
breakers to prove their rating. Certainly, 
we all are agreed on the value of the data 
obtained from such testing equipment, and 
the increased reliability of the modern oil 
circuit breaker is directly attributable to 
such tests. 

In the paper’s discussion of “‘short-circuit 
tests above 3,500,000 kva’’ it seems rather 
hazardous to interpret a single-phase single- 

‘pole test as proof that the circuit breakers 
have a three-phase rating of three times the 
actual kilovolt-amperes interrupted on a 

' single-pole unit. This might be justified if 
we could be sure that the circuit being inter- 
rupted always would be grounded through 
a ground of negligible resistance. This is, 
however, often not the case, and it would 
seem that some allowance must be made 


for this fact. The conservative construction . 


of such a test is, of course, to take it as 
proof of a three-phase value of twice the 
kilovolt-amperes interrupted on the single 
pole. Once we reach the capacity of the 
test plant, of course, it is necessary to do a 
certain amount of extrapolation in proving 
the high capacity of circuit breakers. The 
answer to this would appear to be that 


such a test as just referred to can be taken 
only as proof of three times the single-phase 
kilovolt-amperes when it is supported by 
tests made at lower voltage and increased 
currents to prove the capacity of the inter- 
rupting device under arc-energy conditions 
equal to what may be anticipated at full 
rating. By a combination of such tests it 
seems reasonable to prove the capacity of 
the circuit breaker considerably beyond the 
actual kilovolt-ampere capacity of the test 
plant itself. 

This is the method described in paper 
45-45, and the results of the field tests on 
the circuit breakers therein described seemed 
to bear out the soundness of such test pro- 
cedure. 


D. M. Jones (General Electric Company, 
Schenectady, N. Y.): To anyone interested 
in the broader aspects of power systems, 
papers, 45-48, 45-44, 45-45, and 45-46, in 
which circuit-breaker designers are propos- 
ing with assurance interrupting capacities 
of 3,500,000 and 5,000,000 for medium- and 
high-voltage circuit breakers, are extremely 
welcome as representing a most acceptable 
change from earlier conditions, where the 
performance of available circuit breakers 
was often the limiting factor in system de- 
sign. 

From system experience and analysis, 
however, it is evident that such increases in 
circuit-breaker interrupting capacity as now 
are being discussed place renewed emphasis 
on the advisability of short circuit-breaker 
clearing time. Thus, it would appear that 
these higher-interrupting-capacity circuit 
breakers would be acceptable only on a 
three-cycle clearing basis. 

Over-all reviews of power-system-design 
economics indicate that the proper ultimate 
interrupting requirements on high-voltage 
circuit breakers rise with voltage on essen- 
tially a constant interrupting-current basis. 
Thus, it is strongly suspected that 3,500,000- 
and 5,000,000-kva circuit breakers at 115 kv 
and 138 kv respectively may be beyond the 
economic limit from a system-design stand- 
point. 

These new circuit-breaker ratings there- 
fore will accentuate the need for the power- 
system engineer to approach his expanding 
power-system design problem, which funda- 
mentally involves the proper timing of the 
necessary successive advances in the voltage 
level of the system backbone transmission 
on the basis of sound economics rather than 


_ simply waiting until the interrupting capac- 


ity of available circuit breakers forces him 
to move, a procedure often followed in the 
past. For with these new ratings he now 
easily may be able to delay such advances in 
layout beyond the advisable period for 
change. 

Now that circuit breakers are lush with 
current-interrupting ability, it may be ad- 
vantageous to make certain general com- 
ments on circuit-breaker testing. These 
new higher levels of interrupting capacity 
certainly should bring home to us the fact 
that it never will be economically feasible 
to provide testing equipment for the ulti- 
mate circuit-breaker capacities. Likewise, 
it should be evident that to meet the grow- 
ing needs of the industry the available inter- 
rupting ratings of circuit breakers, at least at 
the higher end of the going voltage range, 
where of necessity no system yet will have 


developed the ultimate legitimate interrupt- 
ing duty, always must appreciably exceed 
existing system requirements. Therefore 
there always will be many ratings in ad- 
vance of any test facilities obtainable on 
existing systems, and such advanced ratings 
then will have to be based on a combination 
of synthetic test data and field testing plus 
extrapolation. 

From a practical standpoint, short-circuit 
testing equipments always will be necessary 
to the designer as a basis for obtaining that 
broad background of experience and informa- 
tion necessary to circuit-breaker design. It 
is also perfectly apparent that as the inter- 
rupting duty of a circuit breaker on which 
test information is desired rises beyond the 
normal test capacity of the equipment, any 
sensible expedient should be resorted to 
which would enlarge the range of test data 
obtainable, and thus such procedures as pre- 
tripping of the test circuit breaker, testing 
single phase, testing to full current at re- 
duced voltage, testing at full voltage and re- 
duced current, and the like, long have been 
in common use. 

The procedures in themselves are rela- 
tively simple. The translation of such re- 
sults to an equivalent standard test basis is 
more difficult, and, although much valuable 
background data for such interpretations 
can be obtained from comparison of normal 
test data and synthetic test data (within the 
capacity of the test equipment to provide 
the normal tests), the real proof is obtained 
from full-scale tests on power systems to the 
highest interrupting levels obtainable. 

The accuracy of the ultimate extrapolated 
data thus will depend upon the breadth and 
competence of the background data, the 
adequacy of the spot checking by system 
testing, and the ability of the engineers in- 
volved. The accuracy of extrapolation, 
however, also will be greater where the 
data throughout apply to the same variety 
of circuit-interrupting mechanism. Thus, 
we would approach the cross-blast type of 
interrupter, as applied to oil circuit breakers, 
with considerable confidence in terms of our 
long and favorable experience with it, and 
one cannot but note with interest that it 
now appears in its fundamentals in all the 
high-voltage oil circuit breakers discussed in 
these papers. 

As a final comment, in view of the liberal 
advances in the high-voltage circuit-breaker 
ratings that have been presented and the 
associated movement to three-cycle inter- 
rupting time, it would seem most opportune 
to face now the joiné question, often dis- 
cussed, of the proper method of rating the 
interrupting capacity of circuit breakers and . 
the corresponding appropriate method of 
calculating system short-circuit duty. 

With the trend toward fast circuit break- 
ers the artificiality of a higher apparent duty 
for faster circuit breakers should be recog- 
nized and eliminated. The concept of short- 
circuit duty being based on “rms current at 
contact parting” is an old one and a very 
approximate one. It reaches back to the 
days when a circuit breaker was expected 
only to clear a fault, whereas today it must ~ 
close successfully as well as open and then. 
reclose immediately. Some at least equally 
accurate approximation must be possible, 
which eliminates the contact-parting time 
variable and makes sounder application 
sense. 


It now would appear timely to consider 
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changing the rating structure. One very 
simple solution would be to assign a nominal 
interrupting-current rating to a circuit 
breaker which would bear the same relation- 
ship to the circuit-breaker test requirements 
as the calculated system interrupting-cur- 
rent requirements (obtained by dividing 
system voltage by square root of three times 


‘the proper system reactance to the point of 


fault) would bear to the real interrupting 
duty on that system for the conditions and 
the location in question. 

It then would be necessary only to com- 
pare the result of the above simple-system 
interrupting-current calculation with the 
nominal circuit-breaker interrupting rating 
reasonably to determine its proper applica- 
tion from an interrupting standpoint. 

In addition the circuit-breaker rating then 
would be free from the slippery factor of con- 
tact parting time and also a present dis- 
crepancy between system calculation and 
circuit-breaker rating which is dependent 
upon the actual speed of the circuit breaker. 


J. J. Trainor and C. E. Parks (Public Service 
Company of Indiana, Inc., Indianapolis, 
Ind.): As mentioned in paper 45-46, large 
concentrations of power due to system inter- 
connections and greatly increased generating 
capacities have constituted a serious problem 
for utility operators in that these expansions 
within the last few years have caused them 
to be especially conscious of the increased 
interrupting duty of which their circuit- 
breakers must be capable. On the system 
of the Public Service Company of Indiana, 
Inc., we found that our rapidly expanded 
power facilities within the past five years 
necessitated a careful review of our circuit- 
breaker situation from an interrupting- 
capacity standpoint. Circuit breakers 
which possessed proper interrupting capaci- 
ties for their particular location five years 
previously, were entirely inadequate. This 
prompted us to relocate, rebuild, or replace 
a large number of circuit breakers. 

Although it is true that utility engineers 
are ever conscious of this problem when they 
plan new generating and transmission lay- 
outs and strive to arrange the system to re- 
duce the duty to which their circuit breakers 
are subjected, certain economic and operat- 
ing considerations often limit their ability 
to reduce their circuit-hreaker duty figures 
to a low value. 

Our system has yet to develop to the point 
where the presently manufactured 2,500,000- 
kva circuit breaker is not adequate. How- 
ever, our planned expansion program, 
coupled with the fact that we make extensive 
use of high-speed single- and three-pole 
reclosing on our 66-kv and 132-ky system, 
makes it evident that the newly developed 
5,000,000-kva circuit breaker possibly may 
be required at our major generating stations 
and substations in the near future.’ 

The authors are certainly to be congratu- 
lated on the fine data which they have ac- 


cumulated proving the operation of their 


circuit breaker to be all that is claimed for 
it. I was interested particularly in the suc- 
cessful double reclosing action as recorded 
in Figure 10 of their paper: 

It would be appreciated if the authors 
would describe more fully the constructional 
differences between the grid used on this 
5,000,000-kva circuit breaker as compared 


/ 


with that used on their present 2,500,000- 
kva circuit breaker. It also would be of 
interest to know whether or not this new 
grid will be available for use in the conver- 
sion of older-type circuit breakers and to 
what extent such conversion will affect the 
interrupting capacity as compared with con- 
version using the standard 2,500,000-kva 
grid. 


H. A. Peterson and C. A. Woodrow (General 
Electric Company, Schenectady, N. Y.): 
The switching surge long has been recognized 
as a dangerous source of system overvoltage. 
In the past few years, both field tests and 
analytical studies have demonstrated that 
the phenomenon associated with capacitance- 
current interruption is an important—if not 
the most important—cause of switching- 
surge overvoltage. Roughly and briefly, 
if delayed restriking of the arc across the 
circuit-breaker contacts takes place, then 
there is a possibility of building up over- 
voltages which may be damaging if a succes- 
sion of several such delayed restrikes takes 


place. » 


That this problem clearly is appreciated 
and that something is being done about it is 
made clearly evident in papers 45-48, 45-44, 
and 45-45. In the three-cycle oil-blast cir- 
cuit breaker described in them, overvoltages 
are controlled by virtue of a shunting resis- 
tor of sufficiently low resistance (several 
thousand ohms) to drain momentarily the 
charge of the line back into the source, be- 


fore final interruption is completed. On the 


other hand, the three-cycle air-blast circuit 
breaker requires no shunt resistor, because 
it does not permit the particular kind of 
delayed restrikes which otherwise could give 
rise to overvoltages. While the parting con- 
tacts are in the low-pressure throat, high- 
voltage restrikes are impossible. After this 
short initial parting interval dielectric 
strength between the opening contacts is 
regained so rapidly that the slow rate of 
voltage recovery associated with such a 
circuit interruption does not permit a re- 
strike to occur. This characteristic is shown 
clearly in Figure 7 of the Byrd—Beall paper, 
and its effect on a capacitance-current inter- 
ruption is illustrated in Figure 6 of the same 
paper. 3! ; 

Though the possibility of an oil-inter- 
rupter design with similar self-limiting char- 
acteristics cannot be denied, it must be re- 
membered that the air-blast circuit breaker 
uses a definite, stored-energy interrupter, as 
does the FG-type oil impulse circuit breaker 
which has established such a successful high- 
voltage service record in the far West in the 
United States. Without the shunting re- 
sistor, it would appear that performance 
blind spots could develop much more readily 
with any interrupter, oil or air, which uses 
the current carried as a source of the neces- 
sary pressure for successful interruption. 


From both an operating and system- 
design standpoint, it is comforting to realize 
that such overvoltages are being brought 
under control. Their elimination can bene- 
fit greatly the system overvoltage protective 
equipment. In many instances it has been 
demonstrated by field tests that arresters are 
required to operate very frequently on 
switching surges attending the interruption 
of capacitance currents. In the higher-volt- 
age systems where cables or long overhead 
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lines are switched, this has particular signifi- 
cance because in these systems the amount 
of energy associated with such surges may be 
greater than the discharge capacity of the 
arresters. It is therefore significant from the 
protective-equipment standpoint that such 
overvoltages now lend themselves to control 
at the source. 


Philip Sporn (American Gas and Electric 
Service Corporation, New York, N. Y.): 
It is gratifying to learn from the paper 45-46 
that definite progress has been made by the 
authors and their associates toward the de- 
velopment of higher-interrupting-capacity 
circuit breakers, with a view to reaching a 
goal of 5,000,000 kva. I am all the more 
pleased to see this further progress reported 
by the same authors who presented, just 
one year ago, a paper describing develop- 
ments in high-capacity rapid-reclosing cir- 
cuit breakers (reference 2 of M. H. Hobbs 
discussion), because at that time I expressed 
the opinion that they had not gone far 
enough, particularly with high-speed re- 
closing, to meet the present or impending 
requirements of modern systems. It thus is 
heartening to see that considerable further 
progress and enterprise has been shown in 
advancing these developments toward the 
goal which I then projected of a circuit 
breaker of 5,000,000-kva interrupting ca- 
pacity, three-cycle operating speed, and ca- 
pable of reclosing on a 12-cycle duty. Inso- 
far as this further progress is reported in this 
paper, it is, I believe, a most timely and 
welcome contribution, and the authors, as 
well as the Westinghouse Company are to 
be congratulated. 

It is, however, disappointing to note that 
to the various elements of this really com- 
mendable progress and enterprise there have 
been hitched loosely certain ideas about inter- 
rupter design and development, which the 
authors would like to have accepted as fact 
but which fall far short of factual achieve- 
ment. Thus the idea that the credit for 
whatever progress has been made in circuit- 
breaker development should go entirely 
either to the high-power testing laboratory 
or to the development of the multiflow deion 
grid will not stand up to critical analysis. 
J am not minimizing the importance of fac- 
tory testing in the development of the ex- 
cellent arc-interrupting devices we have to- 
day, but I wish to point out that circuit- 
breaker developments went a long way be- 
fore high-capacity laboratories were avail- 
able. Again, while the present multiflow 
deion grid is undoubtedly very effective, it is 
after all only one effective form of the self- _ 
generating pressure type of arc interrupter, 
and both the broad principle and other 
forms of it have been known for a long 
time. 

- The authors agree to the proposition that 
final verification of a new design by field 
tests on an actual power system has ad- 
vantages both to the manufacturer and the 
user. I always have contended that con- 
sidering the importance of a circuit breaker’s 
perfect functioning to the safety and per- 
formance of a power system, no reasonable | 
measure should be left untaken to prove be- 
yond doubt a circuit breaker’s rating: the 
realistic duplication of short-circuit condi- 
tions on the system itself obviously provides - 
the best and the only certain assurance of a 
circuit breaker’s capability. 


467 


from the first, operation. 


I would like to call attention also to a most 
significant finding by the authors that in the 
case of the multiflow deion grid circuit 
breaker and, presumably, in the case of all 
modern self-generating pressure type of cir- 
cuit breakers ‘‘there is no inherent limitation 
in the rapidity with which a circuit breaker 
can bereclosed and interrupt a second fault.”’ 
Mr. Byrd and Mr. Rietz bring out the same 
fact but do not comment on its significance. 
Our own repeated experiences through a 
succession of field tests, always making re- 
peated shots as quickly as possible, have 
been that there is no reduction in interrupt- 
ing capacity on the second shot of a fast re- 
closing cycle with a modern circuit breaker. 
It is obvious that Mr. Hill and Mr. 
Leeds have found the same thing to be true 
in their own tests. Yet, for reasons not quite 
clear to me, they negate their own findings 
and imply that such a reduction does take 
place. I submit that it is about time that 
we got down to modern facts on this matter 
and gave modern circuit interrupters credit 
for what they are really capable of doing. 
It is high time that modern circuit interrupt- 
ers were unshackled and had their 25 per 
cent and 35 per cent derating-factor gyves 
struck off. The authors have shown the 
basis for it. Perhaps, if circuit-breaker users 
insist strongly enough, they can get it ac- 
complished, 


W. F. Skeats (General Electric Company, 
Philadelphia, Pa.): In order to get a defi- 
nite determination of the motion of the cir- 
cuit breaker in the tests described in paper 


_ 45-45, a seismograph was mounted on the 
_ mechanism box at the top of the first pole. 


Some of the records obtained in the heavier 
tests are shown in Figure 4, of this discus- 
sion. These are in accordance with the 
theory that the initial motion is downward 
and the upward motion in the nature of a 
rebound. 

The maximum recorded motion in any 
test is approximately 1/s-inch each way from 
the initial position. This is roughly ten 
times the motion on a no-load operation. 

On the tests shown in Figure 4, numbers 
11 8B, 12B, and 148 are reclosing operations, 


while 13B is a straight opening operation. 


It is interesting to note that the jar resulting 
from the second operation of a reclosing test 
is in all cases much less than that resulting 
This may be ex- 


plained as the result of cushioning by the gas 
bubble produced by the first operation. 

Mr. Hill and Mr. Leeds offer a review of 
testing procedures and enumerate several 
tests taken to indicate very high inter- 
rupting capacities. 
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In connection with their Figure 12, they 
indicate that constancy of arc length over a 
range of voltage shows suitability of the 
interrupter for extrapolation, and it is on 
this basis that they justify the interrupting 
abilities which they claim on three-phase 
ungrounded short circuits. This has been 
true to an ever increasing extent throughout 
the development of the whole family of oil- 
blast interrupters and is well exemplified by 
the tests plotted in Figure 6 and Figure 11 
of paper 45-45. Here the arc lengths ob- 
tained in field tests at 188 kv three phase 
are shown to match arc lengths obtained at 
the same current in factory tests at voltages 
down to 22 ky single phase, or less. 

A paper on the impulse circuit breaker 
presented by D. C. Prince in 1935 (see ref- 
erence 1 of closure by Mr. Hill and Mr. 
Leeds) pointed out the applicability of 
tests on less than the full number of breaks 
with proper consideration of voltage dis- 
tribution. 

It is of interest to note that in discussing 
Mr. Prince’s paper Mr. Leeds was kind 
enough to remark that using the afore- 
mentioned extrapolation procedure, the 
tests on a single break indicated an inter- 
rupting ability for the complete three-phase 
circuit breaker of 11,500,000 kva at a voltage 
somewhat higher than any yet employed in 
practice. 


Philip Sporn and Harry P. St. Clair: Mr. 
Baker, in reviewing the performance of com- 
pressed-air circuit breakers under laboratory 
test conditions with relatively high rates of 
rise of recovery voltage in comparison with 
the performance of similar circuit breakers 


‘in field tests, where rates of rise under 


maximum concentrations of power are neces- 
sarily much lower, raised the question as to 
whether it would not be justifiable to reduce 
the recovery rates in testing laboratories to 
make them comparable with field tests. 

At a voltage level of 138 kv it is, as far as 
we can see, impossible to encounter the 
maximum short-circuit duty on any prac- 
tical system without having connected a 
certain number of transmission lines which 
inherently reduce recovery rates to relatively 
low values. The high recovery rates, com- 
parable with those mentioned by Mr. Baker 
in laboratory testing, can be obtained only 
in the field at very substantially reduced 
interrupting capacities, and then only with 
rather unusual system conditions. 

Though these statements would seem to 
answer Mr. Baker’s question in the affirma- 
tive, the testing laboratory is really the 
tool used by the designers to develop and 
perfect their product, and the authors be- 


Figure 4. 'Seismoutams 
taken on tests 11B, 
12B, 13B, and 14B 
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lieve that Mr. Baker’s suggested procedure 
is something that should be left entirely to 
the manufacturer’s judgment of how far he 
wishes to go with the severity of his tests. 
If the laboratory is capable of providing the 
tests, it would seem to be good judgment on 
the part of the manufacturers to have at 
least some margin beyond what is normally 
to be expected in field service. 

Mr. Hobbs has raised a question as to the 
economic justification for extensive develop- 
ment work at the present time on outdoor 
air-blast circuit breakers, particularly in 
view of the 1941 statement of the EEI- 
AEIC-NEMA Joint Committee on Preferred 
Ratings of Circuit Breakers. Further opin- 
ion is expressed that modern designs of con- 
ventional dead-tank oil circuit breakers will 
meet best the requirements of the industry 
for some time to come, and that develop- 
ment of air-blast circuit breakers should 
continue on the experimental basis suggested 
by the Triple Joint Committee. 

The best answer to this point of view is 
given, we believe, in the discusser’s own 
statement in his closing paragraph where he 
states that the development work and field 
experience on air-blast circuit breakers al- 
ready have been very valuable and should be 
continued, because it is only in this way that ~ 
we learn. The authors consistently have 
believed that progress in the art of circuit 
interruption could not and should not be 
discouraged from any quarter and that there 
was at least considerable question as to 
whether the Triple Joint Committee was 
itself on a sound basis when it attempted to 
dictate the course of developments in the art. 

One or two of the air-blast circuit-breaker 
problems mentioned by Mr. Hobbs, we be- 
lieve, should be clarified: first, it’ does not 
seem to be entirely true that the air-blast 
circuit-breaker mechanism is unduly com- 
plicated, particularly for quick reclosing. 
As a matter of fact, the simplicity of the 
reclosing operation, whereby the interrupt- 
ing contact itself is the only thing that 
moves, would seem to be one of the advan- 
tages of the air-blast circuit breaker in this 
regard. Second, we do not believe that Mr. 
Hobbs intended to include potential trans-_ 
formers along with current transformers as 
one of the inherent difficulties of air-blast 
circuit breakers. Though it is true that some 
use is made of bushing potential devices on 
oil circuit breakers, in general, potential 
transformers are quite independent of cir- 
cuit breakers. 

Mr. Jones has made the interesting sug- 
gestion that, since the trend in high-voltage 
circuit breakers is toward three-cycle inter- 
rupting time with instantaneous reclosing 
requirements, it now would seem appro- 
priate to rate the interrupting capacity of 
circuit breakers on the basis of the instan- 
taneous symmetrical short-circuit current 
only, omitting factors of asymmetry and 
decrement entirely. Where the time is very — 
short between the initiation of the short- 
circuit current and the parting of contacts, 
the proposed method of rating would give 
results differing by a relatively small amount 
from the present rule insofar as the a-c com- 
ponent is concerned. It would, however, 
eliminate the d-c component entirely so that 
the circuit breaker would get no credit for 
having interrupted anything higher than 
the symmetrical a-c component, even though | 
a large d-c component were present. It 


always has been assumed by the manufac- 
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turers in this country that the presence of a 
d-c component actually increased the duty 
on the circuit breaker, but just how much 
effect it has may never have been deter- 
mined very scientifically. Whatever addi- 
tional stress thus is produced would have to 
be taken care of, as Mr. Jones points out, 
by the necessary margin in the circuit- 
breaker design. This proposal would, of 
course, please our European friends, who 
consistently have maintained that circuit 
breakers should be rated on a symmetrical- 
current basis only. 

As a general rule for rating circuit break- 
ers, however, Mr. Jones’s suggestion is likely 
to run into a great deal of protest among a 
large class of circuit-breaker users, particu- 
larly in the industrial field where high speed 
is not necessarily the rule and where, by 
taking advantage of a considerable amount 
of decrement, smaller circuit breakers can 
be used. To go all the way with Mr. Jones’s 
suggestion would, therefore, seem to require 
two sets of ratings or rules for ratings; one 
for high-speed circuit breakers, and another 
for lower-speed breakers, where the a-c dec- 
rement is considerable. 

As a compromise move, and speaking from 
the standpoint of circuit-breaker users, we 
see no reason to object to the elimination of 
the d-c component as a part of the rated 
interrupting duty on a circuit breaker, so 
long as it is understood that circuit breakers 
so rated are fully capable of handling what- 
ever offset-current waves may be encoun- 
tered in practice. 

Mr. Jones also makes the interesting com- 
ment that 3,500,000- and 5,000,000-kva 
circuit breakers at 115 kv and 138 kv may be 
beyond the proper economic limit of power 
concentration for systems of these respective 
voltages. Although it is true that continued 
system growth resulting in increasing power 
concentrations does indicate the economic 
wisdom at the proper time for higher-voltage 
backbone transmission, particularly if dis- 
tances are considerable, it is not necessarily 
obvious that the need for 5,000,000-kva cir- 
cuit breakers at 138 ky is in itself evidence 
that good economic system-design principles 
have been violated. For example, even after 
a higher-voltage, backbone has been super- 
imposed upon a system, the low-voltage 
system, at least for a long time to come, 
must be of sufficient capacity to act as a 
backup for some of the important elements 
of the higher-voltage system. This in itself, 
along with the increase in generating ca- 
pacity and transformation capacity between 
the two voltage systems, may require circuit 
breakers approaching 5,000,000 kva. Fur- 
thermore, the need for higher duties is bound 
to develop at generating stations as their 
size grows. Thus at the Philo Plant where 
the tests were made, the necessity for the 
use of large 138-kv reactors to keep short- 
circuit values within the 2,500,000 circuit- 
breaker ratings was not altogether a perfect 
solution to the problem. Though without 
these reactors the short-circuit duty would 
have been at least 4,000,000 kva, the loss of 
flexibility due to these reactors, particularly 
during maintenance outages of generating 
units, already has been felt. At such times 


‘sagging voltage may be experienced on one 


bus section, while there exists on the other 


- section an excess of kilovar generating ca- 


pacity which cannot be transferred through 
the reactors. 
AG Holm rales a question as to whether 


+ 


5,000,000-kva circuit breakers should be 
encouraged or whether the fact that circuit 
breakers of such size are needed should serve 
as some kind of a warning to power-system 
designers that perhaps some dangerous limits 
to size have been reached. It seems to the 
authors that the question is one of those 
moot theoretical questions, the asking of 
which would have been avoided by an ex- 
amination of a few facts. Thus it is a fact 
that the present 3,500,000-kva oil circuit 
breaker is smaller in size, uses less oil, is 
more reliable, and is far safer than the 
1,500,000 kva circuit breaker of 20 years ago. 
Why, therefore, take fright at 5,000,000 
kva? Again, it is a fact that service on 
many modern systems calling for circuit 
breakers of from 2,000,000 to 3,500,000 kva 
is being delivered at higher quality, lower 
cost, and at greater distance from sources of 
generation than was dreamed possible two 
decades ago. Economical limits to size? 
Of course there are such limits. But they 
will be extended in the future, as they have 
been in the past, by technological advances. 
And they will be determined soon enough 
by closely watching such criteria as the 
above and not by the invocation of any 
examples from paleontological mists. 


H. L. Byrd and Ben S. Beall III: The 
authors appreciate the comments of Mr. 
Peterson and Mr. Woodrow, stressing the 
value of controlling switching surges at their 
source by proper design of circuit breakers 
to prevent restriking during the switching 
of capacitors and long energized lines. In 
Figure 7 of our paper a number of capacitor 
switching tests are plotted. In every case 
in which a current zero appeared before the 
contacts were retracted from the restricted 
portion of the throats a restrike at very low 
voltage occurred. The restrike at a low 
voltage is due to the low dielectric strength 
of the gap between the stationary contact 
and the moving-contact tip. The contact 
tip acts somewhat like a valve while in the 
restricted portion of the throat and prevents 
high pressure from building up between the 
contacts. Figure 6 shows a characteristic 
restrike with the contacts in the restricted 
portion of the throat. The voltage in this 
case is limited to’a low value. As the con- 
tact withdraws from the restricted portion 
of the throat the small volume between the 
stationary and movable contacts is charged 
immediately with high-pressure air. As a 
result the dielectric strength of the circuit 
breaker changes almost instantly from a 
relatively low value of approximately 100-kv 
crest breakdown to a condition which will 
theoretically withstand a value of 350-kv 
crest. The problem of capacitor switching 
was recognized early in the development of 
outdoor ait-blast circuit breakers and has 
been treated as a very necessary require- 
ment, a requirement which has been an- 
swered in a very straightforward and simple 
manner. 

We are very interested in the comments 
submitted by Mr. Haberl in that he states 


certain points are now quite clear. In some: 


respects Mr. Haberl has done an excellent 
job of analyzing certain points in the circuit 
breaker, but his conclusions are in some 
cases rather misleading. The dead time of 
the circuit breaker is approximately 11/2 cy- 
cles, 1.7 cycles to be exact, and the contacts 
reach the end of the restricted portions 
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of the throats in approximately 21/4 cycles. 
The relationship is shown clearly in Figure 7 
of the paper. In one respect the elapsed 
time from the parting of contacts to the 
withdrawal of the contacts from the re- 
stricted portion of the throat also may be 
considered as dead time in that the circuit 
breaker is not expected to interrupt fault 
currents until the contacts have reached this 
point in the interrupter. The end of the 
restriction is reached at approximately 2!/, 
cycles and is shown as the lower dotted line 
in Figures 5, 8, and 9 of the paper. All inter- 
ruptions take place at the first current zero 
after passing this point in the stroke. When 
Mr. Haber! arrived at the conclusion that 
“some of the tests . . . continued until the 
second current zero’? he must have over- 
looked the fact that the time interval be- 
tween current zeros is not always one-half 
cycle. Dueto the asymmetry of the current 
in several of the tests plotted in Figures 5, 
8, and 9 of the paper the time interval be- 
tween the current zeros is as much as 0.7 of 
a cycle during the last loop of current be- 
fore interruption takes place. In several of 
these tests having asymmetrical currents the 
current zero previous to circuit interrup- 
tion appeared almost simultaneously with 
the withdrawal of the contacts from the 
restricted portion of the throats. Because 
of this condition it was necessary for the 
circuit breaker to wait until the appearance 
of the next current zero, before interruption 
could be accomplished. Under these condi- 
tions the circuit was interrupted at 2.9 and 
2.95 cycles after trip impulse. The two 
dotted horizontal lines show in Figures 5, 
8, and 9 of the paper drawn at 2.25 and 2.95 
form the theoretical boundaries between 
which all interruption takes place. The 
data show that the circuit breaker per- 
formed with remarkably little variation from 
these predetermined theoretical boundaries. 

Mr. Haberl’s next question arises from the 
fact that the upper and lower contacts of the 
interrupter begin to move at the same in- 
stant. Upon careful analysis of the inter- 
rupter, shown in Figure 3 of the paper, it 
will be seen that there are two separate and 
distinct interrupting chambers. These two 
interrupting chambers are charged with high- ° 
pressure air from a common header in the 
form of a vertical cylindrical passage. 
In order that the upper and lower contacts 
will start moving together and continue to 
move at the same velocity it is only neces- 
sary to charge the two interrupting chambers 
at the same rate. The rate of charging a 
given volume depends on 


1. Supply pressure. 
2. The volume to be charged. 
3. The entrance and exhaust orifices. 


These factors were considered along with 
certain other factors, such as the effect of 
gravity, during the design of the intérrupter. 
A few modifications and adjustments during 
tests aligned the operations of the contacts 
almost perfectly. Not only do the upper and 
lower contacts of the same interrupter begin 
to move at the same time and move through- 
out their stroke at the same velocity, but 
the six interrupters of the triple-pole circuit 
breaker operate simultaneously. 

In answer to Mr. Nye’s question regarding 
the air-compressor equipment, we use a 
double-pressure system. The high-pressure 
side operates at 800 pounds per square inch 
and the low pressure at 350 pounds per 
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square inch, the normal pressure maintained 
in the circuit-breaker air receiver. An ab- 
sorption drying unit is an integral part of 
the system and eliminates all free moisture 
from the air. The experience of several 
winters with this factory’s assembled equip- 
ment has shown this system to be more 
than adequate to perform satisfactorily 
during the most severe winters experienced 
in any part of the United States. Dew 
points of the air in the circuit-breaker re- 
ceivers have been recorded over extended 
periods of time, below minus 50 degrees 
Fahrenheit. 


H. L. Byrd and E. B. Rietz: We are in agree- 
ment with Mr. Nye’s conclusions that the 
confirmation of laboratory tests demon- 
strated by these series of field tests should be 
encouraging to the large number of users of 
high-capacity oil circuit breakers. Thesame 
formulas used for the laboratory tests on this 
new interrupter have been used for a number 

* of years to justify the expected performance 
of circuit breakers which could not be tested 
torating. It is quite true that the perform- 
ance of the more modern interrupters can be 
foretold with an increased degree of cer- 
tainty because of the more consistent per- 
formance. But, nevertheless, the same 
general reasoning applies to the older de- 
signs. It is believed that the confirmation 
at interrupting duties never before ap- 
proached will permit reasonable extrapola- 
tion of laboratory test results for the next 
higher rating. No one will contend with Mr. 
Nye’s statement that extrapolation should 
not be carried to extremes. 

The use of the seismograph which was de- 
scribed in more detail by Mr. Skeats proved 
to be an interesting venture. The need for 
holding down bolts actually was demons- 
trated, although for a number of years it has 
been evident to circuit-breaker designers 
that this upward thrust was in evidence as 
shown in many laboratory tests. Field 
tests also proved the mechanical design 
used for support of the oil tank. The in- 
dividual tank supports are new and haye 
found general acceptance because of the 
degree of accessibility that they provide. 
These tests proved the design of the tank 
supports. — ] 

Shunting resistors were developed and 
applied for the reason advanced by Mr. 
Peterson and Mr. Woodrow, that is, to 
prevent any performance blind spots on the 
interruption of capacitance currents from 
giving rise to dangerous overvoltages. It 
is known that these resistors are not re- 
quired under certain favorable conditions, 

but for general application these conditions 
cannot be determined readily. Therefore, it 


seemed desirable to standardize the use of 


resistors for all 115- to 230-kv circuit break- 
ers to control overvoltages at the source. 

_ The benefits of this practice to associated 
system apparatus is evident. 

_The section of Mr. Jones’s discussion re- 
lating to circuit-breaker testing is very per- 
tinent and agrees thoroughly with the 
authors’ ideas of the future trend of circuit- 

breaker testing. With increased interrupt- 


_ ing ratings it should be logical to expect that 
_ the rated circuit-breaker interrupting times 


will decrease. Interrupters which will give 
satisfactory performance at the higher 
ratings necessarily have to have excellent 


- characteristics, and this means |short ‘arc 


’ tions of one or more of these methods. 


durations. We are heartily in favor of con- 
sidering that all higher rated circuit breakers 
should have a three-cycle rating. 

The conclusion that Mr. Sporn reaches 
that very worthwhile advances in circuit- 
interrupting devices can be made with only 
limited test capacity is proved by the pro- 
gram on the multibreak interrupter which 
was started prior to 1937 and has culminated 
today with the design described by the 
authors. It is also true that the proof per- 
formance of this developinent is easier to 
believe with field-test confirmation. This 
assurance is valuable not only to the user 
but also to the circuit-breaker designer, who 
likes to have his theories checked by fact at 
regular intervals. We have no disagreement 
with Mr. Sporn’s desire for an oil circuit 
breaker that has no inherent limitations in 
the rapidity with which it can be reclosed 
and interrupt a second fault. As pointed 
out in Mr. Skeats’ discussion, there is an 
indication that the cushion of the gas bubble 
may aid the circuit breaker structurally on 
the second interruption. Additional ex- 
perience will be required to be sure that any 
residual gas in the interrupter does not 
endanger prompt clearing on the second 
operation. The Philo, Ohio, station tests 
are extremely encouraging. With reduced 
reclosing times down to 12 cycles (because 
these are also practical) there might be an 
additional problem. But here too a satis- 
factory answer undoubtedly can be worked 
out. 


A. W. Hill and W. M. Leeds: It is gratifying 
to have W. F. Skeats confirm the usefulness 
of the special testing procedures outlined 
in our paper by referring to earlier applica- 
Un- 
fortunately, however, circuit-breaker rup- 
turing capacity verification by tests on less 
than the full number of breaks described by 
D. C. Prince in 1935! was not carried to its 
logical conclusion. The 287-kv circuit 
breaker in question was equipped with eight 
breaks in seriés, voltage distribution tests 
showing that 44 kv appeared across the 
highest stressed break. The rating to be 
demonstrated was 5,000 amperes, and the 
data included a test with eight breaks in 
series interrupting 6,800 amperes at 44 ky. 
The verification would have been much 
more conclusive if this same test had been 
applied to a single break. The inference 
made at that time that a single-break test of 
2,300 amperes at 110 kv in combination with 
an eight-break test of 9,300 amperes at 22 kv 
indicated the ability of one break to handle 
110 kv and 9,300 amperes simultaneously 
still seems to us entirely unjustified. 

In pointing out the similarity of the arc 
lengths obtained in the field tests reported by 
H. L. Byrd and E. B. Rietz at 138 kv three 
phase with those made in the high-power 
laboratory at voltages down to 14.5 kv single 
phase, Mr. Skeats gives the impression that 
there was no more. duty on the circuit 
breaker when interrupting a given current at 
the high voltage than at the low voltage. 
The reason for the comparable are lengths 
possibly may be found in circuit recovery 
rates of approximately the same magnitude, 
the low-voltage circuit in the laboratory 
having an undamped high natural frequency 


as compared with a damped low-frequency 


recovery voltage in the field. 
J. J. Trainor and C. E. Parks have asked 
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for more information concerning the con- 
structional differences between the grids 
used for 5,000,000 kva and those for the 
present 2,500,000-kva circuit breakers. The 
general design and method of operation is 
identical for the two ratings, but the larger 
grid is built with a greater oil volume in the 
pressure chamber and a stronger mechanical 
construction obtained by larger diameter 
tie rods, heavier fiber plates, and a more sub- 
stantial top casting. There is no reason 
why these high-strength grids might not be 
applied in revamping present circuit break- 
ers, although the interrupting capacity 
assigned also would depend upon other fac- 
tors, such as the age of the circuit breaker 
and the strength of the pole-unit levers and 
operating mechanism. 

H. V. Nye questions the claim in our paper 
that single-phase testing at normal line-to- 
ground voltage can be used as a demonstra- 
tion of interrupting capacity on three-phase 
ungrounded short-circuit duty. It is true 
that this apparent equivalence does not 
apply to all types of circuit interrupters, but 
the experimental evidence shows it to hold 
fairly well for modern interrupting devices 
which are not sensitive to relatively mod- 
erate changes in applied voltage. With re- 
gard to the test method advocated in our 
paper of interrupting rated short-circuit 
current with a subdivision of the test circuit 
breaker, across which rated voltage for that 
section of the circuit breaker is available, 
Mr. Nye seems to have confused this with 
the much less convincing method used by 
Mr. Byrd and Mr. Rietz, in which tests on 
the complete circuit breaker first at high 
voltage and low current and then at low 
voltage and high current are taken together 
to prove the circuit-breaker rating. 

D. M. Jones believes that the highest cir- 
cuit-breaker ratings always will exceed the 
capacity of either high-power labaratory- 
test facilities or short-circuit power obtain- 
able on field tests. However, confirmation of 
laboratory-test methods by verification in 
the field means that considerable reliance 
can be placed upon those laboratory tests 
which seem to indicate the ability to handle 
higher powers than can be obtained on any 
existing systems. 

We do not quite agree with Mr. Jones’s 
statement that the only real proof is ob- 
tained from full-scale tests on power systems, 
as it is quite possible to put more severe 
tests on a circuit breaker in the laboratory, 
at least insofar as current, voltage, and rate 
of rise of recovery voltage is concerned for a 
single interrupting unit. The power-system 
test, however, does give the customer direct 
evidence of the performance which will be 
obtained on that particular system at the 
short-circuit power available. 

The implication that the multiflow deion 
grid is one of the family of cross-blast cir- 
cuit breakers is entirely without foundation. 
The multiorifice design consists of a multi- 
plicity of oil streams converging radially 
on the are with the flow passing longitudi- 
nally through orifices to the vents. This 
constitutes a distinct difference in operating 
principle, with corresponding advantages in 
interrupting effectiveness resulting from the 
centering effect produced by the oil flow on 
the are stream. 

We are in entire agreement with Mr. — 
Jones’s comments on the advantage of us- 
ing first-cycle symmetrical current as the 
basis for rating circuit breakers; this pro- 
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posal also has been discussed by R. C. Van 
Sickle.? 

We cannot agree with Mr. Sporn’s con- 
tention that there should be no reduction in 
interrupting capacity on the second test of a 
fast reclosing cycle using a modern circuit 
breaker. Our laboratory tests on oil circuit 
breakers as well as the motion pictures ac- 
companying his paper on the recent com- 
pressed-air circuit-breaker tests at the Philo, 
Ohio, station definitely indicate more stress 
on the second test than the firsc. Until this 
condition changes, derating factors still 
should be applied. 
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Impedances Seen by Relays 
During Power Swings 


With and Without Faults 


Discussion of paper 45-67 by Edith Clarke, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 22-26, 1945, 
and published in AIEE TRANSACTIONS 
1945, pages 372-84. 


L. F. Kennedy (General Electric Company, 
Schenectady, N. Y.): The relay-application 
engineer is always appreciative of new or 
improved methods of determining system 
conditions which may affect relay operation. 
Now, in the field covered by Miss Clarke’s 
paper, there has been a lack of fundamental 
information. In fact many of us held some 
definitely erroneous ideas of what the trends 
were. Mr. Mason and Mr. Neher were, I 
believe, the first ones to indicate the true 
nature of the phenomenon, but they did not 
give values. Mr. Poage, Mr. Streifus, Mr. 
MacGregor, and Mr. George improved the 
picture immensely. Now Miss Clarke has 
given us an inclusive paper showing how to 
evaluate the most common factors for any 
applicatioh.. She has done more, however, 
in that we find a simple approach which 
gives the relay engineer a bench mark, 
which frequently may eliminate time-con- 
suming detail studies. 

The impedance seen at any point on a 
system without faults for an angular sepa- 
ration of 90 degrees between some two points 
is defined completely by a circle with suffi- 
cient accuracy for most purposes. If we 
take a circle and let a diameter represent to 
scale the impedance between two points, 
the circumference defines the possible im- 
pedances for a 90-degree angular separation 
of these points. This essentially is shown on 
Figure 6 of the paper where the circle is 
¢=270 degrees and ¢=90 degrees and the 
diameter is AB. If we are at point A or B, 
the impedance varies from AB to zero. If 
we are at,some intermediate point, which I 
shall call C, the impedance varies from AC 
to CB. If C is midway between AB, then 
the impedance is always a radius of the 


circle or AB/2. This concept assumes that 


all sections of impedance between A and B 


it 
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have the same impedance angle and that 
the effect of capacity is negligible. These 
assumptions are generally usable, at least to 
determine whether relay operation is prob- 
able or not. The most frequent use of this 
figure would be with points A and B repre- 
senting the two terminals of a particular 
line or the system terminals back of the 
internal impedance of two equivalent ter- 
minal machines. 

The circle represents the minimum im- 
pedance that can be seen for a 90-degree 
separation. Less than 90 degrees will give 
larger impedances outside the circle. If the 
characteristic of any proposed relay installa- 
tion is superimposed to the same scale, a 
quick and reasonably accurate idea is ob- 
tained as to whether tripping on power 
swings is probable or not. In many cases 
the answer will be obvious—large separation 
between relay-tripping characteristics and 
the circle. In other cases more detailed 
study. is necessary. We have achieved a 
simple method to solve some of our prob- 
lems, leaving only the difficult ones to re- 
quire extended study. 

We can go a step further even without 
having Figure 8 of the paper. The 150-de- 
gree and 210-degree arcs of Figure 6 are 
those having a radius equal to AB. Hence, 
we always can easily draw the circle defin- 
ing the 90-degree and 270-degree imped- 
ances and the arcs defining the 150-degree 
and 210-degree impedances. Each of these 
arcs has its center at the apex of one of the 
two equilateral triangles constructed on AB 
as a base. 

With the smaller values of impedance 
which may be encountered along the 150- 
degree arc, errors introduced by neglecting 
capacity or variations in impedance angle 
may become more significant, and hence 
this second approximation must be used 
with greater consideration. 

I wish to emphasize that a large part of 
the value to be obtained from Miss Clarke’s 
contribution comes from the fact that, 
having analyzed all factors, we then can use 
approximations intelligently in order to ob- 
tain the desired answers with a minimum 
expenditure of time. I have not discussed 
the effects of unsymmetrical faults combined 
with a swing. However, even here the circle 
on diameter AB can be used by obtaining 
the new angular value 6 to replace ¢=90 
degrees, which will be a smaller or larger 
angle depending on fault location and the 
type of fault. However, evaluation of these 
results is beyond the scope of this discussion. 

Miss Clarke is to be congratulated for 
making available to the relay-application 
engineer the tools for a complete analysis 
of any problem involving the performance 
of distance-type relays. 


Edward W. Kimbark (Northwestern Uni- 
versity, Eyanston, Ill.): During the past 
year I had occasion to investigate the loci of 
impedances seen by relays during swings. 
I am therefore in position to appreciate what 
a thorough job the author has done in pre- 
senting the results in a form that is both 
general and usable. 
Nevertheless, some relay engineers may be 
inhibited from using the results because of 
the somewhat formidable length of the 


paper and the number of equations and 


tables. | This discussion aims, first, to show 


such engineers, if there be any, how ex- 
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tremely simple a task it is to find the loci 
for any condition. The second part of the 
discussion points out the similarity of the 
relay impedance chart to some charts used 
in other phases of electrical engineering. 

The loci of impedance Zz seen by any 
relay, connected in any manner, located 
anywhere on a two-machine power system, 
faulted or unfaulted, is given by the general 
impedance chart (Figure 6 of the paper), 
provided that this chart be altered in scale, 
orientation, location, and labeling of the 
circles. The data for these alterations are 
provided by measurement or calculation of 
the impedance seen by the relay under three 
conditions, as follows: 


—Z,, the impedance seen when E, =0 
Zz, the impedance seen when Ezg=0 
Zr, the impedance seen when E,=Ep 


The poles, A and B, of the chart are located 
at points —Z, and Z,, respectively, in the 
Zr plane. Thus the values of these two 
impedances fix the scale, orientation, and 
location of the chart with respect to the R 
and X axes. The circles of the chart may be 
drawn either by tracing Figure 6, in which 
case the scale must be that of Figure 6, or 
by constructing a similar figure to the de- 
sired scale from the information of Tables 
III and IV. 

The circles of the general chart are labeled 
in terms of the magnitude and angle of the 
polar form of complex number KE4/Ep. 


In order to change the labeling into terms © 


of the magnitude and angle of E,4/Ez, it is 
necessary to divide by K. That is, the 
values of magnitude |KE4/Eg,| on one set 
of circles of the general chart should be 
divided by |K|, and the values of angle on 
the other set of circles:should have 6;, the 
angle of K, subtracted from them. 
The value of K is given by 


ZetZ. 
pace ee 
LZy-Zz 


(This relation may be verified from equa- 


tion 3 of the paper by putting E4=E,, Z,= 
Z,+Z, Zr=Z,, and solving for K. This 
method of evaluating K from impedance Z, 
is not given in the paper; it is a contribution 
of this discussion.) 

That is really all there is to the construc- 
tion of the impedance loci. ) 

The three impedances, —Z,, Z,, and Zz, 
may be determined by any desired method. 
of network solution, either with or without: 
a calculating board. Inasmuch as these 
impedances are defined in such manner that 
the network has only one impressed voltage 
for each, they may be found through use of 
a d-c calculating board, subject, of course, 
to the usual limitations of a d-c board; 


namely, that shunt capacitance and shunt 
loads must be neglected and all branches of. 


the network must be assumed to have the 
same impedance angle. These assumptions 
give Z,=o and K=1 for an unfaulted 
network. A faulted network may be solved 
either by means of symmetrical components 
or by means of a, B, 0 components. The 
latter are recommended as simpler. 

Two restrictions stipulated in the paper 


are actually unnecessary. The negative-— 


sequence impedance need not equal the 
positive-sequence impedance, and the relays 
need not be supplied with delta voltage and 
delta current. The tables and equations for 


various special cases, though possibly con-. 
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venient, are really superfluous, if the com- 
puter only grasps the idea of determining the 
impedance seen by the relay under the three 
stated conditions and if he understands the 
methods of solving three-phase networks 
under both balanced and unbalanced condi- 
tions. 

The paper makes available a simple 
method for studying the performance of 
relays on the unfaulted phases, when swing- 
ing occurs and an unsymmetrical fault is 
present. The example given in the paper 
shows that there is more danger of false 
operation under these conditions than gen- 
erally has been recognized. 

To return to consideration of the form of 
the chart: The two orthogonal sets of cir- 
cles which appear in the relay-impedance 
chart are called bipolar circles, and they 
have several other applications in electrical 
engineering. A map of the electric or 
magnetic field of two parallel cylindrical 
conductors consists of bipolar circles. The 
set of circles surrounding the conductors 
represents magnetic flux lines or electric 
equipotentials, while the circular arcs join- 
ing the conductors represent electric flux 
lines or magnetic equipotentials. The bi- 
polar circles also occur in a widely used 
chart portraying the variation of input 
impedance of a transmission line with the 
length of line and the terminating impedance. 
The poles of this chart are at +Zp, the 
characteristic impedance. The variation of 
impedance represented by a circle surround- 
ing the poles is produced by change in the 
relative phase of the direct and reflected 
waves due to change of length of the trans- 
mission line, instead of by the change of 
phase due to mechanical swinging of two 
generators with respect to one another. 


A. J. McConnell (General Electric Company, | 
Schenectady, N. Y.): The purpose of this 
discussion is to illustrate further the use of 
the general impedance chart (method B of 
the subject paper) and also to provide sub- 
stantiation by comparison with previous 
work. It is proposed, therefore, to con- 
struct an impedance diagram for the Omaha, 
Nebr.—Midian, Kans., line similar to the 
lower portion of Figure 11 of reference 1 
of this discussion (impedance seen by a 
relay at Midian). 

The resulting diagram, Figure 1 of this 
discussion, was obtained in the following 
manner in about one-half hour (the original 
was drawn freehand with pencil, before 
tracing in ink). 

The constants of the Omaha—Midian line, 
including transformers, have been given! as 
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A =0.824/3.25°, B=282/77.3, C=1,337X 
10-®/90.9°, and D=0.77/3.6°, the driving 
viewed from Midian, 


point impedance, 
being B/D. 
Converting to the nomenclature used in 
the subject paper, assuming the Midian and 
Omaha terminals to be terminals A and B, 
respectively, the line constants are 


Zpp=B =282/77.3° ohms 
Zrr—p = B/D =366/73.7 ° = 102+ 7 351 ohms 


Since the curves of Figure 11 of reference 1 
of this discussion are based upon line-ter- 
minal voltages, condition 4 of Table I of 
the subject paper applies or 


Z,=0 
2Zy=2Z,=Zrr_-p=102+j 351 ohms 
Zen 282/073" 
= i) = = => 2 
|K| /0x Zang 30B/TRT 0.77 /3.6 


With the magnitude of Z, =unity 
Z,=Zy=1/73.7 °=0.28-+j 0.96 


A thin piece of graph.paper was chosen, 
so that five major divisions corresponded to 
the distance between points A and B of the 
general impedance chart, Figure 6 of the 
subject paper. Resistance and reactance 
axes were labeled, so that the distance be- 
tween A and B corresponded to one per 
unit; point A was located at R=0, X=0 
(Z,=0); and point B was plotted as Z,, 
R=0.28, X =0.96. 

The graph paper was placed on top of the 
general chart so that points A and B of the 
former coincided, respectively, with points 
A and B of the latter. The sheets were 
clipped together, and the significant por- 
tions of the general chart circles were traced 
freehand with a pencil. 

The constant-voltage-ratio circles were 
labeled for E,4/Eg by dividing |E,K/Es| 
given on the general chart by |K|, and the 
constant-angle arcs were labeled in terms of- 
6 by subtracting 0x from the values of ¢ 
given on the general chart. 

In this instance, the curves were traced in 
ink for the purpose of this discussion. 
Ordinarily, if a record be desired, adequate 
reproductions may be made from the pencil 
tracing. 

On the resulting diagram, Figure 1 of 
this discussion, four points from Figure 11 of 
reference 1 of this discussion have been 
plotted after reduction to per-unit values. 
It will be noted that there is close corre- 
spondence between these points and the re- 
sults obtained from the general chart. 
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Figure 1. Imped- 
ance seen by a re- 
lay at Midian, Kans, 
(Omaha —- Midian 
line) 
Terminal A—Midian, 
Kans. 
Terminal B—Omaha, 
. Nebr. 
Base ohms—366 
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telephone plant against lightning. 
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E. D. Sunde (Bell Telephone Laboratories, 
Inc., New York, N. Y.): I would like to 
make a few remarks regarding Figure 8 of 
the paper by Lewis and Foust, which shows 
the relation between the tower-footing surge 
resistance and the normal tower-footing re- 
sistance, as measured with low current. 
The telephone engineer is interested in the 
resistance of grounds to high surge currents 
in connection with the protection of the 
From 
the studies we have made, the curve shown 
in Figure 8 appears doubtful, unless the 
breakdown voltage of the soil is much lower 
than generally is assumed. To account for 
the decrease in surge resistance shown in 
Figure 8, the breakdown voltage of the soil 
would have to be in the order of 100 volts 
per centimeter, whereas the value derived 
from other experiments on the surge resist- 
ance of grounds, such as those by Bellaschi, 
indicate a value 20 to 100 times greater. 

It is possible that the low ratio obtained 
may have been due to the soil formation 
along the line on which the experiments 
were made. If the soil consists of an upper 
layer of sand and a lower layer of good con- 
ducting material, the lightning current may 
channel through the sand to the good con- 
ducting soil, and the surge resistance then 
may be very much smaller than the normal 
tower-footing resistance. For a soil of fairly 
uniform conductivity, however, the reduc- 
tion would be much smaller. 

Another question in connection with the 
curve shown in Figure 8 is the validity of 
the method used to derive the surge resist- 
ance from the measured potential difference 
between the tower and a probe six feet to 
12 feet away. In extrapolating from the 
measured potential difference to the poten- 
tial which would be expected, if the probe 
were at a great distance, two assumptions 
were made. One is that the earth may be — 
assumed. to have a uniform resistivity, 
which is rather doubtful in the present case. 
The second assumption is that the same ex-. 
trapolation method may be applied as in 
the case of low currents where breakdown of 
the soil does not take place. Assume for 
instance that breakdown of the soil oc- 
curred around the tower, so that a good 
conducting hemisphere extending out to the 
probe was formed in the ground. A neg- 
ligible potential then would be measured 
between the tower and the probe, and, when 
this potential difference is multiplied by a 
factor of 2.5, as in reference 3 of the paper, 
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a very small surge resistance would be ob- 
tained. The surge resistance, however, 
would in this case be that of a conducting 
hemisphere extending out to the probe, 
which would be about 60 per cent of the 
normal tower-footing resistance, when the 
probe is at a separation of six feet from the 
tower and the equivalent tower radius is as- 
sumed to be nine feet. 

I would like to add that the data pre- 
sented in this paper will be of considerable 
value in connection with studies of lightning 
damage to the telephone plant and that we 
are indebted to the authors for the paper. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): The authors have 
obtained a great amount of data on the 
amplitude of lightning strokes to transmis- 
sion lines. This knowledge has been used 
with great advantage in improvements of 
grounding conditions of transmission-line 
towers so that it appears possible to install 
lines which are practically lightningproof.! 

Due to the scant oscillographic informa- 
tion of wave fronts of lightning surges near 
the point of origin, any attempt to meas- 
ure the rate of rise by other means is highly 
commendable. Such information is very 
desirable for intelligent analysis of the type 
of impulse tests which need to be applied 
to apparatus installed in power-system 
stations. 

The device used for these investigations 
easily is adapted for the purpose. It has, 
however, several limitations which must be 
kept in mind when analyzing the results. 

1. It measures the maximum rate of 
rise. It is therefore not capable of accu- 
rately describing the wave front in its en- 
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Figure 1. Response of wave-slope indicator 


Wave-slope recorder indicates same rate of 
‘ rise in both cases 


A—Steep-front wave—high crest voltage 
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Figure 3. Relation between rate of rise of 
traveling wave and two points in the station 


tirety. It is, however, the wave front as a 
whole which determines the stresses im- 
posed on the apparatus. Figure 1 of this 
discussion shows two waves, both with the 
same maximum rate of rise. The difference 
in effect of the two waves as regards spark- 
over of insulation? and internal voltage dis- 
tribution in transformers, for instance, is 
obvious. ; 

2. The device itself is a wave modifier, 
and this effect is beneficial, because the 
steepness of the incident traveling wave is 
reduced. In those cases where the coupling 
capacitor is of the order of 1,000 micromicro- 
farads, the steepest front permitted by the 
device on a line with insulation as described 
in the paper is of the order of 2,000 kv per 
microsecond. Incidentally, the same would 
be true for transformers, which have an im- 
pulse capacitance of about the same order. 
On phase wires not equipped with the de- 
vice, much higher rates of rise can occur. 
Therefore, the highest rates of change meas- 
ured are not necessarily the highest rates 
which can occur in a station, unless all 
phase wires are equipped with the same de- 
vices. 

3. The fact that the capacitor is con- 
nected by means of some 30 or more feet of 
conductor between line conductor and 
ground introduces a considerable amount of 
inductance. The* voltage across the ca- 
pacitor in that’case is, therefore, not a true 
reproduction of the voltage at the line con- 
ductor. Figure 2 of this discussion shows 
the voltage at the line conductor and across 
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the capacitor proper at the entrance of a 
station with extended bus structure. The 
lead length was taken as 36 feet. It is ob- 
vious that the capacitor-voltage wave shape 
departs greatly from the actual voltage ap- 
pearing at the conductor, particularly for 
the steepest applied waves. 

4. However, this fact is mitigated in 
that in this particular example at least, the 
maximum rate of rise is about the same at 
the conductor and capacitor for 2,000 kv 
per microsecond and less as shown in Figure 
38. Steeper fronts, however, cannot be 
measured. 

5. In stations of the type investigated, 
where extended bus structures are used, the 
rate of voltage change at the station en- 
trance is subjected to many large irregular 
reversals due to repeated reflections be- 
tween points along the station bus where 
other circuits with their coupling capacitors 
or transformer capacitance are connected. 
With reversals of the order shown on Figure 
2, it should be exceedingly difficult to ar- 
rive at the highest rate of change occurring 
at the point of measurement even when a 
unidirectional wave is applied. In practice, 
the steepest wave fronts applied to a given 
station will originate very close to the sta- 
tion and will consist of a steep rising front 
and a steep dropping tail. In this case, the 
voltage wave at the capacitor will appear as 
shown on Figure 4 neglecting the inductance 
of the lead. It seems impossible that the 
magnetic links are capable of evaluation for 
the maximum rate of change in such a case. 
Similarly, when successive waves of opposite 
polarity are applied between inspection pe- 
riods, the evaluation of results should be 
extremely difficult. 

6. The maximum wave-slope records ob- 
tained in stations during this investigation 
probably represent the average rate of rise 
of the station as a whole. In stations with 
extended bus structures, many connected 
circuits and relatively large capacitances 
(coupling capacitors and transformers), the 
rate of rise of voltage varies considerably 
from one end of the station to the other. 
At the far end the fronts are slower and the 
reversal is less pronounced than at the point 
where the traveling wave enters, and the 
resulting record will give a fairly true repre- 
sentation of the maximum rate of change 
at that point. 
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7. When using the wave-slope-indicator 
method, it would appear necessary to re- 
move the links, at least after every storm, 
to minimize the possibility of overlapping 
records. This should result in a clearer pic- 
ture of the true rates that existed during a 
minimum number of transients. 

The authors mention that the voltage 
reaching the station will be limited to the 
reduced line insulation flashover or tube 
discharge voltage of the order of 680 to 850 
ky. These values seem to be the critical 
flashover voltages. It is not clear why the 
crest voltages cannot reach values as given 
by the volt-time characteristics of the in- 
sulator string, which, for the reduced line 
insulation section, can be as high as 1,600 
kv at the point of stroke contact. Of course, 
such waves will attenuate rapidly. How- 
ever, in the paper by Grossand Lippert, ? it 
has been shown that strokes contact the 
line wire either directly or by flashover from 
the tower structure or ground wire to the 
conductor within a few hundred feet of the 
station. Under such conditions, the crest 
as well as the rate of voltage rise of the 
traveling wave can be greatly in excess of 
the quoted values. 

In Figure 7, it would be interesting to 
know whether the currents in towers plotted 
include all tower currents measured or only 
those through a stricken tower or the two 
towers nearest the stroke in case of a stroke 
to a ground wire.in mid-span. These are 
really the important currents as far as 
evaluation of ground resistance and line 
insulation are concerned, and it would be 
worth while to have statistics on these cur- 
rents separate from the remaining tower 
currents. The latter should be the greater 
number with amplitudes of 20,000 amperes 
or less and therefore should pull down the 
tower current-frequency curve considerably. 
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W. W. Lewis and C. M. Foust: We agree 
with Mr. Hagenguth that the coupling ca- 


_ pacitor modifies the incoming wave. How- 


ever, in our 138-kv study, we used capacitors 
that were in service for carrier-current 
telephony and relaying, so that our installa- 


tion did not in this case affect the wave 


shape. a 

As shown in the paper by Gross and Lip- 
pert (for example their Figure 8), the wave 
slope at the various indicators in the same 
station differed widely. This is possibly 
affected by the distance factor but prob- 
ably to a much greater extent by the fact 
that there were apparently five strokes dur- 
ing the 16 days covered by the records, with 
all the various superpositions that would be 


_ brought about by so many strokes. Prac- 


tically, the way things are, there isn’t much 
that can be done about this situation. 
_ We only can take a mass of data, stand 
back, and look at it, and see if a trend can 


be discerned. The cathode-ray oscillo- 
graph would tell the story much better, pro- 
viding the film could be shifted automati- 
cally after each surge and providing that 
several oscillographs were placed around 
the station. 

For our Figure 7 one tower current only 
was selected for each stroke, and that was 
for the tower with the highest current, where 
several towers were involved in a stroke. 
For the stroke currents, Figure 6, the cur- 
rents were added up for all the towers af- 
fected by the stroke, and the total was 
called the stroke current. This procedure 
was explained in the sixth paper of the se- 
ries.} 

Mr. Sunde has questioned the low ratios 
of surge to normal resistance shown in 
Figure 8 and the validity of the method 
used in arriving at these ratios. We have 
made two assumptions in our calculations: 
First, that the tower may be represented 
as acylinder with a circular base which cir- 
cumscribes the tower footings, and second, 
that the current from the tower footing 
to the earth is distributed uniformly in the 
earth. These assumptions are simple and 
obvious, although actually neither of them 
may be correct. Bellaschi, Armington, and 
Snowden,? check our low values for similar 
types of soil. Such values, however, may 
apply only to the high-resistance sandy. soil 
encountered in this investigation. In other 
types of soil, especially low-resistance soil, 
the values of ratio of surge resistance to 
normal resistance may be and probably are 
higher. 
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lished in AIEE TRANSACTIONS, 1945, 
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F. J. Vogel (Illinois Institute of Technology, 
Chicago, Ill.): In order to use an economical 
amount of material in the design of a system, 
it is necessary to know. the stresses which 
exist, and this paper adds to our store of 
knowledge in this respect. 

One of the most prominent facts brought 
out in this paper is that the currents and 
voltages on the lines are quite low. I have 
heard it said that the basic insulation levels 
were too high. On the basis of the data in 
the paper, I wonder why a level of 550 kv 
might not be satisfactory for this system 
and perhaps generally for the operating volt- 
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age. If this method of attack were to be 
used generally, the system designer would 
need to know how to estimate the voltages 
and currents depending on the overhead 
protection and arrester characteristics, and 
I believe means are available for such esti- 
mates. I wonder if such estimates have 
been made and how well the results check. 

On the other hand, I know of two cases 
where a transformer failure, or a relatively 
long air-gap flashover occurred, with arrester 
and overhead ground wire protection. From 
the results, I inferred, perhaps not correctly, 
that even with such protection, extremely 
high currents and voltages could be ob- 
tained. Whether they should be considered 
in apparatus design is another question. If 
so, perhaps transformers should be designed 
to withstand them. I believe that such rare 
overvoltages would be in the nature of steep- 
front surges, and that steep-front ‘tests 
might be desirable. What do the authors 
think? 

Figure 4 of the paper is of interest in 
indicating such extremely high rates of 
voltage rise for switching surges. Since they 
are probably low in magnitude, they must 
have had fronts of extremely short duration. 


J. T. Lusignan, Jr. (Ohio Brass Company, 
Mansfield, Ohio): A worthwhile contribu- 
tion to the lightning history of their 132-kv 
system has been given by Gross and Lippert. 
This history should prove very valuable to 
transmission-line designers in determining 
the proper steps for insuring lightning pro- 
tection to their systems, particularly around 
the 132-kv range. The reports by Gross and 
Lippert show the steps taken by them and 
their associates to gain protection, and the 
successful goal they have attained, since the 
damage to their lines and station equipment 
is negligible even under the relatively severe 
lightning conditions in which they operate. 
In addition to helping line designers, the 
data they have obtained are also valuable 
to equipment manufacturers. Of particular 
interest to me in this last report are the 
rates of voltage rise, which they have meas- 
ured under lightning and surge conditions. 
It is especially helpful to have the authors’ 
data vindicate the use of the present 1,000- 
kv-per-microsecond rate of rise for station 
apparatus, so that the manufacturers can 
continue to check their designs on labora- 
tory life tests with that voltage application. 
At the bottom of Table I of the paper, I 
would like to know what is meant by the 
phrase ‘‘discharge kilovolts of tubes.” I 
am wondering whether the kilovolt figures 
represent the flashover of both the tube and 
series air gap to conductor in each case. I 


note that these voltage values are appreci- — 


ably lower than the flashover voltages of the 
insulator strings with which they are asso- 


ciated, and I am wondering whether it takes — 


that much less voltage to insure flashover 
through the tubes. 

I am puzzled about the comments in re- 
gard to Table XI which discuss relatively 
greater effectiveness of the tower footings in 
carrying lightning currents. In other words, 
are the counterpoise, ground rod, and tower 
footing in each case of measurement, all in 
series, so that the different current values 


measured are due to their relative surge 


impedances? If they are not in series, I : 


do not see how their currents can be com- 
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pared. Perhaps the authors can refer me to 
a previous paper where the current paths 
involved have been diagrammed or more 
fully described. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): The outstanding 
contribution of this investigation seems to 
be that it has been proved, over a five-year 
period, in stations equipped with lightning 
arresters and ground-wire protection over 
the line conductors that: 


1. The bus voltage has not exceeded the full-wave 
voltage of 550 kv of the basic insulation level of the 
station equipment insulation. 


2. Currents in lightning arresters were low. 


3. No damage either to equipment or protection 
has occurred during the five-year period, although 
strokes to the lines occurred within a mile’s dis- 
tance from the station. 

From the practical point of view, it there- 
fore has been demonstrated that stations 
can be made lightningproof provided the 
proper protection is applied. 

There are a few points brought out in this 
investigation which, at first glance, appear 
contradictory: 


1, High line-conductor currents not associated 
with arrester operation. 


2. Great difference of rate of voltage change in 
different parts of an extended station bus. 

Transient theory permits calculations of 
all voltages and currents to a high degree of 
accuracy. It is impossible in this discussion 
to go into detail. Two types of stations in- 
vestigated have been analyzed, and the re- 
sults are shown on Figure 1 and Figure 2 of 
this discussion for stations of the type of 
Glen Lyn or Claytor and Reusens respec- 
tively. 

As the applied wave, a slanted front has 
been chosen. The crest voltage is the maxi- 
mum breakdown voltage of the line insula- 
tion for a straight rising front.1 Attenua- 
tion is neglected. The resulting station 
voltages and currents represent, therefore, 
the maximum possible in case of a stroke 
very close to the station. After the wave 
reaches crest, it is assumed to decrease to 
zero rather rapidly. 
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Figure 1. Transients in stations 


A—Line currents 

B—Traveling wave 

C—Traveling-wave voltage and current 
‘D—Station voltage and outgoing line current 
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Figure 2. Transients in stations 


A—Line current 

B—Traveling wave 

C—Traveling-wave voltage and current 

D—Station voltage and outgoing line current 
per line 

E—Rate of change, station voltage 

Z,=500 ohms 


We find from Figure 1 of this discussion 
that the steepest waves will have the high- 
est traveling-wave voltage, but the lowest 
resulting station voltage. For instance, a 
wave with 0.5-microsecond front, 1,590-kv 
crest, and 3,180-ampere traveling-wave cur- 
rent, will result in'a line current of 6,150 
amperes, but a station voltage of only 140 kv 
which, of course, is not sufficient to cause 
arrester operation. On the other hand, a 
front of four microseconds, with 1,140-kv 
crest, 2,280-ampere traveling-wave current, 
will result in a line current of 3,800 amperes 
and a station voltage of 410 kv, which is 
sufficient to cause arrester operation for the 
modern arresters for the 115-kv voltage class. 

From Figure 2 of the discussion for a 
station with much smaller connected capaci- 
tance and fewer connected circuits, condi- 
tions are much less favorable, and arrester 
operation can occur for much lower values 
of traveling-wave voltage and current. 

In the two examples, the wave was as- 
suumed to have arrived over one circuit only. 
Many of the lines of the system described 
are double-circuit lines on the same tower. 
In case of flashover to the same phase of 
both circuits, the station voltage and rate 
of voltage.change will be doubled. For 
waves with longer tail, the station voltages 
will be of the same order, because, although 
the station voltage will be higher for equal 
traveling-wave crest voltage, the traveling- 
wave crest voltage will be much lower.? 

Line current, as measured by the mag- 
netic links, is the superposition of the 
traveling-wave current and the current 
wave reflected from the station impedance. 
As can be seen from Figure 1 and Figure 2 
of this discussion, the line current is prac- 
tically double the traveling-wave current for 
the steep waves. This is due to almost 
complete reflection from the station capaci- 
tance; for the longer wave fronts, the re- 
maining connected circuits will act as the 
principal reflection agents. 

This shows, therefore, that it is possible 
to have very high line currents without ar- 
rester operation. . 

In the examples, station impedance has 
been considered as lumped. Actually, some 
of the stations have very extensive bus work 
of the order of several hundred feet. The 
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solution in this case has to take into account 
repeated reflections from all the reflection 
points. Calculations of this kind become 
very involved. It can, however, be proved 
that substitution of the equivalent induct- 
ances of the station bus conductors corre- 
sponding to the lengths of its sections will 
give the same results as calculations by 
means of repeated reflections. This method 
has been used to find voltages in the same 
station as on Figure 1, but with capacitances 
and connected circuits distributed as shown 
on Figure 3 of this discussion using the elec- 
tric transient analyzer.2 The traveling 
wave in this case was applied over one, as 
well as over two circuits. | 

The example shows the complex character 
of the waves, particularly at the station en- 
trance. It is questionable that the wave- 
slope recorder is capable of identifying the 
proper high rate of voltage change occurring 
at that point. Therate of voltage change at 
the other end of the bus is, of course, much ; 
slower. It exhibits oscillations which are 
more regular and therefore more susceptible 
to interpretation by the wave-slope recorder. 
A station-voltage-distribution diagram of 
this kind, of course, proves the authors’ 
conclusion that it is advisable to keep pro- 
tective devices close to the equipment to be 
protected. 

The method used to calculate the station 
voltages is accurate and very general in 
that any conceivable combination of station 
impedances connected by any number of bus 
wires can be investigated, including protec- 
tive equipment. It is, therefore, possible in 
the laboratory to predict the expected tran- 
sients in any station, including in many cases 
voltages transmitted to the low-voltage cir- 
cuits, for any kind of traveling wave, pro- 
vided the terminal impedances are known. 
The impedances of connected circuits can be 
calculated. Transformer impedance in high- 
voltage circuits is principally the surge 
capacitance to ground shunted by a rather 
high inductance, which can be neglected for 
short-time transients. 

Finally, I would like to discuss briefly the 
high arrester-current record of 16,000 am- 
peres. No details are mentioned other than- 
that the stroke occurred within 400 feet o 
the station. Race 
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Figure 3. Transient voltages in stations with. ¥; 
extended bus structure 


A—Traveling wave on two circuits 
B—Traveling wave on one circuit 
Z,=500 ohms 
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Figure 4. Currents in ground wires and 
lightning arresters for strokes close to the 
station 


Similarly to substitution of surge imped- 
ance by inductance within the station, in- 
ductances can be used for longer lengths of 
lines.? If the stroke occurs within 400 feet, 
this probably means the first tower out. 
Neglecting, for convenience, the line side of 
the circuit, the equivalent diagram of Figure 
4 of this discussion is obtained. For ease of 
calculation, a rectangular current wave was 
assumed. For lightning-arrester impedance, 
the lowest resistance occurring at the highest 
current crest was used. By means of the 
transient analyzer calculations can, of course, 
be made for different wave shapes and cor- 
rect arrester impedance, including gap 
breakdown and also taking into account the 
line side of the system. The currents in the 
tower, ground wire, and arrester are shown 
for different conditions of ground-wire in- 
stallation—single and three conductor—and 
tower resistance—60 ohms and 30 ohms. 

From these calculations, it can be seen 
that: 


1. Three ground wires from the first tower to the 
station are very effective in reducing the chance of 
high arrester currents, because a very high stroke 
current—90,000 amperes—is required to produce 
17,000 amperes in the arrester. 


2. Low ground resistance at the tower also in- 
creases the required stroke current amplitude. 


This applies to the condition of a stroke 
to the ground wire as well as to the line 
wire. 

It is apparent that low tower resistance 
also reduces the possibility of flashover at 
that tower, and to avoid high arrester cur- 
rent it would seem advisable to reduce the 
ground resistance to a minimum value. 

If the stroke occurs two or three towers 
away from the station, the arrester currents 

- will be of the order of those measured during 
the investigation, because the stroke cur- 
rents then will flow mostly through the 
towers between station and the stricken 
tower. This also can be shown by calcula- 
tions. 

There is some question in my mind 
whether line currents measured at or below 
3,000 amperes are lightning currents or 
system short-circuit currents. In a pre- 
vious paper,‘ values of short-circuit currents 
of this order were mentioned. Since short- 


circuit currents follow the lightning flash- — 


over, it is likely that magnetization of the 
links at least will be greatly affected. 
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It seems to me impossible to correlate any 
of the data, if the inspection period is two 
weeks. As shown in Figure 8 of the paper, 
at least five strokes occurred close to the 
station during that time, at least two caus- 
ing flashover of line insulation. Superposi- 
tion of the many resulting transients, to- 
gether with the complex nature of the tran- 
sients within the station, will make it im- 
possible to correlate any of the measure- 
ments as to damping effects, true rate of 
voltage change, and station impedance. In 
this connection it would be very helpful to 
install, at the arresters, a device which is 
capable of counting the actual number of 
discharges through the arrester occurring 
during an inspection period. 

My opinion differs from the authors’ 
opinion that the investigation has shown 
that the 1,000-kv-per-microsecond rate of 
rise for test specifications on apparatus 
seems reasonable, insofar as the amplitude 
of such tests are concerned. The investiga- 
tion has shown that crest voltages were 
limited to 525 kv with a full-wave test level 
of 550 kv. The 1,000-kv-per-microsecond 
test requires a crest voltage of 800 kv. We 
then have the contradictory condition that 
for long waves with slow fronts, which are 
much more frequent, the margin between 
test voltage and arrester voltage is between 
5 per cent and 37 per cent, while for the 
considerably less frequent 1,000-kv-per- 
microsecond waves, the margin is above 50 
per cent. Perhaps consideration should be 
given to reducing the margin in the latter 
case to, say 20 per cent, which results in a 
crest voltage of the order of 630 kv or equiv- 
alent to the chopped-wave test. The in- 
vestigation also has shown that flashover 
within the station did not occur, and con- 
sequently the steep voltage drop on the tail 
of steep front and chopped waves occurring 
during test is not realized in stations of the 
type discussed in the paper. It is this steep 
drop which is most dangerous for internal 
stresses in the transformer. By taking ad- 
vantage of the excellent protection pro- 
vided, the transformer insulation could be 
reduced, if tests equivalent to the stresses 
imposed in the field be applied, without im- 
pairing the effective strength of the trans- 
former for the service intended. 
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I. W. Gross and G. D. Lippert: Mr. Hagen- 
guth points out that our paper brings out the 
fact that stations can be made lightningproof 
provided the proper protection is applied. 
Our own experience over the past 15 years 
has borne this out quite emphatically. 
The few isolated cases of failure of equip- 
ment on our high-voltage system have been 
limited to very old equipment having ques- 
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tionable impulse characteristics. In this 
connection it may be of interest to note that 
shielding on our incoming lines had a pro- 
tective angle of approximately 45 degrees, 
rather than the more recently proposed 
angle of 30 degrees, which some investiga- 
tors seem to think necessary for best im- 
munity from strokes to the conductors. 
Further, it should be pointed out that most 
of our 132-kv stations are protected by ar- 
resters rated 109 kv. 

Mr. Hagenguth’s discussion and theo- 
retical analysis of the two points showing 
high line-conductor currents without arrester 
operation and large differences of rates of 
voltage change in different parts of the sta- 
tion are most interesting. He shows clearly 
what can be done by the use of a transient 
analyzer and theory in explaining some of 
the records which at first glance appear 
rather baffling. 

His comments on the arrester-current rec- 
ord of 16,000 amperes mentioned in the 
paper assume that this current was the result 
of a stroke to the first structure from the 
station. This is correct. From his calcula- 
tions it is indicated that a stroke of some 
90,000 amperes would be required to pro- 
duce such an arrester current. This is en- 
tirely possible. However, no instruments 
were in service on line conductors, ground 
wires, or towers in this-particular case, so 
the actual stroke value is not definitely 
known: 

The possibility of 60-cycle fault currents 
affecting the line-conductor current meas- 
urements has been considered carefully, and, 
while it is possible that some of our records 
may have been so affected, it is believed that 
cases of this sort are rare. The justification 
for believing that currents between 2,000 
and 3,000 amperes were not due to 60-cycle 
fault currents is borne out by the fact that 
most of the currents in this range were not 
oscillatory, a feature which. would have been 
shown up in the calibration by the two-link 
method of measurement. 

Mr. Hagenguth mentions the difficulty 
in attempting to correlate simultaneously 
obtained data when the inspection period is 
as long as two weeks. This is one of the 
limitations in obtaining field data on light- 
ning with instruments which are not capa- 
ble of recording definite or short-time inter- 
vals. The only answer to this situation at 
the present time appears to be the use of an 
instrument such as a cathode-ray oscillo- 
graph, which would be capable of separating 
not only surges from one day to another, but 
also those due to multiple strokes. 

Mr. Vogel mentions that our data show 
that the currents and voltages on the line 
adjacent to the station are quite low and 
asks why it would not be satisfactory for 
the system (we assume he means apparatus 
at the station) to have an impulse level of 
550 kv. This, in fact, is our practice in 
132-kv stations of this type, where we use 
the so-called 115-kv class of apparatus in 
transformers which are closely coupled to 
the 109-kv lightning arrester. This com- 
bination on paper, as well as in practice, 
gives an ample margin of impulse protec- 
tion. J 

Mr. Vogel comments on the extremely 
high rates of voltage rise for switching 
surges and suggests that they were probably 
of low magnitude. It may be of interest to 
point out a record of a switching surge ob- 
tained during field research tests on the 
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Philo—Canton line of the Ohio Power Com- 
pany in 1929.1 This switching surge had a 
magnitude of 450 per cent of normal line- 
to-ground voltage—approximately 500-kv 
crest. Parts of the first cycle of this surge 
had an extremely high rate of voltage 
change as shown on the oscillogram. How- 
ever, because the time scale is long duration, 
it possibly does not show up clearly as a 
high rate of change. 

We believe that these rates of voltage 
change for switching surges reported in 
Figure 4 of our paper may have some con- 
siderable significance when studied in com- 
bination with the strength of insulation ma- 
terial as used in transformer design.?»3 

The answer to Mr. Lusignan’s question as 
to what is meant by ‘‘discharge kilovolts of 
tubes” at the bottom of Table I is that the 
phrase refers to the impulse voltage required 
to cause the protector tubes to go into ac- 
tion, or flashover internally and perform 
their function of discharging lightning 
from the line to ground. Since these tubes, 
when used, were mounted on the insulator 
assembly, they were designed to have a 
lower-impulse flashover than the insulator 
string, in just the same way as the lightning 
arrester, as applied, limits the voltage below 
the safe strength of the transformer or other 
equipment which it protects. 

Mr. Lusignan commented on the relative 
effectiveness of tower footings, counterpoise, 
and ground rods in carrying lightning cur- 
rents. These data in Table XI were ob- 
tained simultaneously on the three ground- 
ing elements, namely counterpoise, ground 
rod, and tower footing. In each case the 
counterpoise and ground rod were connected 
electrically directly to the tower footing. 
The relative currents in these three ele- 
ments are compared on the basis of their 
magnitude in three parallel circuits. The 
ground rod was driven in line with two 
tower legs and midway between them. The 
buried counterpoise extended in a straight 
line directly underneath the transmission 
circuit. 

The matter of steep-front surges has been 
mentioned by all three discussors. Mr. 
Lusignan seems quite satisfied that our data 
justify the continuance of the present 1,000- 
kv-per-microsecond rate of rise now gen- 
erally accepted in the industry. Mr. Vogel, 
too, believes that steep-front tests are de- 
sirable on transformers atleast. We heartily 
agree with him that such tests are just as 
important as, if not more than, the now 
generally accepted chopped-wave and full- 
wave tests on the transformers. 

Mr. Hagenguth, however, does not seem 
to find anything in the data presented which 
justifies a 1,000 kv-per-microsecond rate of 
rise on test specifications for apparatus. 
The authors have shown the highest rate of 
rise recorded is 810 kv per microsecond, 
with two cases of approximately 650 kv per 
microsecond. \ 

Weare unable to understand Mr. Hagen- 
guth’s statement that “the 1,000 kv-per- 
microsecond test requires a crest voltage of 
800 kv.’ This value is lower than we specify 
for test purposes on our 132-kv equipment. 
In fact, from the data presented in the paper 
it seems logical that a factor of safety of 
two well might be used, which would indi- 
cate a rate of voltage rise of two times 650 
or two times 810, that is, in the order of 
1,500 kv per microsecond rather than the 
present figure of 1,000 kv per microsecond. — 
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The service supplied by large high-voltage 
power systems and equipment is too im- 
portant, and the cost of failure and conse- 
quent disturbances too great, to push the 
margin of transformer strength down to the 
lowest possible limit. Many years of pains- 
taking study and effort have been spent in 
building a needed insulation strength into 
equipment, and to let down the bars at this 
time by reducing test requirements on the 
limited amount of data, without fully eval- 
uating the hazards involved, is decidedly 
questionable. 
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The Dielectric Strength and 
Life of Impregnated- 
Paper Insulation—IV 


Discussion and author's closure of paper 45-58, 
by J. B. Whitehead and J. M. Kopper, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945, 
and published in AIEE TRANSACTIONS, 
1945, April section, pages 171-7. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, IIl.): In investigations 
of condensers, coil insulation, and so forth, 
worth-while use might be made of the tool 
and method developed by Doctor White- 
head and associates to detect initial ioniza- 
tion and to follow ionization without failure 
of the dielectric. Their work has been on 
short samples representing impregnated- 
paper insulated cables, and there are many 
other electrical assemblies involving similar 
amounts of insulation. 

I was connected actively with the initial 
development work of this kind which was 
done by E. B. ‘Paine and his associates at 
the University of Illinois under the sponsor- 
ship of the Utilities Research Commission. 
They obtained encouraging test data in 
research on cable samples 10 or 20 feet long. 
We found, however, that the apparatus was 
not applicable to tests of long lengths of 
cable at the factory such as 500 feet, be- 
cause apparently the indications of very 
high-frequency discharges were attenuated 
seriously by the time they reached the end 
of the length of cable. 

Experience has shown in the ordinary 
ionization test, where the power factor 
usually is measured at 60 cycles at a high- 
and a low-voltage and the power factor at 
the lower voltage subtracted from the other 
power factor to get the so-called ionization 
factor, that the test results are confusing. 
This sometimes is especially true for insu- 
lation at elevated temperatures when the 
ionization factor is negative in value. The 
apparatus of the authors will give more 
direct and reliable data on ionization in 
such cases. 
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Regarding the authors’ data on examina- 
tions of insulation made possible just before 
failure by use of their apparatus, I should 
like to call attention to data in a 1936 
AIKE paper.1 For those studies we had 
60-cycle aging tests on cables stopped when 
the power factor started to rise abruptly, 
and then through dissection of the cables 
we found the nature of initial paths that 
were leading to failure. Most paths started 
at the conductor of the solid-type single- 
conductor 66-kv cable, but some started at 
the sheath, and some of these paths were 
helical in direction. 

It is to be noted that the authors’ in- 
vestigations were of necessity at high 
stresses, for example three to five times the 
maximum operating stresses in oil-filled 
cable. Further work along such lines well 
might include some longer-time tests at 
stresses closer to operating stresses to dis- 
close what changes in characteristics, if 
any, apply to such stresses. 
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Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
The authors have contributed a research 
tool of great value in their combination of 
Schering bridge, oscilloscope, and thyratron 
cutout which should prove of great value in 
the study of dielectric failure. One study 
that I should like to see made with it would 
be a check of Hoover’s theory that, when 
breakdown is imminent, the maximum stress 
shifts outward from the surface of the con- 
ductor to a region in the depths of the insu- 
lation. Perhaps the data already obtained 
may throw some light on this, and I hope 
the authors will discuss this interesting 
point. 

It is pleasing to note that the authors now 
confine their dictum about the superiority 
of low-density paper to cable of the oil-filled 
or completely impregnated type. 

Manufacturers can accept this without 
any qualms, because oil-filled cable never 
has been designed for maximum 60-cycle 
dielectric strength but rather for maximum 
impulse strength which is attained by the 
use of high-density paper. 

On the other hand high-density paper is 
used in the manufacture, of solid-type cable 


to obtain high dielectric strength at 60 cycles, — 


as the wall thicknesses are ample to take 
care of impulses. 

The authors deplore the lack of published 
data to prove the advantage of high-density 
paper in solid-type cable. The reason that 
such data are not available is that there is 
a considerable variation of dielectric strength 


in cables of that type because of their in-- 


herent irregularity. It is therefore im- 
possible to differentiate between cables 
made with papers of moderately different 
densities except by averaging a large num- 
ber of tests. This has been done, over and 
over again, and the high-density papers 
always average best. 
low-density paper is used, the cables will 
not stand even the normal full-reel test 
voltage. 

This difference in behavior of oil-filled 


and solid-type cable is no mystery, if one 
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~ lation. 


remembers that there are two basic factors 
to be considered in studying the dielectric 
strength of a cable, one, being its ability to 
resist the initiation of breakdown, and the 
other, its ability to resist the spread of 
breakdown once it has started. 

In an oil-filled cable, such as represented 
by Doctor Whitehead’s samples, initiation 
of breakdown requires the very high stress 
in the oil, which corresponds to the break- 
down of oil into highly ionized gas. Paper 
of low dielectric constant, by throwing less 
stress on the oil for a given applied voltage, 
naturally raises the applied voltage at which 
breakdown of the oil occurs. 

In a solid-type cable, initiation of break- 
down occurs at the comparatively low stress 
required to ionize pre-existing voids, and 
the additional voltage test the cable will 
stand then depends on the ability of the 
insulation to resist ionic bombardment from 
the voids. The denser the paper, the greater 
its ability to accomplish this, and, there- 
fore, the greater the dielectric strength of 
the cable. 

This completely explains the apparent 
discrepancy between Doctor Whitehead’s 
findings and those of the cable manufac- 
turers. 

However, there is one other factor that 
enters the picture. The effectiveness of 
high-density paper as a barrier to electronic 
streamers depends not only on its high 
density but also on the effective disposition 
of the tapes, that is, on the tape stagger or 
overlay. It is possible to lose completely 
the advantage of high-density paper in a 
solid-type cable by offering the electronic 
streamers a short cut around the paper 
tapes, through the use of too short an over- 
lay. There is an optimum overlay for every 
paper density—that which gives equal di- 
electric strength through or around the 
tapes. Doctor Whitehead has used the 
same overlay for papers of all densities, a 
fact that should be remembered in evaluat- 
ing his data. I called attention to the 
bearing of overlay on this question at the 
Williamsburg Insulation Conference of 1934, 
suggesting that Doctor Whitehead’s over- 
lays may have been too short to take full 
advantage of the greater dielectric strength 
of high-density paper. In other words, if 
he had repeated his tests using, however, 
less perfectly impregnated samples, he 


_ might have obtained results similar to those 
‘he has reported, but in that case the higher 


dielectric strength obtained with low- 
density paper would have been due, not to 
the merit of the paper, but to the use of an 


inappropriate overlay. 


Finally I come to the matter of grading 
by the use of high-density paper near the 
conductor and lower-density paper over it. 


The authors’ study applies, of course, only 


to oil-filled cable, and I have no experi- 
mental data to check their theory. Since 
the beginnings of oil-filled cable, however, 
it has been the practice to grade the paper 
of such cables in order to obtain the benefit 
of high impulse strength without sacrificing 
too much of the oil permeability of the insu- 
It would, therefore, be gratifying 
to find that this construction adds to the 
60-cycle dielectric strength. I am, how- 
ever, very doubtful whether the authors’ 
analysis is correct. Unfortunately their 
procedure for calculating stress in the oil 
channels is not given but appears to be 


based on the assumption that lines of force 
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extend radially from conductor to sheath 
passing through whatever oil channels may 
be in the way and imposing a proportion of 
the total applied voltage on a channel at 
the conductor surface, which is determined 
by its capacitance and the capacitances of 
the several superimposed layers of paper of 
various densities and of oil channels all 
considered as capacitances in series. If so, 
their procedure’ entirely neglects the fact 
that the lines of force are diverted around 
each oil channel by the parallel paper paths 
by which they are surrounded. Moreover, 
the lines of force in a cable are very irregular 
due to the intrinsic irregularity of the paper. 
I therefore consider it a better approxima- 
tion to use the formula for the stress in a 
cylinder of elliptical cross section given by 
E. B. Baker.! Using this formula and tak- 
ing into account the over-all change in 
potential distribution resulting from grad- 
ing, I obtain results widely different from 
the authors’, indicating that no advantage 
in 60-cycle dielectric strength is obtained 
by grading oil-filled cable. Unfortunately I 
cannot check this by adequate experimental 
data, as no occasion has arisen which would 
justify the very expensive test setup that 
would be needed. Typical calculations 
using the Baker formula follow. 

This formula for an elliptical cylinder, in 
a medium of different specific inductive 
capacity, is applicable, as a 5x75 mil oil 
channel with its fuzzy paper edges approxi- 
mates a 5x75 ellipse as closely as the 5x75 
rectangle, assumed by the authors. This 
formula is somewhat in error on the low 
side, because it neglects the proximity of 
the conductor, and, as Baker pointed out, 
the true factor may be greater; also, it will 
be greater for large values of Kp/K, than 
for small values. 

The formula is as follows: 


1 
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where 


G=ratio of stress in oil channel to that in 
impregnated paper 
d=semiaxis in direction to field 
p=semiaxis perpendicular to field 
K,=specific inductive capacity of cylinder 
Ky=specific inductive capacity of medium 


It will be noted, that if p is infinite, G be- 
comes K,/K, which is correct for a con- 
tinuous film of specific inductive capacity = 
K, in series with a medium of specific induc- 
tive capacity=K,. On the other hand, if d 
is infinite G becomes unity, so that the for- 
mula is correct at both limits. 

Applying Baker’s formula to the authors’ 
A and D papers and assuming the specific 
inductive capacity of the oil to be 2.2, I 
obtain the following values of G using the 
following figures derived from the paper. 


A Paper D Paper 
pee Cena Cmte cre oie is eAStER dais cineca Behe aie ao 
r) x beer at ae. BT ebeG. ue tones 37.5 
Kgici Ste eats 5 Mapes sigh ote 5 BP fo TS ayy ca 4.9 
UR Btha Se deisha ars, tush tier Ba erd Oar erica arena 2.20 
Garceocsetispemiaets ci dec fork 1645 eee 2.08 
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Consider the case of two cables, number 1 
graded, and number 2, made entirely of A 
paper, the dimensions being as follows: 


<== 


Cable 2, 
Cable 1, Not 
Graded Graded 
Radius of conductor, 
MUSH, ceevels, vote shel aotere GD tuterstons 264 .. 264 
Radius of outside of 
insulatioime ey eats ere G s.tejevesells 484 -484 
Radius of boundary 
between insulations..b...... 324 
Specific inductive ca- 
pacity of the layers Kab.. 4.91 
ofinsulation........ | Koc 3.78 
Kae. titmieistvee 3.78 


If we assume V=50,000V, the maximum 
stress in the impregnated paper will be as 
shown in the following tabulation calculated 
by well-known formulas. 

Then using Baker’s values of G, we find 
E,, the stress in the oil, to be as follows, 
that is, the graded cable has a much higher 
oil stress than the ungraded. 


Cable 1, Cable 2, 
Graded Not Graded 
Ea (volts per mil)........ ZOU Sins aicieie ler 312 
Fee ear at Ua wereeeieee QEOS Ss Ph staan aL Oe 
Eo (volts.per mil)........ BA Viet cahicasrarays 511 


As pointed out, whatever error there may 
be in G will tend to make the 2.08 less in 
relation to the 1.64, and, therefore, the 
true E, for cable is'even greater in relation 
to that for cable 2, than indicated by the 
foregoing figures. ss 

This puts a different aspect on the case, 
as with the authors’ values of G for n=4, 
the graded cable would be favored as 
follows: 


Cable 1, Cable 2, 
Graded Not Graded 
Togs iscemissler omer 260. gh cnet apsieelaweeerss 313 
Goi cmenciete tale ate Went Oc hides siete resonate, saeeates 1.46 
Tooveiecccie sath slerstele SAS ohiaGure shorten tree 456 


However, the conclusions reached by the 
authors are not applicable to solid-type 
cables judging by test data we have obtained 
using the procedure given in sections 20 
and 21 of the sixth edition of the Associa- 
tion of Edison Illuminating Companies 


“Specifications for Impregnated-Paper-In- 


sulated Lead-Covered Cable, ‘Solid’ Type.” 
These tests on new cable indicate no 
difference in 60-cycle dielectric strength 
whether the denser paper is placed inside 
or outside. 

We prefer to place the high-density paper 
outside in solid-type cables, for reasons 
apart from initial dielectric strength. 
These reasons have to do with the ability 
of the cable to resist the combined action 
of high voltage and heat cycles, rather than 


high voltage alone, as described in another — 


AIRE paper.” 
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L. I. Komives (The Detroit Edison Com- 
pany, Detroit, Mich.): Mr. Whitehead and 
Mr. Kopper state there is little or no pub- 
lished evidence in support of the view that 
the use of high-density paper in high-voltage 
cables increases dielectric strength ‘‘except 
perhaps as regards breakdown tests of the 
impulse type, and even in that case the 
picture is not clear.”’ 

In support of this statement they cite a 
paper by Mr. Foust and Mr. Scott pub- 
lished in July 1940. 

I would like to call the authors’ attention 
to a paper by Faucett and others.! In 
Table I of the paper average and maximum 
voltage gradients at breakdown are listed 
and the type of paper shown in each case. 
It should be noted that samples A and C 
having lower density papers near the copper 
broke down at a much lower voltage than 
samples B and D. Densities involved are 
0.85 and 1 against 1.2. 

There were a larger number of samples 
with higher-density paper which all tested 
high. This seems conclusive evidence that 
higher-density paper will produce higher 
impulse strength. 
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J. B. Whitehead: In answering Mr. 
Del Mar there are two reasons why the 
Hoover analysis of breakdown is faulty as 
applying to impregnated paper-insulated 
cables; first, because it takes no account 
of the alternating character of the voltage 
and the fact that stress distribution is 
determined far more by the dielectric con- 
stant than by the conductivity; and second, 
the conductivity of impregnated paper is 
so low that the d-c volt-ampere curve on 
which the Hoover analysis is based cannot 
develop below stresses which are far above 
those at which, under alternating voltage, 
failure due to other causes occurs. 

The Baker formula is a modified fortn of 
a number which have been presented 
(Maxwell, Lord Kelvin, and others) for the 
uniform field within a dielectric ellipse or 
sphere when placed in an originally uniform 
external field. The Baker formula is di- 
rected particularly to the determination of 
the stress in gas pockets within an insu- 
lating wall, making the somewhat question- 
able assumption that the gas pockets are 
elliptical in shape. The formula might be 
applied to an insulating wall in which simi- 
larly shaped, but isolated, oil pockets 
existed. Mr. Del Mar has made this as- 
sumption. It seems to me obviously wrong, 
for the oil in a channel is not in isolated 
drops, elliptical or other shape, but is a 
continuous ribbon filling the spiral of the 
oil channel. Our own approach at this 
point notes that the radial field is the same 
at all points along the oil ribbon and ap- 


_ proximately uniform in its central region. 


Moreover, formulas of this type give only 


the ratio of the internal to the original ex- 
ternal field, and so the latter must be known 
if the former is sought. Mr. Del Mar as- 
sumes the original field to be the average 
field computed from the applied volts and 
the cable constants. This too is incorrect, 
for this value is not an original external 
field but contains the modifying influence 
of the field in the oil channels, the very 
quantity whose value is sought. In our 
analysis we have computed the field at the 
center of the oil channel in terms of the 
number of paper layers in radial series with 
the oil channel and the voltage over the 
characteristic number of layers, which, as 
determined by the overlay, repeats itself 
throughout the entire insulating wall. 

The Baker formula takes no account of 
the number of paper layers in series with 
an oil gap (nor should it, for its particular 
application). By failing to take account of 
this fact Mr. Del Mar is led into the error 
of finding a higher value of G for the D 
paper (2.08) than for the A paper (1.64). 

Mr. Del Mar again invokes his experi- 
ments on overlay reported at Williamsburg 
in 1941, but as yet unpublished. Naturally 
too small or too great an overlay may lead 
to short creepage paths along which failure 
might occur. But the failures reported in 
this series of papers for medium overlays, 
do not occur in that way, but originate in 
the oil channels themselves and are plainly 
due to radial stress. 

The examples cited by Mr. Komives from 

the paper by Faucett and others, refer to 
gas-filled pressure cables. They, neverthe- 
less, seem in large measure to agree with 
our own conclusions for oil-filled insulation, 
that is, cables B and D are graded cables 
with high-density paper inside, and they 
have higher breakdown values than cables 
A and C, both of lower-density paper 
throughout; no data are given for all-high- 
density paper. 
_ The accumulated discussion of the four 
papers of this series has done much to clarify 
the open question as to the value of high- 
density paper for cable insulation. At 
first, our result showing the higher dielec- 
tric strength for lower-density paper was 
received with some skepticism. Cable 
manufacturers were using high-density 
paper with improved performance in solid- 
type cables, and,several engineers seemed to 
find our results inconsistent with those of 
established’ practice. Now, however, it 
generally is recognized that our results were 
obtained on completely impregnated insu- 
lation of the oil-filled type and should not be 
invoked in the question of the influence of 
high-density paper in solid-type cables. 

Further light is thrown on this question 
by noting the values of breakdown stress in 
our results. As pointed out by Mr. Hal- 
perin, these are from three to five times the 
operating stresses in oil-filled cables and 
consequently much higher still than those 
in solid cables. The absence of gas pockets 
in oil-filled insulation and their presence in 
solid-type insulation means that initial 
failure is due to different causes in the two 
cases; oil breakdown (and subsequent gas) 
in the one, and gaseous ionization in gas 
already present in the other, with the 
critical stress much higher in the former. 
Our results also indicate that, once gaseous 


‘jonization starts, the entire insulation wall 


js on the way to failure—sooner or later. 
These things being so, it should be evident 
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that the time element to complete failure in 
solid-type insulation may vary through wide 
limits, depending on the volume and dis- 
tribution of gas present, on the chemical 
and structural stability of the paper and oil, 
and on the conditions of test. Thus, the use 
of high-density paper in one cable might 
result in higher dielectric strength owing to 
the higher resistance to chemical attack, 
whereas in another of the same type and the 
same paper a lower dielectric strength might 
result, owing to the greater volume and 
wider distribution of gas pockets and films 
and the consequent more rapid disintegra- 
tion under gaseous ionization. The in- 
ability to control or foresee the distribution 
of gas spaces in solid insulation is a prin- 
cipal reason for the conflict of evidence and. 
difference of opinion often arising in dis- 
cussions of the behavior and properties of 
cable insulation in general. 

One thing may be said definitely, how- 
ever, about high-density paper; a graded 
cable, whether oil-filled or solid, with high- 
density paper on the inside, has a greater 
fraction of the total voltage thrown to the 
outer layers with a consequent reduction 
of stress values in the layers near the con- 
ductor. The extent of this lowering as 
dependent on dimensions and dielectric 
constant and its influence on the critical 
stress in the oil channels is mentioned briefly 
in our paper and will be discussed more 
extensively in a later paper. 


Electrolysis and Corrosion of 
Underground Power- 
System Cables 


Discussion and author's closure of paper 45-59 
by L. J. Gorman, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945, and published in AIEE 
TRANSACTIONS, 1945, June section, 
pages 329-36. 


L. I. Komives (The Detroit Edison Com- 
pany, Detroit, Mich.): The tabulation of 
types of corrosion in this paper is very 
readable and logical. Under type 5, ‘‘duct 
corrosion,’ what kind of a duct was the 
author referring to when he spoke of low 
duct resistance? 
through broken ducts or low-grade concrete? 

In Mr. Gorman’s paper, percentages of 
corrosion failures are given. What is the 
percentage of corrosion failure to all failures? 
The record of failures due to stray current 


is very good, much better than it used to be. . 


Apparently co-ordinated efforts of all utili-— 
ties concerned pays very well. This has 

been true in Detroit also during the last 20 

years. 


The author refers to a special cable grease. — 


What is special about this grease? Is it the 
base, life, or inertness? In Detroit we use 
a lead-soap-base grease on all reconditioned 
cable. A thin layer of this grease is applied 
hot, about 280 degrees Fahrenheit, in the 
cable reconditioning plant, giving complete 
coverage to protect it against corrosion. 


In the field, additional amount of the same _ 
grease, which has sodium silicate incor- 


porated, is applied as extra protection and 


Did he mean water entry ~ 
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to aid lubrication. We believe that inspec- 
tion of the sheath and covering it with this 
grease has been a great help in combating 
corrosion. 

In the summary and conclusion of the 
paper, it is mentioned that a small percent- 
age of the total system area (one per cent) 
is responsible for a large percentage (30 per 
cent) of corrosion failures. Is there any 
significant explanation as to why such areas 
are more destructive than others? Is it 
filled-in ground or salting? 

The author of this paper apparently is 
not in agreement with Sherer and Granbois 
with regard to the benefits of flushing ducts 
to eliminate alkaline or acid conditions. 
Mr. Gorman states that after flushing cer- 
tain ducts an alkaline condition finally was 
corrected. Mr. Sherer and Mr. Granbois 
found that the resistance of the cable 
sheath to ground was reduced by flushing. 
If, as Mr. Gorman states, ‘‘the resistivity 
of the environment in immediate contact 
with the cable or pipe seems to be the prin- 
cipal factor in controlling cable sheath or 
pipe corrosion” would it not be better to 
let the alkaline condition remain and keep 
the higher resistance? Does Mr. Gorman 
have any corrosion rate data that would 
settle this point? We also wonder whether 
flushing ducts with hot cables and conse- 
quent change of temperature does not cause 
more harm than good? Perhaps this should 
be done only in winter time. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): Mr. Gorman’s 
paper has a wealth of background for his 
broad coverage of sheath-corrosion prob- 
lems. I first learned of the method of 
pulling a short cable slug through a duct 
from the late Mr. Hippensteel of the Bell 
Telephone Laboratories. Our methods for 
both anodic and cathodic corrosion investi- 
gations are adaptations of his ideas and of 
information furnished a few years ago by 
Mr. Gorman. That sort of investigation 
has been very worthwhile in many cases. 

My paper on cathodic corrosion of cable 
sheaths presented before the Electrochem- 
ical Society in 19431 may be of interest to 
one particularly involved in considering 
cathodic corrosion. As indicated in my 
paper, the use of various methods has pre- 
wented the number of service failures in 
Chicago due to cathodic corrosion, increas- 
ing from about 8 a year to maybe 25 a year. 
We found usually that no serious corrosion 

- was occurring when the leakage current to 
the one-foot slug was one or two milliamperes 
or less, and the resistance was a few hundred 
ohms or more. Cathodic corrosion was 
found to occur even when the sheaths were 
only a fraction of a volt negative to earth, 
especially where much salt from electric 
street-railway-track switches had filtered 
into the ducts. 

Mr. Gorman apparently has experienced 
no corrosion due to a-c electrolysis. Such 
corrosion has, however, occurred at Safe 
Harbor and in the utility systems in Chicago 
and Detroit. Frequently, conditions lead- 
ing to a certain type of corrosion take time 
to develop and perhaps where unusually 
high alternating potentials exist on sheaths 
on single-conductor cables, some serious 
troubles may develop after 15 or 20 years. 
The development of such troubles, of course, 
is accentuated when there are local condi- 
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tions tending to produce differential aera- 
tion, and so forth. 

Regarding Mr. Gorman’s discussion on 
protective coverings, we have tried a variety 
of materials in limited amounts. One con- 
struction that seemed quite interesting 
and attractive was Geon-treated tapes 
wrapped over the sheath. 

Regarding corrosion where there are cin- 
der fills, we have measured potentials ap- 
proaching one volt between layers of clay and 
of cinders near conduits. In some cases, 
cinders have been replaced down to a level 
corresponding to the bottom of the conduit. 
In one case involving many hundreds of 
lengths of cable on a station property, a 
large system of cathodic protection was in- 
stalled, especially because in a portion of a 
given section of conduit, the cable sheaths 
were positive to-earth in many instances. 
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W. P. Monroe (Sargent and Lundy, Chicago, 
Ill.): The paper by Mr. Gorman is a very 
thorough presentation of the problem of 
electrolytic corrosion of lead-covered power 
cables and brings the power-transmission 
engineer up to date in the methods used for 
electrolysis tests and remedial measures. 

In regard to the duct-survey method of 
testing, there is evidence that the relative 
position of the spare duct used for the lead- 
slug traverse among the other ducts may 
have an influence on the shape of the volt- 
age and current curves obtained. If the 
spare duct used is at one side of the bank, 
will the direction of the current flow in the 
earth and the proximity of water pipes and 
other structures to one side of the duct run 
cause the curves to look different than if the 
survey were made in a duct on the opposite 
side of the bank? In the design of new duct 
runs for important cables might it not be 
worthwhile to locate spare ducts especially 
for the use of the electrolysis engineers in 
making duct surveys, in which case these 
test ducts could be located one on each side 
of the duct bank? 

The voltmeter mentioned for use in elec- 
trolysis tests seems to have an exceptionally 
high resistance and I would like to know if 
this instrument is portable and rugged for 
the purpose. I understand that a so-called 
potentiometer voltmeter is available for 
such surveys which includes a battery and 
rheostat for balancing a battery voltage 
against the cable-sheath voltage so that the 
potential is measured without a current 
flow between the cable sheath and the test 
slug. 

In Figure 1 of the paper, lead sheaths of 
cables are shown bonded together at each 
manhole. In cases where single-conductor 
cables are used, staggered bonding is some- 


times the practice in order to minimize in- 


duced alternating voltages. This method 
would permit bonding the sheath only at 
certain manholes. In the other manholes 
the duct survey probably could be made by 
measuring the voltage to each sheath indi- 
vidually and taking an average instead of to 
all sheaths bonded together. 

The data’ on variation of duct resistance 
and current leakage and their effects on the 
life of cable sheaths are a very valuable 
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contribution since they evidently are based 
on the author’s extensive experience on a 
very large system. 

The relation between duct resistance and 
area of contact between cables and the walls 
of the ducts is applicable when the ducts 
are not submerged in water, but would they 
also be applicable for water-filled ducts? 

The author has stated well the difficulty 
of draining stray currents from power cables 
which have their sheaths connected solidly 
to grounding systems of power stations and 
substations. It might be suggested that one 
way of making possible the draining of such 
cables without interfering with the protect- 
ing system would be to install spark gaps 
between the cable sheaths and the ground 
bus. These cable sheaths then would be iso- 
lated from the ground bus as far as stray cur- 
rent or galvanic potential is concerned, but 
the gaps would permit short-circuit current 
to flow to the ground bus. The gaps would 
have to be designed for very-low-voltage 
breakdown on account of providing for 
safety to maintainers, and should be very 
rugged for high-current capacity after 
breakdown. 

In the last section of the paper the author 
mentions the use of zinc electrodes for ca- 
thodic protection. Metallic magnesium is 
also a possible electrode material with advan- 
tages for such applications, and magnesium 
should be available in quantities after the 
war. The use of zinc or magnesium for one 
pole of the galvanic cell for cathodic protec- 
tion is of value where the galvanic voltage 
can be counteracted easily by such means 
and where there is no complication from 
stray currents of electric railways. Recti- 
fiers might be used at locations requiring 
higher counteracting potentials. 


R. C. Waldron (The Okonite Company, 
Passaic, N. J.): I would like to ask Mr. 
Gorman several questions regarding their 
use of protective coverings. He states that 
the covering consisting of two saturated 
canvas tapes has afforded adequate protec- 
tion, but then refers to attempts to remove 
cable. Was this removed because of failures 
and, if so, were these failures due to corro- 
sion or other causes? 

We agree with Mr. Gorman regarding the 
advantages in pulling reinforced rubber- 
covered cables. We have an experimental 
cable which was installed in a local utility’s 
ducts in November 1933 where unprotected 
cable originally failed because of corrosion. 
It has been pulled through a duct section 
six times at various intervals, the last time 
being in November 1944. While the outer 
fabric tape is now weak from rotting and 
some injuries have occurred, there has been 
no jamming in the ducts and no sticking. 
The cable pulls as easily now as when new, 
easier than most plain lead-covered cables. 


Each time the cable was pulled from one — 


duct section to the next it was examined 
as it passed through the intervening man- 
hole. A sample also was cut from one end, 
the end having been in the duct, not in the 
manhole, and examined in the laboratory. 
The coverings of these samples were re- 
moved and the cables cleaned, but no evi- 
dence of corrosion has been found. A 
length installed at the same time with satu- 
rated canvas-tape coverings was removed 


in 1937 because of the deterioration of the 


covering and fear of jamming in the duct. 
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This sample also showed no corrosion when 
removed. 

Laboratory tests on these two types of 
coverings made by applying ten volts direct 
current to the sheath while immersed in a 
three-per-cent salt solution, resulted in 
failure of the saturated canvas-tape covering 
in from three weeks to two months while 
the Okosheath protective covering (re- 
inforced rubber-taped jacket) did not fail 
in six years. The cable sheath was main- 
tained positive to the water and the sample 
was considered to have failed when the re- 
sistance of a six-foot length dropped below 
50,000 ohms. 

Mr. Gorman mentions that any imperfec- 
tions in the coating will restrict the area of 
lead exposed and concentrate corrosion. 
This may be true for stray currents where 
there is sufficient voltage to force a certain 
amount of current from the sheath. If a 
definite current is restricted the corrosion 
will be concentrated, but is this the most 
common cause of failure? We believe the 
most troublesome types of corrosion are 
those listed by Mr. Gorman as types 4 


through 7 which account for 88 per cent of 


his duct failures. Except for type 6, self- 
corrosion, which is eliminated by the pro- 
tection afforded against scoring by the pro- 
tective covering, these are caused by some 
type of electrolytic cell or voltage on the 
sheath. We cannot appreciate why this 
would result in concentration of the cor- 
rosion. We would expect the current to be 
proportional to the resistance from the 
sheath which should be dependent largely on 
the exposed area, resulting in the same cur- 
rent density independent of the exposed 
area. 


R. M. Burns (nonmember; Bell Telephone 
Laboratories, Inc., New York, N. Y.): 
We are indebted to Mr. Gorman for this 
excellent presentation of the subject of cor- 
rosion of underground power cables and its 
control. He is to be congratulated on the 
reduction of failures of corrosion which it 
has been possible to bring about by under- 
standing the mature of the corrosion problem 
and by application of suitable protective 
measures. The mechanism of corrosive at- 
tack is elucidated and much practical experi- 
ence is cited to illustrate the types of sheath 
corrosion which occur in the underground 
plant. His classification of corrosion in eight 
different groups undoubtedly is convenient 
from an engineering standpoint in indicating 
the palliative measures which should be ap- 
plied. From the standpoint of mechanism 
of corrosion, one would group his last five 
classes under electrolytic-cell action which 
differs from the first three classes principally 
in limitation of the size of potentials in- 
volved, that is, stray currents may involve 
higher potentials than can be developed in 
electrolytic cells. It is implied in class 6 
that scoring or mechanical injuries set up 
local galvanic cells. While it is possible in 
the laboratory to develop areas of anodic 
potential on lead by mechanical injury, the 
tendency of lead to self-anneal at ordinary 
temperatures makes it unlikely to occur in 
the underground plant. It seems probable 
that corrosion resulting from mechanically 
injured areas is due to the operation of dif- 
ferential aeration cells, that is, the bottom 
of the trough or pit, being less accessible to 
oxygen, becomes anodic, 
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The author states that ‘‘in the usual-type 
soil and duct water, the natural formation of 
films does not appear to have any important 
influence on corrosion.” In our experience 
we have come to recognize the importance 
of protective constituents in soil and duct 
waters. For example, cable sheathing is 
corroded rapidly in distilled water but very 
inert in most ground waters. Careful study 
has shown that the presence of silicates in 
concentrations of more than about ten parts 
per million of silicate ion tends to retard or 
prevent corrosive attack. Similarly, car- 
bonates exert an important protective in- 
fluence. These naturally formed silicate and 
carbonate films which are too thin to be visi- 
ble are sufficient, in most instances, to pre- 
vent the corrosion of cable sheathing in the 
underground plant. 


The discussion brought out the impor- 
tance of cinders and cinder fills as corrosive 
agents. In order that there be no mystery 
as to how a cinder fill not in contact with a 
cable can contribute to its destruction, it 
may be pointed out that cinders, which 
usually contain some coal or coke, may func- 
tion as a carbon electrode. When such fills 
are in contact with iron pipes or other metal- 
lic structures they function as cathodes in 
galvanic cells. As much as 0.8 volt may be 
measured between cinders and iron. Cables 
passing in the vicinity of such an iron struc- 
ture may pick up current from the iron-anode 
and lose it at another point in the vicinity of 
the cinder fill which, in contact with the 
iron structure, has formed the galvanic cell. 


Lows Gorman: In closing, the author will 
endeavor to answer the several questions 
which have been raised in the discussion of 
this paper. 

The duct resistance questioned by Mr. 
Komives and referred to in my paper refers 
to the resistance measured in the duct 
survey as described in the paper. If this 
resistance is less than 250 ohms, it arbitrarily 
is considered low because experience shows 
that approximately 70 per cent of the cor- 
rosion cases occur in ducts in which the re- 
sistance is less than this value. Low duct 
resistance usually results from the low 
resistivity of the duct contents in ducts 
which are saturated with low-resistivity 
water, such as tidewater. Low duct re- 
sistance is not associated necessarily with 
broken ducts or low-grade concrete. 


The grease used for cable protection is a 
heavy petroleum-base grease having a con- 
sistency somewhat similar to axle grease. 
This type of grease seems to stand up well 
under duct conditions. There is nothing 
special about the grease except its applica- 
tion. The special application is covered by 
a company specification and the particular 
grease specified is restricted in its use to 
corrosion prevention. Mr. Komives has 
called attention to a lead-soap-base grease 
which he uses on reconditioned cable and to 
the use of a sodium silicate incorporated in 
the grease for protection in cable ducts. 
The author feels that this combination 
should offer excellent possibilities. 

As stated in the paper, a large percentage 
of the cable-sheath corrosion occurs in rela- 
tively small areas which have been identi- 
fied through the corrosion surveys. For the 
most part, these areas occur in filled-in 
ground near the water front. 
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The statement made in the paper relative 
to flushing ducts to eliminate alkaline or 
acid conditions is based on the author’s 
experience with numerous duct sections on 
the system. One case, in particular, in- 
volved a d-c substation from which approxi- 
mately 40 lead-covered feeders were carried 
through concrete ducts encased in a large 
concrete envelope. In about 1938 there were 
a series of cable failures in these ducts due 
to corrosion. Investigation showed that 
the ducts were not well drained and that 
they contained an accumulation of alkaline 
water having a pH value of 11 or more. The 
ducts were flushed with fresh water and the 
pH reduced to nearly neutral. After three 
months, there was a recurrence of the 
alkaline condition and the ducts were flushed 
again. This process was repeated over a 
period of a year before the duct conditions 
appeared to be stabilized. No cable failures 
have been experienced since 1938. Similar 
results have been experienced in other duct 
sections where the accumulation of water in 
undrained portions of the duct contains a 
concentration of salt washed in from the 
earth and duct walls. In all cases, flushing 
has improved the conditions in these duct 
sections. 

In answer to Mr. Halperin, the author 
appreciates the importance of cathodic cor- 
rosion and continued vigilance must be 
exercised to avoid this type of corrosion. 
It occurs where the cable sheaths are nega- 
tive with respect to the duct walls and is 
associated more generally with stray current 
in sections where the current is “‘picked up” 
by the cable sheath. 

In regard to a-c electrolysis, there have 
been no cases of corrosion on the single- 
conductor cross-bonded feeders of the Con- 
solidated Edison Company which could be 
identified as a-c electrolysis. In all cases 
where corrosion has been experienced on 
these cables, there were d-c conditions pres- 
ent which readily would account for the cor- 
rosion. However, a-c electrolysis is regarded 
as a potential source of danger which may 
develop at higher alternating potentials or 
over longer periods of time. 

In regard to the duct survey, referred to 
by Mr. Monroe, there may be a wide varia- 
tion between ducts in the same duct section. 
For this reason, particular attention is 
given to the selection of the duct in which the 
survey is made. Whenever possible, the 
survey is made in the duct from which the | 
cable is removed. If this is not possible, a 
vacant duct immediately adjacent to the 
occupied duct is selected. The author does 
not feel that spare ducts purposely provided 
for electrolysis testing would be of any great 
advantage. 

The high-resistance voltmeter used in the 
duct survey is a standard Weston instru- 
ment. It is sufficiently portable and rugged. 
for field use. 

The cable sheaths are not bonded neces- 
sarily in all manholes. In the case of cross- 
bonded single-conductor feeders, the bond- 
ing and cross-bonding may be at intervals of 
a thousand feet or more. These bonds, how- 
ever, are sufficient to equalize the potential 
differences between the sheaths. In any 
event, the potential differences between the 
cables are checked before the duct survey is 
undertaken and allowance is made for any 
discrepancies. In reference to cables in 
ducts which are submerged entirely in water, 
the life of the cable will be appreciably 
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longer than that shown by the curves in 
Figure 4 of the paper for the respective 
values of duct resistance because of the 
greater contact area. 

Discharge gaps between isolated sections 
of cable sheath and ground are used in a 
few cases. A discharge gap has been de- 
signed for this purpose which will break 
down at approximately 250 volts and carry 
fault current for sufficient time for the 
relays to clear the feeder. In other cases, 
insulating joints are inserted to break the 
continuity of the cable sheath and the insu- 
lator is shunted with a low resistor of 0.01 
or 0.02 ohm. These resistors are constructed 
from iron grids and have sufficient capacity 
to carry the estimated fault current. At the 
low potentials involved in the flow of stray 
current on the cable sheath, these resistors 
have a very appreciable influence on the 
value of the current. 

Doctor Burns calls attention to the classi- 
fication of ‘‘self-corrosion” in the paper. 
“Self-corrosion” applies more particularly 
to steel pipe or other metal that is not self- 


- annealing. However, in approximately ten 


per cent of the corrosion cases on our cable 
sheath, the corrosion is associated with 
scoring, duct rubs, or other mechanical in- 
juries, whereas the undamaged portion of the 
sheath is in good condition, As pointed out 
by Doctor Burns, the lead is, to all practical 
purposes, self-annealing and the corrosion 
which is associated with the mechanical 
condition of the sheath is probably caused 
by differential-aeration cells rather than 
galvanic potentials set up by stresses in the 
metal. However, it seems desirable to in- 
clude this particular type of corrosion ina 
separate classification to call attention to the 
effect of sheath damage on the corrosion 
problem. 

In reference to Mr. Waldron’s discussion 
of the removal of tape-protected cables, 
the removals are made usually because of 
cable or splice failures not caused by cor- 
rosion. In such cases, it usually is found 
that the fabric of the tape has become dis- 
integrated, leaving a layer of compound on 
the sheath which appears to afford satis- 
factory protection. In the two or three 
cases where tape-protected cable was re- 
smoved because of the corrosion, the tape 
had been improperly applied or damaged 
at the time of installation. In one case, the 


'. tape was applied half-lapped and severe cor- 


rosion was noted at the inner edge of the tape 


_in contact with the lead. It was apparent 


that moisture had entered laterally through 
the tape or through the void left in the 
compound when the tape had disintegrated. 
For this reason, tapes should be applied 
in two layers with butt wrapping. 

The statement made in the paper with 


‘reference to the concentration of corrosion 


at imperfections in the coating is based on 
the author’s experience with coatings on 
both cables and pipes. Where such imper- 
fections exist, the cable sheath or pipe is 


_ frequently penetrated in about half the 


time that would normally be expected on 
entirely bare pipe or cable, For example, 


- in the case mentioned above, the failure oc- 


curred approximately five years after the 
cable had been installed. The normal life 


of unprotected cable in this particular duct 


section is from eight to ten years. The ap- 


parent concentration of corrosion is prob- 


ably caused by the effects of differential- 


‘aeration. 
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Galvanic Corrosiveness 


of Soil Waters 


Discussion and authors’ closure of paper 45-60 
by Howard S. Phelps and Frank Kahn, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945, and 
published in AIEE TRANSACTIONS, 1945, 
April section, pages 156-9. 


Edgar F. Wolf (Consolidated Gas Electric 
Light and Power Company, Baltimore, 
Md.): The authors of this paper have 
noted that there is a relationship between 
the static electrode potential of a lead elec- 
trode and the pH of the solution, when the 
pH is above a value of approximately ten. 
The basis for such a relationship can be 
shown by fundamental electrochemical 
equations. The reversible equilibrium po- 
telitial of a lead electrode is determined by 
the lead-ion concentration in the liquid film 
surrounding the metal. At 25 degrees centi- 
grade, this potential with respect to a stand- 
ard hydrogen reference electrode is 


0.059 
2 


Epp/pot+ = —0.126 + log [Pot*] 


where [Pb+*] represents the lead-ion con- 
centration. The lead-ion concentration at 
equilibrium. will be governed by the con- 
centration of negative ions present in the 
solution and the solubility product of the 
corresponding lead compound. Where the 
alkalinity of the solution is the factor which 
governs the lead-ion concentration, the 
foregoing equation may be converted to the 
following form by substitution of the values 
of lead hydroxide solubility product and 
ionization constant for water. 


E=0.249—0.059 pH 


This equation shows that, where the alka- 
linity is the governing factor, the lead elec- 
trode becomes 0.059 volt more negative for 
each increase of one unit of pH. The 
authors’ measurements, when converted to 
the standard hydrogen scale, are approxi- 
mately in accord with the theoretical values. 
It should be pointed out, in connection 
with the discussion of electrode potential 
when current is flowing, that there are other 
factors than alkalinity of the water which 
affect the degree of polarization. In work 
published some years ago,’ it was found that 
certain ions other than the hydroxyl ion 
very greatly affect polarization. In the 
presence of sulphate ions particularly, 
anodic polarization is very pronounced. 
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Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): Mr. Phelps and 
Mr. Kahn have greatly widened our scien- 
tific knowledge on soil waters. Jn our 
studies, analysis of soil waters has been help- 
ful. Laboratory tests and field studies on 
alkaline waters have indicated that a pH 
value of 11.4 or more was a very serious 
hazard to the sheath; in fact, nowadays we 
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try to keep the value down to 10.5 or less in 
particularly continuous-duct cable tunnels 
under rivers. Experience with calcium- 
hydroxide waters has indicated that the 
auxiliary information on the concentration 
of the alkaline was important; concentra- 
tions above 200 parts per million of calcium- 
hydroxide have been found serious. 

This paper, along with the other two pre- 
sented at the same time, present a needed 
combination picture and data on scientific 
and practical matters on corrosion of under- 
ground cable systems. 

I should like to emphasize that there is 
no such thing as a dry duct in underground 
conduits. Moisture in the surrounding soil 
and conduit is necessary, so that the cables 
may carry some current safely, because 
otherwise the conduit and soil become 
wonderful heat insulators. Corrosion has 
been found when the ducts to all superficial 
appearances were dry; usually, such cor- 
rosion results in scattered though serious 
pitting. 


R. M. Burns (nonmember; Bell Telephone 
Laboratories, Inc., New York, N. Y.); 
The authors have performed a useful service 
in showing that both the static potentials 
and the potentials with current flowing of 
lead, iron, and copper in soil waters are in- 
fluenced by the composition of the water. 
The practical importance of this lies in the 
implication that the environment is of pri- 
mary importance in determining the occur- 
rence and course of corrosion. The potential 
relationships of certain pairs of common 
metals, lead and iron, for example, may be 
reversed when compared in different soil 
solutions. Furthermore, observations of 
marked polarization at low current densi- 
ties provide assurance that rate of corrosion 
in such waters will be very low. Contrari- 
wise, ground waters in which there is little 
evidence of polarization may permit more 
rapid corrosion. Thus, measurements of the 
type illustrated by the authors are useful in 
the exploration of the corrosiveness of under- 
ground waters. It is well to point out, how- 
ever, that the validity of laboratory measure- 
ments depends upon reproduction of the 
conditions prevailing in the underground 
plant. Since oxygen concentration is the 
most influential factor affecting cathodic 
polarization and since it is usually low in 
underground waters, laboratory studies 
should include measurements under reduced 
oxygen pressures. It may be mentioned, 
also, that carbon dioxide pressures under- 
ground usually are markedly higher than in 
the outside air, and, since carbonates are 
anode polarizers, this factor should be con- 
sidered in laboratory studies. 

The authors have observed that the cor- 
rosion of lead, copper, and iron is more . 
severe at low pH than at high pH. Since 
one may consider that corrosion of a single 
metal occurs by means of the operation of a 
metal-hydrogen galvanic cell in which the 
hydrogen electrode is the cathode and since 
the potential of this cathode becomes 59 
millivolts more noble for each tenfold in- 
crease in hydrogen ion concentration (that 
is, for each pH decrease of one), it is evident 
that the potential of the metal-hydrogen 
cell may be increased similarly, if there is no 
corresponding change in the potential of the | 
metal electrode. Under these circumstances 
the corroding current density will increase, | 


AIEE TRANSACTIONS 


» I ? 
, : 4 ae Saw | ‘* 
. 2, . Hy ro re 
? 4 +; Pe} a wa 4) ® 
4 . ra M im ea 
, 4) ae tf!) eo a 8 


if there is sufficient oxygen or other oxidants 
present to maintain depolarization of the 
more active cathode. 


Howard S. Phelps and Frank Kahn: It is 
desired to emphasize that the paper under 
consideration represents the authors’ idea 
of an initial approach to the problem of gal- 
vanic corrosion by soil waters. The tests 
were made under conditions which might, 
admittedly, differ considerably from those 
occurring in the field. For example, the 
tests were made on unagitated cells to im- 
prove reproducibility of results, although it 
had been observed previously that a different 
condition of stability occurred when there 
was movement of the electrolyte. On the 
other hand it is a point of interest that the 
results presented do appear to be valid over 
a considerable range of temperature. 

In several of the electrolytes, chemical at- 
tack on one or more of the electrodes was 
evidenced by visible discolorations or de- 
posits on the cleaned surfaces with no cur- 
rent flowing. The progress of this chemical 
action was reflected in the curve of static 
electrode potential versus time. Isolation 
of the galvanic effect was approximated in 
such cases and may not have been as clear 
cut as might be desired. 

The authors undertook this presentation 
to encourage discussion and to stimulate 
independent development of techniques and 


* gnvestigations of other environmental fac- 


tors such as those suggested in the discus- 
sion by Doctor Burns. 


Study of A-C Sheath 
Currents and Their Effect 
on Lead-Cable-Sheath 


Corrosion 


Discussion and author's closure of paper 45-61 
‘by C. M. Sherer and K. J. Granbois, presented 
at the AIEE winter technical meeting, New 
York, N. ¥., January 22-26, 1945, and pub- 
ished in AIEE TRANSACTIONS, 1945, 
May section, pages 264-8. 


‘C. T. Hatcher (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y. Die 
J have read with interest the paper presented 
by Mr. Sherer and Mr. Granbois on the 
.question of a-c electrolysis. 

The theory of a-c electrolysis, as ex- 
pounded, appears to have been checked by 
laboratory tests, and the conclusion reached 
that some rectification takes place on cables. 
Assuming that cables are subject to a-c 
electrolysis, the question that is important is, 
then, ‘‘When will the lead sheath deteriorate 
under the influence of constant a-c potential, 
especially if the cables are submerged?” 
Caution also should be taken in evaluating 
the destructive effect of alternating poten- 
tials when either, or both, galvanic potentials 

or chemical conditions are present. 

If it is intended to infer that certain 
failures of cables in the field were caused by 
alternating current, it appears that Mr. 
Sherer and Mr. Granbois may have confused 


a-c electralysis with han ttaup potentials. 
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Actual field experience is based on two fail- 
ures and in these cases it is stated that condi- 
tions are suitable for galvanic potentials 
namely: 


1. The installations consisted of single-conductor 
cables, the sheaths of which were bonded to a nearby 
copper ground bus. 


2. A good electrolyte was providei by alkaline 
water in the duct bank. 


From our rather extensive work on corrosion 
I would say that these conditions set up an 
ideal condition for straight galvanic poten- 
tials and that practically all of the sheath 
damage was due to this action. 

We have given considerable study and 
have conducted investigations on the sub- 
ject of a-c electrolysis resulting from the 
extensive use of large single-conductor 
cables on our system for the transmission of 
large blocks of power. In order to obtain 
maximum load out of large single-conductor 
cables installed in separate ducts, it is neces- 
sary to reduce sheath losses by the use of 
cross-bonding or bonding transformers. Ap- 
proximately 15 or 20 years ago it became 
necessary for us to install the first insulating 
joints and cross bonding on some of our 
single-conductor 27-kv and 45-kv feeders 
and at this time we investigated the action 
of alternating potentials on lead. 

At that time a four-month life test was 
made on pairs of lead electrodes immersed 
in tide water, having a resistivity of 150 
ohms per cubic centimeter, with various 
a-c densities. The test showed distinct 
changes in the composition of the lead with 
high current densities and fairly little change 
at low current densities. These data indi- 
cate that theloss in weight of one-eighth-inch 
sheet lead due to a-c electrolysis on the ex- 
posed surface is about 0.024 per cent per year 
per milliampere per square inch. 

Investigations were made to determine 
the actual leakage as a function of voltage 
between sheaths, and it was established that 
the leakage current density is a function of 
the voltage, other things being equal. 

Our original lines were designed for opera- 
tion at 20 volts between sheaths. It was 
estimated that current densities at this volt- 
age with tidewater would result in 50-per- 
cent deterioration of the lead sheath in a 
cable when operated at 100-per-cent load 
factor, in approximately 30 years. Subse- 
quent field measurements indicated that 
we were not reaching current densities of 
even 16 milliamperes per square inch. This 
conclusion appears to be justified by our 
cable-operating record. At the present time, 
we have approximately 930,000 feet of large 
single-conductor cable operating at 11 kv, 
27-kv, 45 kv, and 132 kv. Measured volt- 
ages-to-ground range from 10 volts to 15 
volts at fullload. Asstated heretofore, some 
of this cable has been in operation for over 
15 years and no failures have occurred that 
could be attributed to a-c electrolysis. 
Examinations of numerous lengths of cable 
removed for other causes, including one in a 
very bad soil condition, have shown no signs 
of corrosion from this source. 

Taking into consideration our test data 
and operating experience, we do not believe 
that a-c electrolysis is a serious considera- 
tion if the leakage current is restricted to 
small values. I would like to point out that 


the authors have referred to a value of 12 


volts which has contributed to the destruc- 
tion of the lead sheath of cables which have 


Discussions 


failed. I hope that this reference does not 
leave the impression that trouble will be 
encountered at this voltage as our experi- 
ence indicates that, at voltages of this mag- 
nitude or higher, satisfactory operation is 
obtained. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): The paper by 
Sherer and Granbois is important and in- 
structive in showing that, under two sets of 
actual field conditions, serious corrosion did 
result from a-c shealth voltages. Some re- 
ports on laboratory tests and field experi- 
ence are given in an article by Halperin and 
Miller.! 

By laboraory tests, as well as field meas- 
urements, the authors determined that a 
rectification action occurs between copper 
and lead, or even between lead and lead, 
when unequally ‘“‘seasoned.”’ It would seem 
likely that, without a dissimilar metal such 
as copper present, rectification and corrosion 
could occur between the lead sheaths of 
cables having induced alternating voltages 
in any section of duct in which unequal con- 
ditions exist, such as unequal temperatures 
of adjacent cables, differential aeration, 
electrolyte concentration and resistance 
caused by sheath scoring, unequal sedimen- 
tation in ducts, partial coverage, or unequal 
wetting of a group of cables by water in 
vertical arrangement in ducts. Partial recti- 
fication of alternating current is likely to 
occur between any two electrodes dissimilar 
in any one or more important respects. 

In Figure 7 of the paper, it is noted that 
several of the laboratory age-seasoning 
curves have reversed their trend in 10 to 50 
days. This, together with the fact that field 
measurement of the Safe Harbor cables 
after three years showed some sheaths 
anodic, may indicate that “aging’’ may not 
remain permanent, or may reverse itself, 
particularly when complicated under actual 
field conditions with seasoned effects on tem- 
perature, chemical nature, amount of water 
in ducts, and so forth. 

Figure 2 of the paper and the statetnent 
about sheaths becoming self-protecting with 


alternating current after aging, might lead - 


the unwary to conclude that large a-c 
sheath voltages are more desirable than 
smaller ones. If this were true, and since 
a-c sheath potentials varied from zero at the 


solidly grounded end to maximum at the 
- free end, then the most severe or excessive 


corrosion and failures in both field cases 
noted should have been at or near the 
grounded ends of sheaths. A definite state- 
ment of fact by the authors on this point 
would be most illuntinating. Figure 6 of 
the paper shows that, when the lead is 


anodic, it becomes more so with increasing 


alternating current (or voltage). 


It is unfortunate that control or blank | 
cells (with plus and minus direct current 


only and one without any voltage at all) 


were not run to tabulate with cells A, B, 
and C of the corrosion stwdy. Moreover, 


with electrode dimensions amd weights not 
given, electrode areas and current densities 
cannot be estimated. 

Despite the limited variety of electrolyte 
and number of field locations itmvolved, the 
authors have given well-documented field 
results and ingenious laboratory tests which 


demonstrate beyond question that a-c cor- _ 
rosion does occur. Moreover, they have 


t 
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demonstrated one highly plausible mecha- 
nism of a-c corrosion and a practical method 
of dealing with it. In a subject as compli- 
cated as corrosion in which many types of 
action may be present simultaneously, in 
various degrees, itis probable that othertypes 
of a-c corrosion may occur. 

Corrosion due to a-c electrolysis with al- 
ternating potentials of about 20 volts to 
ground has been experienced in Detroit and 
in Chicago. As indicated in my article 
presented before the Electrochemical So- 
ciety in 1943,? sometimes corrosion condi- 
tions that will lead to sheath corrosion and 
cable failures may require 10 or 20 years to 
develop, and then may come an avalanche 
of troubles. One unfortunate fact about cor- 
rosion is that, once sheath pitting is started, 
the pitting develops at rates that may be 
much faster than the average loss of lead. 
Another unfortunate fact is that, even when 
the cause of the corrosion, such as positive 
direct potentials or excessive alternating 
potentials, is suitably modified, corrosion 
still will continue at a somewhat reduced 
rate. Therefore, an early sound analysis of 
a corrosion situation, and adoption of ade- 
quate methods and means to avoid serious 
corrosion in the 30 years or so of expected 
cable life, are essential. 
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R. M. Burns (nonmember; Bell Telephone 
Laboratories, Inc., New York, N. Y.): The 
authors have contributed to our knowledge 
of the corrosion of underground cables in 
showing that, in a location where corrosion 
occurred, the magnitude of direct current 
flowing from the cable to ground was influ- 
enced by the size of the load currents on the 
cable. This they attribute to rectification of 
these alternating currents in electrolytic 
cells in which the cable sheath is anode and a 
copper-ground-wire cathode. Laboratory 
studies appear to support this hypothesis. 
As is well known, the electrical and chem- 
ical environment of the underground cable 
plant is exceedingly complex and usually 
contains factors which accelerate corrosion 
and other elements which tend to protect 
cable sheath against corrosion. Of the ac- 
celerating agents, oxygen, organic acids, and 
alkalies are most important; of the protec- 
tive constituents, silicates, carbonates, and 
‘sulfates are most effective. When electric 
currents enter the picture, new products of 
electrolysis appear and may have significant 
effect, as in the case of alkalies liberated 
from neutral salts when the sheath is ca- 
thodic. The chemical components of the en- 
' vironment, whether originally present or 
produced by electrolysis, may react with the 
sheath producing more or less adherent 
films which may have rectifying properties. 
A similar situation may prevail at the copper 
electrode, further complicating the behavior. 
It is not surprising, therefore, that the 
authors observe a large variation in the 
amount of rectification or reversal of the 
polarity of the current. ; 
In assessing the cause of failure of the two 
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cables investigated by the authors, it seems 
desirable to bear in mind that 25-cycle al- 
ternating current alone is capable of de- 
structive action and there also is involved a 
lead—copper galvanic couple which may ac- 
count for anodic perforation of the sheath. 
Finally, higher temperatures, if these de- 
veloped, have been observed to increase the 
corrosive action of alternating currents, as 
well as the rate of chemical reactions in gen- 
eral which may be involved in corrosion 
processes. 


C. M. Sherer: Mr. Halperin suggests that, 
because of the higher a-c sheath voltage at 
the ungrounded end of a cable section, the 
degree of self-protection against corrosion 
should be greater-at this end than at the 
grounded end where voltage is zero, hence 
corrosion should be more severe at the 
grounded end. This is true only after the 
lead has become seasoned and the rectified 
currents are in the cathodic direction. On 
new cable the opposite would be true, since 
the rectified currents make the-lead anodic 
and increase the rate of corrosion. Actually, 
other variables are present which introduce 
complications, the uneven distribution of 
moisture in the duct being one of these. Of 
the two cable failures noted, one occurred 91 
feet from the free end and 200 feet from the 
grounded end in a location which was defi- 
nitely the wettest part of the duct; the 
other was 83 feet from the free end and 259 
feet from the grounded end, also in a very 
wet location. These wet spots were favor- 
able to the flow of galvanic currents, as well 
as rectified currents, both before and after 
polarity reversal. 

Size of electrodes used in the laboratory 
test cells was 11/,inches by 4 inches actually 
in contact with the electrolyte. 

The observation of Mr. Burns that an 
increase in temperature has been observed 
to increase the corrosive action of alternat- 
ing currents agrees with our laboratory tests 
in which an increase in temperature from 5 
degrees to 50 degrees centigrade resulted in 
a ten per-cent increase in rectified current 
for a given value of applied 25-cycle current. 

Mr. Hatcher’s remarks indicate that he 
may have misinterpreted the authors’ 
evaluation of a-c electrolysis in the cable 
failures. The claim is not made that a-c 
electrolysis alone produced the failures. 
The presence of galvanic corrosion is recog- 
nized and admitted, but corrosion was ac- 
celerated, when the cables were new, by the 
rectified a-c sheath currents which made the 
lead more anodic than the galvanic poten- 
tials alone, as determined by both field and 
laboratory tests. The tabulation given in 
the paper under ‘‘Field Observations’ 
shows that, on the section of newly installed 
cable (number 4 section), galvanic current 
was present in the amount of 2.7 milli- 
amperes, with the lead, of course, anodic. 
This value of d-c milliamperes increased to 
12.0 milliamperes when a-c sheath potentials 
were introduced by passing load current 
through the cable. It is noted that the lead 
became over four times more anodic when 
the alternating sheath currents were pres- 
ent. Since laboratory tests show that lead— 
copper cells do rectify alternating current, 
it is concluded that the increased d-c sheath 
current observed in the field was the result 
of rectification of induced alternating cur- 
rents. 4 
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On older cable, after the lead has become 
seasoned and effected a reversal of polarity 
of the rectified current, the action of gal- 
vanic corrosion is retarded because the gal- 
vanic currents then are opposed by the recti- 
fied current. This is illustrated by the 
graphic meter records in Figure 8 of the 
paper in which an increase in load current 
(or induced a-c sheath current) is shown to 
cause a decrease in the d-c sheath current to 
ground. 

While Mr. Hatcher states that they never 
have had a cable failure which could be 
attributed to a-c corrosion, it is possible, 
in view of the absence of specific field tests 
to prove the contrary, that this type of cor- 
rosion may have been active on new cables 
concurrently with other forms of corrosion 
without being recognized. 


Dodge Chicago Plant's Elec- 
tric-Power-Distribution 


Scheme With Airplane- 


Engine-Testing Power 
Recovery 


Discussion and author's closure of paper 45-21 
by E. L. Bailey, presented at the AIEE winter 
technical meeting, New York, N. Y., January 
22-96, 1945, and published in AIEE 
TRANSACTIONS, 1945, March section, 
pages 121-3. ; 


Laas Kilgore (Westinghouse Electric and 


Manufacturing Company, East Pittsburgh, 
Pa.): Mr. Bailey’s paper covers some very 
interesting subject matter. One item on 
which more explanation might be helpful is 
the characteristics of the induction genera- 
tors used in the production testing. These 
machines were essentially wound-rotor in- 
duction motors of 1,000-horsepower capac- 
ity designed to operate at high overspeed 
with corresponding high rotor frequency. 

The ability of the induction motor to 
supply power when driven over synchronous 
speed is well known. With the wound- 
rotor-type motor it is possible to introduce 
tesistance values into the secondary circuit 
to obtain a series of speed—torque curves 
such as the typical curves shown in the 
paper. Hence, with a sufficient number of 
resistance steps a value may be chosen 
which will load the engine to any desired 
torque and speed. By always working 
well below the pull-out point the operation 
is stable at all loads. 


If machine losses be neglected, it can be 


seen that the ratio of primary-power output 
to mechanical-power input will be equal to 
the ratio of synchronous speed to operating 
speed. This suggests another interesting 
feature—the primary power is very nearly 
proportional to torque. The corrections for 
losses in a large machine of this type were 
found to be so small that corrections for 
normal voltage variations were unnecessary. 
Also the variations due to speed were so 
low that only three calibration curves of 
torque versus primary power were necessary 
to cover the complete range of speed. 
These machines presented a number of 
interesting design problems. The periph- 
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Figure 1. Typical speed-torque curves of a 


wound-rotor induction generator 


eral speed was considerably higher than 
normally used, requiring careful design 
of banding and coil leads. Another unusual 
feature was the stranding of rotor conduc- 
tors to reduce eddy currents at high slip 
frequencies. 


W. iL. Wright (General Electric Company, 
Schenectady, N. Y.): The author has given 
a very comprehensive outline of the electric 
equipment installed in one of the largest 
wartime plants. This plant is one of the 
largest in floor space as well as in the use of 
electric power. 

Even though this plant was constructed 
during the war when material shortages 
were at the worst, all the electrical-engi- 
neering problems have been solved success- 
fully, and it is safe to say that this plant 
encompasses modern engineering in every 
respect. 

Metal-en¢losed switchgear, high voltage, 
and low voltage, is used throughout the 
plant. Load-center distribution is used, and 
the scheme employed provides a high con- 
tinuity of service. Liquid-filled transformers 
using a noncombustible liquid are used 
throughout the factory substations. 

In line with conserving resources and 
materials power-recovery equipment was 
installed, which undoubtedly reduces the 
size of the main incoming service, thereby 
saving critical materials and by returning 
power to the system saves tons of coal daily 
in the nation’s coal pile. 

In this paper the author has revealed a 
‘number of interesting applications of elec- 
tric apparatus. I am referring particularly 
to the induction-generator method of engine 
testing and the use Of series capacitors as 
-automatic voltage regulators to maintain 
constant bus voltages independent of widely 
-varying loads. The author and his asso- 
-ciates are to be congratulated on having the 
engineering fortitude to attempt these 
ventures in the face of more conventional 
‘methods that were at their disposal in the 
planning stage of this project. 

The fact that the engine test cells now 
are delivering approximately 4,000,000 
‘kilowatt-hours per month of by-product 
energy into the power system substantiates 
-the sound economics of the power-recovery 
system employed in this plant. This means 
‘that not only are B-29 engines being turned 
.out thoroughly tested and broken in, ready 
for the initial full power take-off under 
‘flight conditions, but the power salvaged 
from the gasoline consumed during this 
essential testing period represents almost a 
-20-per-cent return on the initial investment 
in, testing equipment and incidentally re- 
 flects a saving of approximately $200,000 
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per year to the taxpayers, even though the 
full output of all test cells is not yet realized. 

This same situation likewise is borne out 
by operating data from other aviation- 
engine plants employing power-recovery 
methods. One plant report shows that ap- 
proximately 60 percent of theentire plantload 
is supplied by the engine-testing equipment, 
which now exceeds 4,000,000 kilowatt-hours 
pet month. Another plant recently reached 
a point where the monthly average of power 
generated actually balanced the average 
plant load for the same period, which 
totalled over 8,000,000 kilowatt-hours. It 
must be pointed out in this connection that 
the ratio of generated power to total plant 
load is not necessarily a significant com- 
parison, as some plants do not manufacture 
all the parts required for their total engine 
production. It is, however, significant to 
know that power-recovery systems actually 
salvage as useful energy more than 50 per 
cent of the actual horsepower-hours gener- 
ated by each engine during its testing cycle. 

Production records of plants employing 
generator-loading methods reveal a con- 
sistently high unit production rate per cell 
installed. This is brought about by the fact 
that the cell usage factor is inherently high 
because of the comparatively short time 
required to move engines in and out, since 
all of the pretest harnessing is done outside 
the cell. In one plant the cell down time 
for changing engines is as low as 20 minutes. 
Because of this time saving in the testing 
cycle, it subsequently follows that fewer 
test cells of the recovery type are required 
for a given total engine output for a plant 
as compared with other types of test cells 
which require a longer down time to prepare 
the engines in the cells. Factual data indi- 
cate that this cell ratio might be as low as 
9:10 and as high as 12:15, depending upon 
the type and size of engines involved. 

I wish to point out that there is no 
obstacle in the design or construction of the 
induction-generator system that would limit 
its application in the load testing of the larg- 
est internal-combustion engines now contem- 
plated, involving either single or contra- 
turning propellers. : 

Much credit must go to the automotive 
industry as a whole as well as to certain 
progressive aviation-engine manufacturers 
for their foresight in the adoption of power- 
recovery systems for production testing. 
This method of testing has contributed in 
no small way to the achievement of the 
high engine-production rates accredited to 
these plants. 

When the enormous size of the plant, the 
critical times experienced during the instal- 
lation period, and the urgency of getting the 
job completed, are considered, it is believed 
that this plant is outstanding in its use of 
modern industrial engineering practices. 


J. Grotzinger (The Goodyear Tire and Rub- 
ber Company, Akron, Ohio): This dis- 
cusser was interested especially in Mr. 
Bailey’s method of determining the probable 
power demand of the Dodge engine plant. 
Well-established industries, in general, have 
a demand that is well known to the engi- 
neers of that industry. For instance, in the 
rubber industry we know that the energy re- 
quirements come to approximately 50 kilo- 
watt-hours for every 100 pounds of com- 
pound and fabric in the finished product. 
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The demand is approximately 1.1 kva for 
every 1,000 pounds produced in a month of 
25 working days, or better expressed, 
27.5 kva per 1,000 pounds of compound and 
fabric of daily production capacity. The 
load density runs approximately 13.5 watts 
per square foot for light and power. 

When we deal with a new process, such 
as the production of synthetic rubber, or the 
case of an aircraft-engine plant, for which 
no precedent existed two years ago, the 
determination of the demand becomes a 
fascinating study, and it becomes the task 
of the electrical engineer to make the 
necessary analysis. 

Table I of the paper evidently was the 
first approach in this case and resulted in 
an estimated demand of 61,000 kva and an 
over-all demand factor of 67 per cent. 
However, the author reached the conclusion 
that this figure was much too high and that 
39,000 kw, or approximately 45,000 kva, 
was nearer the truth. He also recognized 
that it would take a good many months to 
put this large plant into full operation and 
that during this build-up period the demand 
would rise rather gradually, giving further 
opportunities for a final determination of 
the demand. 

The load study presented in the paper 
should be of much interest to plant engi- 
neers, who are frequently called upon to 
make estimates of this type. 

The presentation of the several methods 
available for testing aircraft engines and 
especially the last two, which are suitable 
for power recovery, is also of much interest. 
The author makes a good case for the vari- 
able-speed induction generator, which offers 
many attractive features. Among these I 
would stress the disposal of heat from 
rotor losses by means of forced-air-cooled 
resistors placed on the roof; the absence of 
slip couplings and magnetic couplings using 
liquid cooling; the convenience of obtaining 
the brake horsepower of the engines by 
direct readings from calibrated wattmeters. 

From Figure 4 of the paper, it is evident 
that the engine is directly coupled to the 
generator. No gear reducer, single or multi- 
speed, is used. It would appear then that 
the generator must operate a good part of © 
the time at speeds far above synchronous 
speed, for which the percentage of power 
recovery is rather low. 

Will the author please tell us what the 
synchronous speed of his induction genera- 
tors is, and the approximate speed range to 
which they are subjected? 

The use of series capacitors to reduce the 
voltage disturbances on the 12,000-volt bus 
when switching the variable-speed genera- 
tors is another point of interest. Will the 
author please give us some details on the 
amount of improvement accomplished? 
Have readings been taken with and without 
the series capacitors, and what were the 
results? 


E. L. Bailey: Mr. Grotzinger has surmised 
correctly that the demand of 61,000 kva was 
the first approach to determining our load. 
The apparently arbitrary reduction of value 
to 39,000 kw, 45,000 kva was made after ~ 
partial operations had begun and it became 
evident that the over-all demand factor — 
would probably be nearer 50 per cent than 
67 percent. The maximum demand to date 
has reached 35,700 kw, 46,000 kva. 
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In reply to the question regarding genera- 
tor and engine speeds, the engine is equipped 
with a reduction gear in the head so that, 
when the engine is operating at 1,285 rpm, 
the propeller or output shaft is operating 
at 450 rpm. This was the first point on 
load required by the test engineers so that 
450 rpm is the 60-cycle speed of the genera- 
tor. The rotor resistance is zero for this 
speed, and on the engine power 100 per cent 
less losses is returned to the line. The top 
generator speed expected under load con- 
ditions is about 920 rpm, which is approxi- 
mately double speed where work is 50 per 
cent rotor loss and 50 per cent returned to the 
power lines. The maximum kilowatts re- 
covered also occurs at this speed, as this is 
the greatest engine output. A higher basic 
speed would be very desirable but, of course, 
not possible on account of the engine-load 
speed specifications. 

In reference to the series capacitor tests 
were made to determine the effectiveness 
of this unit, and we found the following: 


Without capacitor. Voltage on the 2,400-volt bus, 
which is fed through a 2,500-kva transformer, 
dropped to 2,260 volts for about three seconds and 
recovered to 2,380 volts within seven seconds, 
while the speed of another engine operating from 
the same bus changed from 2,400 rpm to 2,550 rpm, 
a condition which was not at all permissible. 

With the series capacitor. With the series capacitor 
neither voltage nor engine-speed variation could be 
read. The application of the series capacitor gave 
100-per-cent correction to the voltage desired, in 
spite of more than full load kilovolt-amperes at 
approximately 40-per-cent power-factor demand 
from the 2,400-volt bus. 


The application of series capacitors, I am 
sure, is going to receive more attention in 
industrial plants in the future. 

The author appreciates the very excellent 
and constructive discussion prepared by 
W.L. Wright and delivered by L. A. Uman- 


sky. : 


The Design of Bus-Bar 
Industrial Distribution 


Systems; An Epitomization 
of Available Data 


’ Discussion and author's closure of paper 45-25 


by Thomas James Higgins, presented at the 
AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945, and published 
‘in. AIEE TRANSACTIONS, 1945, pages 
385-400. 


S. C. Killian (Delta-Star Electric Company, 
Chicago, Ill.): This paper, the result of a 
tremendous amount of tedious labor, is a 


_ very definite contribution to electrical-engi- 


neering literature and nicely proves the 


axiom that “in many cases the library can 
_ be used instead of the laboratory.”” Cover- 


ing important subjects hardly touched upon 
by ordinary text books and heretofore 


_ available only by painstaking research 


through a library, Mr. Higgins has presented 


a bibliography that will return the hours he 


has spent manifold in time saving to engi- 
neers interested in bus design. Some phases 


: uw of the subject cannot be analyzed mathe- 
_ matically and answers must be found in the 
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laboratory. Making this type of informa- 
tion easily available will result in a great 
saving for those who would very likely run 
repeat tests to obtain data already extant. 

The next logical step in making this ma- 
terial immediately available to the engineer 
is a book on the subject obviating the neces- 
sity of referring to almost 600 different 
texts. With this bibliography as a fine be- 
ginning, it would take a hardy soul to sift 
and correlate all this information, but a 
book unique in engineering literature and of 
inestimable value to the engineer would 
result. 


L. F. Hickernell (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, inp? Yas 
It seems incredible that anyone would have 
the patience to read 575 technical papers 
and prepare such a succinct digest! Having 
prepared some time ago a synoptical bibliog- 
raphy on power-system insulation in a much 
less comprehensive manner, I can, in a 
measure, appreciate the effort involved in 
this endeavor. The industry is indebted 
indeed to the author for this herculean task. 

Although interested in this subject for 
many years, needless to say my own bibliog- 
raphy and library contains only a small por- 
tion of the author’s collection. The only one 
I have not found recorded is: 


Ways To ConTROL TEMPERATURES OF ELECTRICAL 
Jornts, Emi! G. Bern. Electrical World, May 5, 
1934, page 646. 


Upon different occasions, engineers have 
written to me regarding references number 
436 and 526 of the paper. These reports 
were printed by the Great Lakes Division of 
the National Electric Light Association. 
Later the reports were presented to the 
electrical apparatus committee,  engi- 
neering national section, National Electric 
Light Association, and were included as 
appendices to the minutes of its meeting 
at Virginia Beach, Va., May 19-20, 1930. 


J. G. Jackson (Square D Company, Detroit, 
Mich.): This paper presents an enormous 
volume of material in reference form, a 
complete analysis of which would entail an 
amount of work comparable to that devoted 
to the subject by the author himself. 

Some general observations may, however, 
be in order in addition to an expression of 
appreciation of the work done by Professor 
Higgins in compiling and classifying the 
references. Following the headings of the 
paper, the following comments are offered. 


GENERAL CONSIDERATIONS 


General considerations entering into the 
design of the types of enclosed busses now 
offered in “‘package’’ form by various manu- 
facturers are, necessarily, cost and con- 
venience of installation and use, «plus free- 
dom from hazards of various sorts, and low 
voltage drop and losses under load. 

Busses for industrial installations tend to 


divide into those supplying closely spaced | 


loads of small to relatively large size 
throughout the length of the bus run, and 
others intended to carry relatively large 
blocks of power to feed the first, or distri- 
bution, bus or to supply large individual 
loads. i 

The distribution bus ordinarily is pro- 
vided with plug-in openings for the attach- 
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ment of switch and fuse or circuit-breaker 
units up to ten for each ten-foot length of 
duct and is supplied commercially in bus 
capacities ranging from 250 amperes to 
1,000 amperes, for two-, three-, and four- 
wire single-phase and three-phase systems 
at 600 volts and less. 

Methods of supporting the bus structure 
by hangers and brackets attached to the 
building structure must be effective and 
convenient and preferably universal in their 
adaptability to the conditions of installation. 

While the distribution (plug-in) bus may 
be fed at one end of a single run, or several 
similarly fed runs may extend along rows 
of equipment to be supplied, it is preferable 
to feed the longer runs at some mid-point or 
to divide the entire installation into a num- 
ber of sections, each of which may be fed by 
a separate feeder-type bus extending from 
a central power source or from several suit- 
ably located banks of transformers with their 
individual controls. 

This arrangement sometimes suggests the 
connection of the bus installation in network 
form, which, in turn, introduces problems 
peculiar to this arrangement, such as greater 
violence of possible short circuits and diffi- 
culty in localizing troubles and re-establish- 
ing service after outages. 

A simple alternative to the solid network, 
which avoids these difficulties and hazards 
while providing full flexibility of service, 
lies in what may be called an open-network 
arrangement. In this arrangement section- 
alizing points are provided in a loop or 
network installation which normally are 
locked open but with provision for the in- 
sertion of standard links for connecting an 
adjacent bus section which it may be de- 
sired to transfer from an affected area or 
feeder. 

The usefulness of this arrangement. for 
the localization of troubles and the quick 
transfer of sections of bus in emergency or 
for redistribution of load is evident. These 
advantages probably outweigh any slight 
gain in copper loss or drop which might seem. 
possible when power sources are connected 
together solidly through the network. 


\ 
Bus IMPEDANCE 


While bus impedance (assuming normal 
cross section of conductors) is affected prin- 
cipally by spacing and configuration of the 
bus-bar assembly, the function of the dis- 
tribution bus in providing accessibility for 
frequent connection of plug-in units neces- 
sitates bare bus bars with substantial spac- 
ing for electrical and mechanical clearance, 
so that reduction in inductive drop is not 
obtainable through close spacing of busses. 
This is not especially serious in the distri- 
bution-type bus because of the moderate 
and tapered loading, as well as the limita- 
tion of length of run obtainable by sectional- 
izing and suitable location of feeders. 

In the feeder-type bus, however, in ca- 
pacities from 1,000 amperes to 4,000 am- 
peres, and fully loaded throughout the 
length, low impedance with consequent 
minimum voltage drop is extremely impor- 
tant. Fortunately, however, the lack of 
necessity for frequent access to the bus bars. 
(except at joints), makes close spacing, with. 
continuous insulation, feasible. For this. 
purpose, in the capacities used, approxi- 
mately the best results are obtainable: with. 


one-half-inch center spacing for copper bus. | 


bars of one-fourth-inch thickness,. 


AIEE TRANSACTIONS, 


While severa ‘arrangements of interleav- 
ing bars of subdivided phases have been 
employed, in pairs or groups of three for a 
three-phase system (thus giving six or nine 
interleaved bars), it has been found that the 
simple subdivision of one bar into two equal 
parts and the sandwiching between these 
half-busses of the remaining nonsubdivided 
phase bars results in a redtiction in voltage 
drop for power factors in the 60-per-cent 
range and less of approximately one third, 
when compared with equally closely spaced 
busses not so arranged. 

The reduced impedance is not only ef- 
fective for a three-phase bus (thus provided 
with four bars, two being half capacity), 
but also in single phase, as for welder loads, 
with one bar sandwiched between two half 
bars. The elimination of necessity for 
transpositions of phases in this arrangement 


’ also is advantageous. 


’ 


a 
oh 


The factor of joint resistance is, in prac- 
tice, held within close limits, usually as low 
as, or lower than, the resistance of an equal 
length of the solid bus, by the provision of 
silver-plated joint surfaces and strongly 
bolted connections. 

It is important that the bolts be easily 
accessible for inspection and tightening after 
installation in case of necessity. 


CURRENT RATING AND TEMPERATURE RISE 


While conventional cross sections ordi- 
narily are acceptable, current rating (or 
conversely, bus cross section) also is based 
on a limiting temperature rise which, for 
peace-time requirements, seems to be 
standardized effectively at 55 degrees centi- 
grade above room temperature. (The war- 
time standard is 70 degrees centigrade.) 

For this factor, the moderate capacities 
and distributed loading of the plug-in type 
of busses is helpful. 

In the feeder busses, due to the relatively 
higher capacities, and in view of the possible 
continuous full loading throughout the 
length of the run, heating becomes a serious 
problem. A helpful factor, however, is 
found in the fact that, when closely spaced 
bus bars are insulated continuously with 


solid insulating material of high density 


strongly pressing against the copper bars, 
the heat is conducted so effectively to the 
exterior surfaces of the bus structure and dis- 
sipated, that the resulting temperature rise 
may be only one half or one third that exist- 
ing in air-separated enclosed busses of equal 
cross section and loading. 


SHoRT-CIRCUIT AND OTHER 
MECHANICAL FORCES 


Obviously, short-circuit stresses and re- 
sulting bus movement are dependent upon 
the effective generator capacity connected 
to any section of bus, and increase with the 
multiplication of low-impedance sources 
tied together in a solid network. The open- 
network arrangement is helpful in limiting 
this factor. Obviously, also, the rigidity (or 
lack of it) of the bus bars themselves is an 
important factor in determining possible 


displacement and consequent probability of 


contact between adjacent bars or between 
a bus bar and an enclosing grounded-metal 
case when subjected to heavy current surges. 


It is of interest that for busses of moder-. 


ate capacity (the distribution type) the 
tubular (cylindrical) bar ordinarily is feas- 


ible, and is considerably more rigid than the 
woflat; relatively thin, strap type. BS 
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For the larger busses (the feeder type) 
where substantial and continuous insulating 
separators are feasible, it is not only pos- 
sible to increase the rigidity of the bus struc- 
ture by supplemental clamping through the 
insulating separators, but, in addition, it is 
evident that the employment of continuous 
insulating separators between individual bus 
bars and between bars and grounded en- 
closure is an effective insurance against con- 
tact resulting from stresses exerted on the 
busses. 

Other mechanical stresses and possible 
distortion of busses can arise from insuffi- 
cient provision for expansion under load and 
during periods of high atmospheric tempera- 
ture. 

Rigidity of bus bars is helpful in prevent- 
ing buckling of busses because of expan- 
sion caused by heating, but provision of fre- 
quent expansion joints also is important in 
avoiding forces of this nature. 


R. W. Shoemaker (Chase Brass and Copper 
Company, Waterbury, Conn.): Professor 
Higgins has made a definite and valuable con- 
tribution to the field of bus-bar engineering 
by providing an exceedingly comprehensive 
bibliography on this subject. In the past, 
there has been considerable difficulty in lo- 
cating information on the extremely varied 
range of problems that appear when at- 
tempting to make an efficient and authori- 
tative design of bus-bar applications. By 
reference to the work of Professor Higgins, 
the time factor involved in locating neces- 
sary authoritative data, as may be ap- 
plicable to any design problem, very ma- 
terially can be improved. By reason of the 
very complete information tabulated, it also 
makes it possible to determine the perform- 
ance of any proposed construction without 
physical tests. 

I am sure copies of this paper will be found 
shortly in all designing-engineers’ libraries. 


Yale T. Chaney (The Trumbull Electric 
Manufacturing Company, Norwood, Ohio): 
Mr. T. J. Higgins has written a most com- 
prehensive and valuable paper on a subject 
that is of great current interest and impor- 
tance to the electrical industry. 

The research necessary to compile so 
complete a bibliography on a subject that 
has appeared periodically in so many papers 
and scattered articles over the past hundred 
years should not be underestimated. 

Arrangement of the bibliography and the 
authors coherent discussion of the major 
factors influencing the design of bus-bar 
distribution systems for industrial and 
commercial applications deserves additional 
mention. 

It should be pointed out that this subject 
is by no means purely academic; manufac- 


turers of enclosed bus-bar distribution sys- . 


tems have, in no small measure, assisted in 
increasing the production schedules neces- 
sary to meet the war demands by producing 
prefabricated distribution systems that in 
certain instances were installed and waiting 
for the machine and welder loads to be 
“plugged in.” 

In the paper a statement is made that the 
voltage regulation of a bus is determined 
principally by the inductive drop. 

While this statement is generally true, it 


should be noted that rectangular nonmag- 
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netic bar conductors when assembled on 
very close spacings (three-quarter-inch cen- 
ter lines or less) with the phases interlaced 
ABCABC and so forth produce reactances 
equal to or less than the a-c resistances. 

This configuration of bus bars also pro- 
duces a-c resistances that approach the d-c 
resistance of the bars (reference 270 of the 
paper). Hence, with impedance’ compo- 
nents reduced, a low-impedance feeder can 
be provided to meet present industrial de- 
mands for low-voltage systems with two- or 
three-per-cent regulations for power and with 
five-per-cent regulation for welder loads. 

The presentation of this paper will pro- 
vide electrical-distribution engineers and 
designers with a ready reference to all the 
important work that has been published to 
date. With such a valuable aid, bus-bar 
distribution systems should receive even 
greater acceptance in industry. 


William Deans (I-T-E Circuit Breaker Com- 
pany, Philadelphia, Pa.): To those of us 
who are concerned with investigations of 
electrical busses, Professor Higgins has done 
aservice. The bibliography in his paper is 
to be admired in itself, but the text preced- 
ing it makes the bibliography so efficiently 
usable as to warrant applause. 

It is hoped that authors of other bibliog- 
raphies may use this idea. An essential in 
such procedure, however, is that the author 
carefully distinguish statements of opinion 
and of fact. 

I would not take issue with the present 
author in any such case, except, perhaps, to 
soften his statement concerning the in- 
adequacy of the flux-current linkage method 
of computing inductance of bus conductors. 
Analysis based upon that method often yields 
practically acceptable results when modified 
by the use of Maxwell’s geometric-mean 
distances, both for the conductor under 
investigation, and for all others affecting 
it. Of course, vector potential is implicit 
in such use of geometric-mean distances, so 
perhaps these remarks essentially are aca- 
demic. However, it also may be a manner 
of approach. I feel that what I have said 
is quite consistent with the author’s re- 
marks on the same point. Nevertheless, 
these remarks seem appropriate so that an 
investigator may not be frightened away 
from attacking his problem pending an op- 


portunity for acquainting himself with vec- 


tor potential. 


j 


Lawrence E. Fisher (BullDog Electric Prod- 
ucts Company, Detroit, Mich.): The ex- 
tensive bibliography presented in this paper 


is of considerable value to manufacturers of 


industrial distribution systems. | 
A slight revision of the sentence concern- 
ing the paired-phase theory, which reads as 


follows in the paper, would be desirable. 


“Interestingly, the essential principle of this 


bus, partial neutralization at close spacing = 


of the skin effect by proximity effect, was 


investigated more than 25 years ago by : 


Kennelly!!.72 and his associates, in” the 
course of their now classical investigations 
of the skin and proximity effects.” This 


statement may have some meaning when re- 


ferring to the usual method of bringing two 
bars close together to reduce the reactance, 
but it seems not to apply to the three-phase 


paired-phase arrangement of bus bars. 


/ 
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There is nothing in Kennelly, references 
171 and 172 of the paper, that teaches how 
to design a three-phase bus arrangement 
such as the paired-phase arrangement, with 
the peculiar vectorial relationship between 
the three voltages and the currents in the 
six bus bars. It is believed that the paired- 
phase arrangement was disclosed for the 
first time publicly in the BullDog Electric 
Products Company’s bulletin 412, in the 
paper, ‘Interleaved Phases for Welder Bus”’ 
(item 33 of the bibliography in Mr. Higgins 
paper) and in patents number 2,287,502 
and 2,288,078. 

I am not sure whether it is customary or 
not to include patents in bibliographies of 
technical papers, but the study of patents 
pertaining to any subject unquestionably 
would add materially to the knowledge of 
the subject. Two other patents on indus- 
trial distribution systems, patents number 
2,116,676 and 2,211,109, refer to an enclosed 
distribution duct or busway with bare bus 
bars that will withstand power arcs without 
damage. These few patents are cited only 
as examples of a great number of patents on 
this subject. 

Another source of information on this sub- 
ject is the test-report files of industrial 
laboratories. As an example, in addition to 
the technical file in our research depart- 
ment which contains some of the technical 
papers listed in Mr. Higgins’ bibliography, 
we have records covering a period of over 
ten years, consisting of about 38 books or 
volumes containing a total of about 7,000 
pages of data and discussions of tests on 
plug-in ducts, paired-phase ducts, and 
“Trol-E-Ducts.”’ Undoubtedly other indus- 
trial laboratories have considerable data on 
this subject and, although the information 
contained therein is not open to the public 
in general, nevertheless it is believed that 
most industrial laboratories would co- 
operate willingly with any engineer looking 
for some specific type of information. 


A. G. Darling (General Electric Company, 
Schenectady, N. Y.): The investigator 
who can answer problems expeditiously 
either must have in his mind a working 
knowledge of the approach, or have at his 
finger tips sources of information well cata- 
loged and cross referenced. 

The recent trend toward the use of busses 
in manufacturing plants has revived much 
of the investigation work that had been 
_ done over a number of years. Improve- 

ments undoubtedly still can be made in bus 
_ design and a knowledge of bus character- 
istics is valuable. Those designers who 
’ more recently have come into the field will 
find much encouragement in the data which 
Mr. Higgins has accumulated with meticu- 
lous care and judgment. Others will save 
much time by using his summaries. 

Believing that I am voicing the opinions 
of many, a sincere expression of thanks and 
compliments goes to Mr. Higgins for his 
very excellent work. 


Thomas James Higgins: The author thanks 
each of the discussers for his kind remarks 
_tegarding the general usefulness of the paper 
under discussion. 
The author is indebted to Mr. Hickernell 
for the additional reference cited and for 
corrections (by letter) of several typo- 
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graphical errors and for amplification of 
several of the references. 

Mr. Jackson’s comprehensive remarks 
comprise a useful, interesting summariza- 
tion of certain factors important to the prac- 
tical design of feeder and distribution busses. 

The author someday would like to write 
the book mentioned by Mr. Killian. Pub- 
lishing companies, however, are rather chary 
of publishing a book having a limited sale 
such as might accrue to this projected 
volume. 

The author is pleased that Mr. Carlson 
has specified the exception to the statement 
that ‘‘the voltage regulation of a bus is 
determined principally by the inductive 
drop.” 

The author is somewhat at a loss as to 
Mr. Deans’ remark, “That method [flux- 
current linkages] yields practically accept- 
able results when Maxwell’s geometric- 
mean distances are used, both for the con- 
ductor under investigation, and all others 
affecting it.’ The flux-current linkage 
method of calculating inductance is distinct 
from the method of geometric-mean dis- 
tances.} 

Regarding Mr. Fisher’s remarks, the 
author cannot do better than to quote from 
his recent letter to Mr. Fisher: 

“Regarding my statement ‘Interestingly, 
the essential principle of this bus, partial 
neutralization at close spacing of the skin 
effect by proximity effect, was investigated 
more than 25 years ago by Kennelly™!:1”? 
and his associates in the course of their 
now classical investigations of the skin and 
proximity effects’ I am now of the opinion 
after rereading your TRANSACTIONS paper 
that the phrase ‘the essential principle’ is 
too strong, as you maintain. For I see now 
that what really produces the approximate 
180-degree phase shift between the currents 
in the pair is the conjunction of the paired 
phases and an allowable minimum spacing 
between adjacent pairs (the phase shift 
increasing toward 180 degrees as the inter- 
pair distance increases). Thus, by virtue 
of the close association of the conductors of 
the pair, flux densities at even small dis- 
tances from the pair are weak whence the 
inductance, reactance, and voltage drop is 
minimized. Actually, the effect of neu- 
tralization of skin effect by proximity effect 
is more or less constrained to reduce the a-c 
resistance of the conductors; as is indicated 


. in your curve showing reduction in a-c re- 


sistance as the conductors of a pair are 
brought closely together, the phenomenon 
noted by Kennelly. My idea of ‘the es- 
sential principle’ was that, inasmuch as this 
neutralization produces, as it does, essen- 
tially uniform current distribution over the 
conductor cross sections (indicated by the 
low ratio of a-c to d-c resistance) your 
analysis in the appendix (which is postu- 
lated on uniform current distribution, the 
assumption made in deriving g.m.d.s), is 
applicable; but if neutralization did not 
take place, the actual physical facts would be 
at variance with your theory, hence it is 
‘the essential principle.’ But I guess that is 
carrying it toofar. I am of the mind, there- 
fore, that the phase ‘the essential feature’ 
should be changed to one of the following: 
‘an essential feature,’ ‘an important feature,’ 
or ‘a noteworthy feature.’ How does one 
of these strike you?” 

Additionally, the author agrees with Mr. 
Fisher that there is nothing in the articles 
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by Kennelly that directly bears on the design 
of the paired-phase arrangement. 
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L. C. Peterman (Ford, Bacon and Davis, 
Inc., New York, N. Y.): This paper 
describes an installation that has many 
commendable features. It shows how 
intelligent planning can promote speed of 
construction by making it possible to order 
electric equipment early in the planning 
stage, so that deliveries are made on time. 
Selection of a few sizes of standardized 
substations, changing spacing rather than 
changing size for different load densities, 
contributed greatly to this end. Combin- 
ing the power and lighting substations sim- 
plified the installation and greatly reduced 
the cost as well as use of critical material. 

It is noted that above 30,000 kva of load- 
center transformer capacity is installed, 
operating 50-per-cent to 100-per-cent load. 
If the average is 75 per cent, the total de- 
mand is 20,000 kva (possibly less if we al- 
low for diversity) yet a total of 50,000 kva 
of transformer capacity has been installed 
in the main substation. Ten thousand kilo- 
volt-amperes of this capacity is in a connec- 
tion to a second utility company, yet ap- 
parently it is available as spare capacity. 
Even if we eliminate this 10,000 kva from 
consideration, we still have a full spare of 
20,000 kva or, in other words, 40,000 kva of 
transformers carrying 20,000-kva load. 
Paralleling this excess transformer capacity, 
there is apparently about 70,000 kva in 13- 
kv cable capacity. Although the electric- 
system design in several respects stressed 
the saving of critical materials, this principle 
was not followed in planning the trans- 
former and primary distribution installation. 
A use factor of 50 per cent for transformers 
and 30 per cent for cables seems pretty low. 
This, in the face of orders and directives 
from Government agencies that, in general, 


_have prohibited the purchase and installa- 


tion of spare equipment. 
All the low-voltage circuit flexibility de- 
scribed would be obtainable from a single 


transformer of the type shown and the 


single transformer would be no more a 
bottleneck than the single incoming high- 
voltage line. Ordinarily we would say that 
service reliability of a single transformer is 
better than an average-grade open-wire 
transmission line. The second transformer, 
therefore, does not improve reliability of 
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service, nor does it improve flexibility of the 
low-voltage circuits. Installing two trans- 
formers is apparently an admission by the 
manufacturer that the forced-oil air-pres- 
sure-cooled transformer is not as reliable 
as the more conventional machine, and that 
there is need for a full spare to equal the 
reliability of a single transmission line. 
There is certainly some reason to take this 
stand when we read the description of the 
auxiliary equipment of this transformer, 
here quoted in part: 


“|, . two pumps in parallel .. . oil-to-air heat ex- 
changer with a multibank radiator and a multi- 
plicity of cooling fans . . . operating power derived 
from control power transformers... .”’ 


The word ‘multiplicity’ from the fore- 
going quotation is quite significant. ‘““Mul- 
tiplicity”’ instead of “simplicity”; more 
auxiliaries to operate, look after, and main- 
tain; and perhaps the corollary to this is 
less ruggedness, less reliability. 

As to the grounding system, the 4/0 
copper ground leads evidently are inter- 
connected with the steel strand supporting 
the fluorescent lamps. If a heavy fault 
current flows from one 4/0 to another 4/0 
through the steel strand, is there a possi- 
bility that the latter may burn off and drop 
the fluorescent lamps? 

Closely spaced 480-volt open power 
feeders suggest possible future trouble from 
short circuits and grounds when painters, 
pipe fitters, steel workers, and other main- 
tenance men not of the electric trades have 
to work among these wires. A shock from 
a poorly taped joint might throw one of 
these workers to the floor. As a wartime 
expedient, yes. But don’t recommend that 
we do such things in the future, after the 
emergency is over. 

Suspension of fluorescent units from an 
overhead messenger is represented as being 
an “ingenious innovation.’’ True it is in- 
genious, but it is not an innovation, for this 
type of suspension has been in use ever 
since fluorescent lamps first were installed 
in industrial plants, and even before that 
incandescent lamps sometimes were sus- 
pended in this way. 

But the matter deserving most careful 
consideration in this paper is the installa- 
tion of 13-kv cables in wood troughs under 
the building roof, with this type of construc- 
tion held up as a model for future work. 
Many reported advantages are claimed, but 
the disadvantages and the extreme hazard 
thereby introduced are ignored. Com- 
pletely ignoring the National Electric Code 
and the simple tenets of safety and reli- 
ability as is done here is probably justified 
in time of national emergency but recom- 
mendation of this type of construction for 
the future indicates that the authors ap- 
parently have had no knowledge of, or ex- 
perience with, the destructive effects of an 
arc in a 13-kv cable. Cables can and do 
fail, sometimes because of manufacturing 
defects, quite often from damage by work- 
men when not adequately protected, and I 
do not believe that anyone will claim that 
cables in a wood trough are protected ade- 
quately. Painters, roofers,” and mainte- 
nance men, either when following their 
usual routine or when making changes in 
existing structures, are a source of possible 


injury to these cables. If a cable fault oc- 


curs, the wood trough will go up in flames, 


‘and it is not too remote a possibility to 


visualize the roof steel burned through with 
subsequent collapse of the affected struc- 
ture. I do not believe that the authors 
would claim that cables never fail. In fact, 
such failure is specifically recognized as a 
possiblility where reference is made in the 
paper to quadrature arrangement of feeders 
and diverse routing of cables for the pur- 
pose of minimizing the effects of cable fail- 
ure. It may be claimed that sensitive 
relaying will take out a cable before serious 
burning occurs. But do not forget that re- 
lay contacts sometimes stick, and sometimes 
control wiring becomes disconnected or 
broken with the trouble not discovered 
until a “‘blowup.”’ 

The authors of the paper claim that 
cables can be installed easily and repairs 
easily can be made. Granted. But utilities 
and many industrials install such cables the 
hard way, for bitter experience has taught 
the need for adequate protection to safe- 
guard life and property. The authors’ pro- 
posal to substitute a light metal trough 
for the wood trough for future construction 
also exhibits lack of experience with the 
effect of an arc on steel. Anarc would burn 
through light steel work almost as quickly 
as through wood. Careful fireproofing of 
steel work in power stations and substations 
as currently practiced is recognition of the 
destructive effect of an arc on steel. 

It should have been pointed out in the 
paper that this is a wartime installation and 
that the features described are not recom- 
mended necessarily for future use when the 
war emergency has passed. 


R.H.Kaufmann: Mr. Peterman has viewed 
this project with a particularly critical eye 
which should be helpful in bringing out 
deficiencies and assist in making more ex- 
pert applications of these principles in the 
future. 

There are some remarks made by Mr. 
Peterman which are based on an erroneous 
premise and warrant reconsideration. 

Mr. Peterman, in criticizing the incoming 
power substation capacity of 40,000 kva 
and the primary feeder capacity, has evalu- 
ated the sum total rated kilovolt-amperes 
of utilization substation capacity as 30,000 
kva. Reference to Figure 1 of the paper 
will disclose that the main substation serves 
connected titilization substation capacity of 
31,500 kva in the main-factory area, 1,600 
kva in the office area, 15,000 kva in the test 
and dynamometer area, and 5,000 kva in 
the boiler-house area, aggregating 53,100 
kva. This figure is about 75 per cent greater 
than that used by Mr. Peterman. 

The apparent excess of aggregate pri- 
mary-feeder-cable capacity is accounted for 
by diversity factors, the practical considera- 
tion of using relatively few different cable- 
conductor sizes, and, to some extent, a con- 
sideration of cable-circuit loading during 
emergency operation. 
that some reduction in primary-feeder ca- 
pacity could have been effected by addi- 
tional study and planning, it is believed 
certain that the expenditure of the same 
additional effort in extending the study of 
low-voltage circuits would yield a greater 
return. Even with the short low-voltage 
feeders associated with this distributed- 
substation system, the investment in low- 
voltage circuits is about five times that of 
the 13.2-kv circuits. 


Discussions 


While it is probable 


Mr. Peterman contends that, since a 
transformer has a higher degree of relia- 
bility than an overhead line, the connec- 
tion of a transformer in series with such a 
line does not detract from the over-all re- 
liability. The number of outages on a series- 
connected system will be the sum of the 
outages in the several series-connected ele- 
ments. Furthermore, the occurrence of a 
transformer failure would entail an extended 
outage period in contrast with the short 
time interval involved in restoring service 
on an overhead line. In many instances, the 
number of times that a transformer is de- 
energized voluntarily for purposes of inspec- 
tion or maintenance will exceed greatly the 
number of forced outages. Certainly the 
ability to voluntarily de-energize a trans- 
former is a valuable feature. The use of 
two transformers in the main substation 
in the manner indicated provides this im- 
provement in reliability and, what is more 
important, it is accomplished at substan- 
tially no increase in investment of materials 
or cost. 

While it would have been desirable to ob- 
tain the improved reliability of a double- 
circuit incoming high-voltage supply, its 
use would have entailed almost double the 
investment in materials and cost and was 
dismissed in view of the extremely critical 
material situation. Provision has been 
made in the main substation, however, for 
the acceptance of a duplicate incoming 
power line, should it become possible to allo- 
cate the necessary material at some future 
date. 

The operating reliability of forced-oil air- 
pressure-cooled transformers is proving to 
be excellent. While the presence of moving 
parts is accepted as a disadvantage and 
may tend to restrict application to attended 
substations, this is far overshadowed by 
the advantages of reduced investment cost 
and physical size, together with reduced 
weight. 

In regard to the grounding system, it is © 
the multiplicity of interconnected members 
forming virtually a grid ground mesh which 
precludes danger of excessive temperature 
rise in any one member because of ground ~ 
current flow. Asa matter of fact, the light- | 
ing messenger cable normally would be 
grounded at each point of support, even 
though it was not used as the ground-return 
conductor for branch lighting circuits, and 
thus would be in no less danger of being 
overheated as a result of ground current 
flow. 

Mr. Peterman’s comments relative to th 
desirability of metal-clad low-voltage feeder 
circuits is endorsed ‘heartily. The trend to- 
ward totally metal-clad electric circuits, all 
the way from the incoming-power substa- 
tion to the utilization machine, will be 
again in evidence as soon as the war-time 
restrictions on the use of the necessary metal 
is lifted. 

The point which has been raised relative _ 
to the use of wooden troughs for supporting 
the primary cables has been well taken. In 
postwar applications, the elimination of 
combustible material in the cable-support- 
ing structure should be paramount, and, of 
course, should be executed in a manner ap- 
proved by the National Electric Code and 
satisfactory to the Board of Fire Under- 
writers. On the other hand, we should 
not be hypercritical of this structure, 
merely because it happens to support elec- 
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A Figure 1. Schematic diagram 


tric-power cables. The potential fire hazard 
in such an overhead trough of wood con- 
struction should be substantially no differ- 
ent from that in an overhead catwalk of 
similar construction. 

In general, there is a tendency to consider 
high-voltage feeder cables as being poten- 
tially more dangerous than low-voltage 
cables. Actually, the energy liberated at a 
fault will be proportional to the product of 
fault-current magnitude, arc voltage, and 
time. The arc voltage at a given fault- 
current magnitude will be of the same order 
for all operating voltages. Fault-current 
magnitudes are frequently highest on cir- 
cuits of lower voltage. The speed with 
which the fault-current flow is inter- 
rupted plays a very important part in limit- 
ing the energy liberated at the fault. In the 
system here described, the use of grounded 
neutral operation, in combination with sen- 
sitive, fast-operating ground-current relays, 
goes far toward minimizing the damage at 
the point of failure. Upon the occurrence of 
a primary-feeder fault, the relaying system, 
in combination with the circuit breakers, 
will function to interrupt current flow in a 
small fraction of a second. Even though 
we admit that the feeder breaker becomes 
inoperative, the incoming line breakers to 
each 13.8-kv bus incorporate back-up 
ground relaying which would clear the fault 
current with no more than one-half-second 
additional duration. 

I am in complete agreement with Mr. 
Peterman that the merits of the fundamen- 
tal principles should not be confused with 
the details of execution. The critical war 
scarcity of metals has made necessary the 
use of some detail practices which should 
not be perpetuated in normal times. 


Damping and Synchronizing 
Torques of Power Selsyns 


Discussion and authors’ closure of paper 45-22 
by C. Concordia and Gabriel Kron, presented 
at the AIEE winter technical meeting, New 

York, N. Y., January 22-26, 1945, and pub- 
lished in AIEE TRANSACTIONS, 1945, 
pages 366-71. 


‘Harold Chestnut (General Electric Com- 
pany, Schenectady, N. Y.): The problem 
handled by Concordia and Kron is a worth- 
while one in the field of power control and 
the information they have obtained should 
prove useful for designers of round-rotor 
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(B) ZERO AVERAGE DISPLACEMENT 
(6) AND SPEED (v) 
Figure 2. Damping and synchronizing torque 
coefficients for two identical salient-pole 
Selsyns as a function of sum of stator resistances 
of both machines 


DIRECT AXIS 


Selsyns. An allied problem in Selsyn hunt- 
ing is encountered with small salient-pole 
indicator Selsyns. Here two salient-pole 
rotors are excited in parallel with single- 
phase alternating current, and the stators 
of the two machines are connected in paral- 
lel, see Figure 1. The normal electric- 
machine design is such that inherent in- 
stability is produced in such a system. 
Mechanical dampers are used to obtain a 
highly damped system which does not run 
away during transients. Efforts were made 
using methods developed by the authors of 
this paper!-? to determine the modifications 
in electrical design necessary to produce a 
stable, highly damped system. Although 
some measure of success was achieved, cal- 
culations showed, and tests verified, that the 
damping performance to be obtained was not 
as satisfactory as could be produced with a 
mechanical damper. 

In brief, the study indicated that the 
stability could be improved by: 


1. Increasing the resistance of the stator circuit. 
(See Figure 2.) 


2. Installing a quadrature-axis winding on the 
rotor to form an “electrical damper.”’ (See Fig- 
ure 3.) 
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Figure 3. Damping and synchronizing torque 

coefficients for two identical salient-pole 

Selsyns as a function of quadrature-axis rotor 
resistance 


Discussions 


Adding stator resistance confirms con- 
clusion 5 of Concordia and Kron where 
they note that added resistance between ma- 
chines was found beneficial. As Figure 2 
shows, the improved damping characteristic 
is obtained at the expense of decreased syn- 
chronizing torque. For the salient-pole case, 
adding resistance in the excitation circuit is 


not effective in increasing stability. (Fig- 
ure 4.) 
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(B) ZERO AVERAGE DISPLACEMENT 
(5) AND_SPEED (v) 
Figure 4. Damping and synchronizing torque 
coefficients for two identical salient-pole 
Selsyns as a function of direct-axis rotor 
resistance 


However, if a winding is added in the 
quadrature axis and the rotor resistance of 
this circuit is decreased until it is comparable 
to the direct-axis rotor resistance, an in- 
creased degree of positive damping is ob- 
tained with but a slight decrease in syn- 
chronizing torque. (Figure3.) Actual tests 
indicated that the maximum torque was de- 
creased, although for an angular separation 
of less than 40-50 degrees from correspond- 
ence there was little decrease in torque 
caused by the presence of the added winding. 

Small random oscillations in indicator 
Selsyns which occur at low values of con- 
stant speed are decreased somewhat by the 
introduction of the damper winding but are 
not eliminated entirely. 
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S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The paper by Kron 
and Concordia has several features which 
are worthy of emphasis: 


1. The expression of physical phenomena in terms — 


of equivalent circuits provides a powerful method 
for the application of advanced mathematical 
methods, such as tensor analysis, to the solution of 
complex engineering problems. The elements of the 
circuit can be expressed in literal terms; a relatively 
simple circuit is substituted for a system of equa- 
tions which are, in many cases, totally impossible 


- of practical numerical solution. This is the network- 


analyzer method of solution of power-system prob- 
lems carried forward, as one example, to the solu- 
tion of rotating machinery. 


2. The analysis of a complex problem by compara- 
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tively rigorous methods often results in a rather 
simple guiding principle or rule of thumb which may 
be used by all engineers working in the field, such as 
the authors’ “‘R/X greater than one”’ criterion for 
stability. This is many times the reward for com- 
pleting investigations in spite of the original com- 
plexity and is a direct refutation to those who de- 
plore the complexity of applied mathematics in 
engineering. 


3. The method of equivalent circuit representation 
provides a better physical interpretation for engi- 
neers of the phemwomena than a set of equations and, 
therefore, is a powerful new mental tool for the 
engineer who must solve within the same life span 
increasingly more difficult problems than did his 
predecessors. 


As a matter of interest, the following 
derivation shows that the simple approxi- 
mate rule given by the authors is obtained 
from a consideration of a symmetric rotor 
machine with only one field winding having 
a zero-field time constant connected directly 
to an infinite bus through series line imped- 
ance. This corresponds to a simple r+jx 
impedance tie between an infinite bus and a 
synchronous voltage which varies directly 
with speed. For this case, equation 64 of 
a paper by R. H. Park! for small angular 
deviations from an operating angle, may be 
used with the restrictions specified in the 
following equations 2. 
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Substituting 2 and 4 in 1, we have 
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AT= 


[As] (5) 


In order to determine the damping torque 
for an assumed sinusoidal oscillation of 
Aé=[A6] sin At. Let sin hi=1.0 and 
p=jh, where h=oscillation frequency. 
Therefore equation 5 becomes 


AT= 
[e sin 59 +Waojh]{r[r2+x2(1+ 
h?) |—jhx [r?—x?(1—h?) ]} X 
[e cos Sot gosh] {x [r?+- 
x?(1—h?) ]—j2hrx?} 
r4++2r2x?2(1+h4)+2x4(1—h?) 
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Therefore the damping and synchroniz- 
ing torque coefficients are 
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Equation 8 can be simplified by using 
equations 2 and 3 so that we obtain 


ix [rt perth? —x4(1—h2) WE a0 
9 [rt + 2r2a2(1 +h) +2412) [+27] 
(9) 


If the hunting frequency is small, equa- 
tion 9 simplifies to equation 10 


(10) 


Figure 5 of this discussion is a plot of 
equation 10. 

This illustrates that greatest negative 
damping is obtained for such a series 
impedance tie with constant terminal 
voltages when r/x is about 0.4 and be- 
comes positive when r/x is greater than 
unity. 
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Discussions 


C. Concordia and Gabriel Kron: Both Mr. 
Crary and Mr. Chestnut have made impor- 
tant contributions in their discussions which 
will help to complete and round out the 
theory. In connection with Mr. Crary’s 
discussion, we should remark that it was he 
who first pointed out the simple criterion of 
stability as given in his equation 10. Mr. 
Chestnut’s discussion brings out the fact 
that, in the case of a salient-pole machine 
(that is, a machine with different character- 
istics in the two rotor axes), the quadrature- 
axis characteristics determine the damping. 
Comparison of Figures 3, in which the 
quadrature-axis resistance is varied, and 4, 
in which the direct-axis resistance is varied, 
shows this, and Figure 2 shows that the 
stator resistance required for positive damp- 
ing is very nearly equal to the quadrature- 
axis reactance. It is of interest to note that, 
in the case of synchronous machines with d-c 
field excitation, it is the direct rather than 
the quadrature-axis reactance that deter- 
mines the limit of positive damping for the 
component of damping due to stator resist- 
ance, while on the other hand the quadrature 
axis is still the. determining factor for the 
component due to rotor resistance when the 
stator resistance is negligible. 

Since in the case of Selsyns the quadrature 
axis largely determines the damping-torque 
coefficient and the direct axis largely deter- 


mines the synchronizing-torque coefficient, — 


one has the opportunity, by a separate 
treatment of the two axes, to obtain positive 
damping without sacrificing a high syn- 
chronizing torque. 


Inherent Errors in 
the Determination of 
Synchronous-Machine 
Reactances by Test 


Discussion and authors’ closure of paper 45-16 
by C. Concordia and F. J. Maginniss, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945, and 
published in AIEE TRANSACTIONS, 1945, 
June section, pages 288-94. 


S. B. Crary (General Electric Company, 


Schenectady, N. Y.): System-design engi- 
neering requires the specification of appa- 
ratus-performance characteristics preferably 
in terms of a few definitive constants. 
These are the constants by which the system 
engineer is able to translate his requirements 
concisely to the designer or manufacturer. 


The reactances and time constants discussed 


in the paper by Concordia and Maginniss 
are someof themore important synchronous- 
machine quantities which originated from 


= 


the fundamental work of investigators of the | 


period in which Doherty and Nickle pre- 
sented their five synchronous-machine- 
papers (1926-1930). 

These concepts and definitions have cer- 
tain inaccuracies: 


(a). Due to the idealization or assumptions made 


by these earlier investigators, such as constant flux — 


linkages in all rotor circuits for subtransient react- 
ance and constant flux linkages in the field winding 


for transient reactance. 
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(b). Introduced by the necessity of making a rela- 
tively simple definition, which does not allow for 
rigorous qualification. 


In order to make the definitions practical 
and so they can be used in specifying per- 
formance, it is necessary to have a method or 
methods of testing. The test methods 
introduce additional inaccuracies such as 


(c). Test variables not specified or controlled. 
(d). Metering or measurement errors. 


The paper by Concordia and Maginniss 
presents the result of a study of (c) and 
yields information in regard to (a) and (0). 
It could be expected, therefore, that their 
conclusions would show definite methods or 
suggestions for improvement of the test 
code for synchronous machines. Some of 
their suggestions confirm those previously 
made by other investigators and in this way 
are added confirmation of this other work. 
It would appear, as they have outlined, that 
it would be now advisable to suggest: 


1. Elimination of method 2 of the test code for 
measuring reactances. 


2. Reduction of sequential closing interval of the 
circuit breaker used for applying the test short 
circuit. 


3. Recognition of the error introduced by the 
effect of the ratio of xg” to xq”. 


As the authors point out, the test methods 
in the AIFE test code are not in entire 
agreement with the corresponding defini- 
tions. This does not necessarily constitute 
a criticism. Actually, it is not feasible in 
many cases to have a practical test method 
which checks accurately the defined princi- 
ple or concept. It well may be that they 
are more useful, if they are not required to 
be in rigorous agreement. It is possible, 
however, by a study such as that made by 
the authors, to understand more fully 
wherein these differences exist and to bring 
them into closer agreement without a 
sacrifice of practicability. This paper has 
done much to clear up reasons for some of 
the inaccuracies, particularly of the meas- 
urement of subtransient reactance, and 
also to provide practical suggestions for 
bringing into closer agreement the definition 
and the test for subtransient reactance. 


C. Concordia and F. J. Maginniss: In con- 
nection with Mr. Crary’s discussion, it 
should be noted that most of the differences 
discussed in this paper are not large, 
especially in comparison with the possible 
uncertainties of calculation and test. Also, 
the variation of reactance with saturation 
may be much greater than most of the 
variations we have discussed. This is 
‘especially true in the case of turbine gener- 
-ators, wherein the saturation effects are 
large and the subtransient saliency is slight. 
The principal significant variation shown in 
the paper is the large effect of sequential 
closing of the short-circuiting breaker in 
conjunction with the use of the asymmetri- 
cal component of short-circuit current in the 
determination of the subtransient reactance. 
It was not, however, our principal object to 
- demonstrate such large and practically im- 
portant effects, but rather to give a more or 
less rigorous discussion of the various funda- 
mental relations among the definitions, 
methods of calculation, and test, a knowl- 
edge of which is necessary before much 
progress can be made in improving them. 
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Transient Electrical Torques 
of Turbine Generators 
During Short Circuits 
and Synchronizing 


(45-14) 


Determination of Transient 
Shaft Torques in Turbine 
Generators by Means 
of the Electrical- 


Mechanical Analogy 
(45-10) 


Discussion and author's closure of paper 45-14 
by H. S. Kirschbaum and discussion of paper 
45-15 by G. D. McCann, C. E. Warren, and 
H. E. Criner, presented at the AIEE winter 
technical meeting, New York, N. Y., January 
22-26, 1945, and published in AIEE 
TRANSACTIONS, 1945, February section, 
pages 65-70 and pages 51-56. 


A. W. Rankin (General Electric Company, 
Schenectady, N. Y.): Mr. Kirschbaum has 
made a valuable contribution to an im- 
portant practical problem in his analysis 
of turbine-generator short-circuit torques. 
This problem is very complex, and in order 
to reduce it to a form amenable to analysis 
without the aid of mechanical devices, it is 
necessary to introduce several simplifica- 
tions and assumptions. 

The initial asstimption given by the au- 
thor is that this analysis is based on an 
ideal machine of the type defined and in- 
troduced by Park. The writer wishes to 
point out, however, that the subject analy- 
sis is based on a simplified version of Park’s 
ideal machine, and one that would be more 
descriptively defined as a symmetric ma- 
chine, since it assumes the quadrature axis to 
be a duplicate of the direct axis and to con- 
tain a definite field winding and field volt- 
age which are both duplicates of the corre- 
sponding direct-axis quantities. Park’s 
ideal machine makes no such assumption 
about the quadrature axis and, in general, 
is ideal only in the sense that saturation 
and armature-winding harmonics are neg- 
lected. The symmetric machine is em- 
ployed usefully in system studies in which 
the system reactances tend to equalize 
the equivalent direct and quadrature axes 
but is not as applicable to direct short-cir- 
cuit problems. Especially is it to be ques- 
tioned if the symmetric machine is a sat- 
isfactory solution for turbine-generator 
short circuits in the transient period. 

The author’s statement concerning the 
impedance-frequency variation of the solid- 
rotor structure is applicable only when the 
sutface permeability is constant. Test data 
indicate that this square-root relationship 
is not followed too closely in actual ma- 
chines. The writer agrees with Mr. Kirsch- 
baum that the negative-sequence resist- 
ance is not known very accurately for 


values of rotor-circuit current of the order. 


of short-circuit currents. 
Insofar as the writer knows, it is not pos- 


Discussions 


sible to define a single constant-perme- 
ability additional rotor circuit which will 
even approximate both the negative-se- 
quence resistance and the subtransient time 
constant. A circuit resistance which will 
give the proper negative-sequence resist- 
ance will result in a subtransient time con- 
stant about 1/2 the known test value. It 
would be valuable if the author could in- 
dicate how well the equivalent circuits of 
his analysis satisfy these two limits. This 
question is suggested by the form of the 
torque expressions which imply that only 
a single additional rotor circuit is consid- 
ered. 

A more accurate value of electrical torque 
should be obtained if impedances are sub- 
stituted for reactances in the torque ex- 
pressions, since the negative-sequence re- 
sistance is comparatively large with re- 
spect to the reactances. This assumes, of 
course, that the test determinations of sub- 
transient reactance actually measure re- 
actance and not impedance. 

The author’s contributions to the subject 
of line-to-line-to-ground armature decfe- 
ments are valuable, since these have not 
been analyzed, heretofore, so extensively 
as their importance justifies. 

The foregoing discussion has tried to 
emphasize the complexity of the round- 
rotor machine under-transient conditions, 
and to indicate some of the problems which 
are still to be solved. Mr. Kirschbaum is 
to be commended for his contribution to 
this torque problem, since his paper is a 
valuable step toward a complete solution. 


M. D. Ross (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Just a few remarks in regard to the 
background of the Kirschbaum and the 
McCann, Warren, and Criner papers might 
bein order. Our consciousness of the prob- 
lems connected with short-circuit torques 
has grown over the years. For instance the 
1922 AIEE Standard says: “The Institute 
recognizes the self-destructibility, both me- 
chanical and thermal, of certain sizes and 
types of machines when subjected to severe 
short circuits and recommends that ample 
protection be provided in such cases exter- 
nal to the machine if necessary.’’ They rec- 
ognized the problem at that time, but 
nothing was done to establish limiting con- 
ditions. At that time many machines were 
built with shafts and couplings proportioned 
on the basis of withstanding a certain num- 
ber of times full-load torque, which figure 
had been arrived at more or less by experi- 
ence. 

About 1929 the subject was taken up ac- 
tively by a number of investigators, and 
much of the ground work for the present 
papers was done in the early 30’s. Tests on 
machines were made by Penney in 1929 and 
by Whitney and Criner in 1940 to con- 
firm the theory in regard to short-circuit 
torques. 

The first edition of the American Stand- 
ards Association rules for synchronous 
machines in 1936 stated that the generator 
should be capable of withstanding a short 
circuit at no load with 110 per cent of rated 
voltage. The 1943 American Standards 
state that the generator shall be capable of 
withstanding a short circuit at rated load 
and power factor and 105 per cent of rated 
voltage and that the current is not to ex- 
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ceed the three-phase value under any con- 
dition of short circuit. This clause would 
seem to cover quite satisfactorily the worst 
short circuit that can be obtained in normal 
operation. As the single-phase line-to-line 
short circuit gives the highest value of short- 
circuit torque in line with the Standards, it 
has been emphasized throughout these 
papers. 

As long as we were building 1,800-rpm 
generators with relatively low electrical 
torques, high inertias, and large shaft 
flexibilities, few problems were encountered 
in connection with shaft torques. With the 
advent (in recent years) of large 3,600-rpm 
generators with their lower reactances and 
relatively stiff mechanical coupling, it has 
become more important that we be able to 
calculate these torques with greater ac- 
curacy. We are now confident that this 
can be done using the methods outlined here 
with a minimum of work involved in the 
calculations. 

Mr. Kirschbaum’s paper covers a rather 
interesting feature—namely synchronizing 
out of phase. Many of us perhaps have 
seen the results of this in twisted shafts and 
sheared coupling keys. Generators de- 
signed to meet the ASA short-circuit clause 
would not necessarily withstand the most 
severe conditions of synchronizing out of 
phase. 

The authors are to.be congratulated on 
their valuable contributions to the subject 
of short-circuit torques. 


H. S. Kirschbaum: I agree with Mr. Ran- 
kin when he points out that the assumptions 
which I made do not agree exactly with 
those which Park made and that the ma- 
chine discussed might better be called a sym- 
metric rotor machine. The discusser has 
questioned the use of a symmetric rotor 
machine as being equivalent to a turbine 
generator during the transient period of a 
short circuit. During this period, there 
will be harmonic torques introduced by the 
saliency of the turbine generator. However, 
these are usually very small-and since the 
response of a mechanical system to high- 
frequency torques is usually negligible, they 
can be neglectéd. An unusual case might 
exist in which the mechanical system has 
resonant frequencies near the second, third, 
or fourth harmonics of fundamental fre- 
quency. In this case the more exact ex- 
pressions derived by Nickle, Pierce, and 
Henderson must be used calculating the 
alternating components of torque. 

Mr. Rankin also points out that the as- 
sumptions I have made regarding the varia- 
tion of the rotor loss factor with frequency 
holds only for a constant permeability 
rotor. In actuality, permeability decreases 
with an increase in rotor current, permitting 
the rotor current to penetrate to a greater 
depth on the rotor surface. This, in effect, 
lowers the loss factor as the current in- 
creases, and we have found that assuming 
the square-root relationship to hold, the 
rotor loss varies as the 1.8 power rather 
than as the square of the current. 

I did not, as the discusser implies, use an 
additional rotor circuit which was the same 
at all frequencies. The rotor circuit used 
had a resistance and reactance which varied 
as the square root of frequency. The decre- 
ment factor of the subtransient current in 
- the oe body i is very small son with 
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the angular velocity (754 for a 60-cycle 
machine) of the second harmonic rotor cur- 
rents. Therefore, the subtransient rotor 
currents will penetrate the rotor surface to 
a greater depth than will the second har- 
monic rotor currents. As a consequence 
the rotor resistance to the subtransient 
current will be much less than the rotor 
resistance to the second harmonic current, 
thus accounting for the discrepancy which 
results when the negative-sequence resist- 
ance is used to calculate the subtransient 
time constant. 

In spite of the fact that the negative se- 
quence resistance is comparatively large, it 
adds at right angles to the reactances in- 
volved, and the total impedance will not be 
increased very much. For example, the 
impedance of the positive and negative 
sequence networks for the machine of 
Table III in the paper, will be 0.1944 per 
unit. This is only 0.7 per cent larger than 
the reactance (Xqa” ++ X»2) which was used 
in calculating the torque during a line-to- 
line short circuit. In very extreme cases 
this resistance may increase the total im- 
pedance five per cent, and the question of 
whether to include the negative-sequence 
resistance in the total impedance is at the 
discretion of the calculator. 

I wish to thank the discussers for the in- 
terest which they have shown in the paper. 


Power Geometry of General 
Transmission Systems 


Discussion of paper 45-38 by Wm. Alltar, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 22-26, 1945, 
and published in AIEE TRANSACTIONS, 
1945, June section, pages 312-17. 


Eric T. B. Gross (Cornell University, Ithaca, 
N. Y.): The application of simple geo- 
metrical methods to general-circuit and 
transmission-system analysis is a means toa 
better understanding of the relations in- 
volved. Graphical representations help 
enormously to visualize how voltage, cur- 
rent, power,-and so forth, at one set of ter- 
minals depend upon each other and the con- 
stants of the circuit. It is of particular im- 
portance for the young engineer and for the 
student of electrical engineering to get a 
better knowledge of the subject by compar- 
ing the analytic and the geometric analysis. 
In many cases, the geometric approach is 
much easier to follow, mainly because one 
readily can see what each step means. 
Doctor Altar’s paper is a very valuable 
expansion of some methods used in the 
analysis of transmission networks. The 
mathematician who is specializing in the 
field of projective geometry will be pleased 
to see his science used in such a wide field 
of electrical-engineering practice. It is of 
interest to note that the new method also 
can be applied in the analysis of machinery 
problems, and the field of ultrahigh-fre- 
quency technique offers possibilities. The 
rigorous diagram of the induction motor 
can be derived amazingly simply (as shown 
in the lecture presentation of the paper), 
and it appears that a similar approach to 
more advanced topics, for example, various 
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types of phase-advancer, or salient-pole syn- 
chronous-machine analysis might be simpli- 
fied even more, compared with long ana- 
lytical derivations. 

Many a practising engineer should be 
interested to learn that the rigorous dia- 
gram of the induction motor can be drawn as 
easily as the mostly used simplified-circle 
diagram; it is hoped that the author may 
soon find the time to present a more detailed 
paper on this part of his investigation. 


Formulas for Calculating 
Temperature Distribution 
in Transformer Cores and 
OtherElectric Apparatus of 
Rectangular Cross Section 


Discussion and author's closure of paper 45-39 
by Thomas James Higgins, presented at the 
AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945, and published 
in AIEE TRANSACTIONS, 1945, April 
section, pages 190-94. 


Max Jakob (nonmember; Armour Research 
Foundation and Illinois Institute of Tech- 
nology, Chicago, Ill.; Purdue University, 
Lafayette, Ind.): The writer is pleased that 
his paper on steady-state temperature dis- 
tribution in heat sources (reference 8 of the 
author’s paper) has been taken up and ex- 
tended so ably by Doctor Higgins: first in 
his earlier paper (reference 4 of author’s 
paper) and now in the paper under discus- 
sion. 

Mastering the mathematics involved 
with these problems, the author succeeds in 
solving the equation of temperature distri- 
bution in electric coils and transformer cores 
of rectangular cross section in a more general 
way than did the writer. Thus, though both 
the writer and the author earlier encom- 
passed linear variation with temperature of 
the electric resistivity of the heat source, the 
author now extends the solution to cases of 
internal structure and boundary conditions 
of the heat source, which are not covered in 
the writer’s paper. 

Almost the only item which is not in- 
cluded in the author’s papers is the varia- 
tion with temperature of the thermal con- | 
ductivity & of the material of the heat 
source. Now in a footnote in his previous 
paper (reference 4 of author’s paper) the 
author mentions that in the linear one- 
dimensional problem variations of k are not 
covered by the equation, 


9 /dx? = —q'"'/k Cos 


wherein @ is the temperature excess over 
surface temperature and q’’’ is the rate of 
heat developed in unit volume; but that, if 
k is variable, the correct equation is 


0[k(00/ dx) ]/ ox = —g!”’ (2) 


This statement is correct; however, it is 
known that equation 2 easily can be trans- 
formed into the form of equation 1, by a — 
procedure used by Kirchhoff! as early as 
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1894. This procedure was extended to the 
three-dimensional case by van der Held? in 
1936. It consists of introducing an auxiliary 
variable © and a constant km defined by 


k(06/0x) =kp(00/ 0x) (3) 
together with a boundary condition 
6=0 (4) 


which is to be satisfied for two values of x, 
for example, forx =O andx=s. 

Integration of equation 3 between these 
limits follows: 


0=05 0=0; 
hdd = Rmd© =m (Os —90) 
7) = Oo 6 = ry 


(5) 


Substituting from equation 3 in equation 2 
gives 


Rm (020/ 0x?) = —q!”’ (6) 


wherein k,, is given by equation 5. 


Illustratively, let k =ko(1+ 88) (7) 
wherein k, and 8 areconstants. Then from 
equation 5 

0=05 
km = (0s—9)~} ko(1+ B0)d0 = 

0=6o 


Ro[1+8(+8s)/2] (8) 


Thus we find that equation 1 can be used 
in the form of equation 6; that is, with 
constant thermal conductivity k, given by 
equation 8 and a system of auxiliary tem- 
peratures 9. These may be reconverted into 
ordinary temperatures @ in the following 
way. From equation 3 


0 8 
B kdo= RmdO = km (© — Oo) (9) 
chy 8 
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Substituting from equation 7 in equation 9 
gives 


6 
ko(1-+ 60) d0 = Ro [8 — 90+ 
0 
B(62—02) /2]=km(@—4) (10) 


yielding 6 as a function of 9. 

In discussing this procedure elsewhere the 
writer?:4 has shown that it is not restricted 
to linear heat flow but cau be employed as 
well for radial conduction in cylinders and 
spheres. In fact, it can be employed for 
any two- or three-dimensional configuration 
of heat source and for k expressed as any 
function of @ for which the boundary condi- 
tion of the transformation can be satisfied. 
Owing to the small change in k over the 
temperature range occurring in an electric 
coil, the writer omitted in his previous paper 
(reference 8 of author’s paper) considera- 
tion of change in k, hence discussion of this 
procedure, although it is applicable to the 
problems discussed therein. 

However, application of this procedure is 
limited by the condition that two isothermal 
lines or surfaces must be used for the 
boundary condition on the transformation. 
Now regarding a given problem these must 
be the boundary surfaces of the heat source, 
but often this is not possible, since these 
latter are not isothermal surfaces. The 
writer suggests that the author give some 
thought to whether or not, and if so how, 
this procedure can be generalized so as to 
remove this limitation. If this could be 
done, his equations would cover a still 
greater range of problems than they now do. 
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Thomas James Higgins: The author thanks 
Doctor Jakob for the kind remarks expressed 
at the beginning of his discussion. The 
footnote referred to by Doctor Jakob 
is one wherein the author points out the 
error in a remark made by one of the dis- 
cussers of Doctor Jakob’s paper (reference 8 
of my paper): that in this paper a solution 
of the one-dimensional problem is given 
whereof linear temperature variations of 
both the electrical resistivity and the ther- 
mal conductivity are taken into account. 
This statement is incorrect as the differ- 
ential equation solved encompasses only the 
linear variation in electrical resistivity. As 
Doctor Jakob brings out, however, the solu- 
tion given for linear variation in electrical 
resistivity only can be utilized to obtain the 
solution for linear variation of both elec- 
trical resistivity and thermal conductivity 
through use of the procedure developed by 
Kirchhoff, van der Held, and no doubt 
others. 

A serious limitation on this procedure is, 
as Doctor Jakob remarks, that the boundary 
points, lines, or surfaces (according as the 
problem is one, two, or three dimensional) 
must be an isothermal; that is, of constant 
temperature. Thus it would not apply to 
cases where the boundary condition is the 
general one considered in the present paper: 
equation 2 and others. In some instances, 
however, this boundary condition may be 
replaced by the desired one of constant 
temperatures (over a given boundary point, 
line, or surface) by use of a seemingly little- 
known artifice advanced by Fourier. 
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Statistical Methods Applied to Insulator 
Development and Manufacture 


J. J. TAYLOR 


ASSOCIATE AIEE 


Synopsis: The science of statistics is highly 
developed and applicable to a variety of 
engineering subjects. There remains the 
task of getting statistical methods out of 
books and into general use. Towards this 
end examples are given of problems that 
relate to high-voltage-insulator manufacture 
and for which statistical treatment seems 
desirable. 


N THE MANUFACTURE of high- 

voltage insulators almost every in- 
centive for statistical analysis is present. 
The product is produced in large quantity 
and to meet an exacting service. Product 
characteristics are determined by tests 
carried to destruction. Manufacturing 
control is difficult, because insulators are 
made in part from natural clays and are 
processed through incomplete chemical 
reactions. In service the finished product 
is exposed to all the vagaries of weather 
in almost every climate, and is expected 
to endure for a length of time far beyond a 
reasonable proof-test interval. 

It is apparent, therefore, that the ele- 
ment of chance will be present at every 
stage of product use and manufacture. 
To deal effectively with the electrical and 
méchanical problems of the insulator in- 
dustry the usual engineering conceptions 
shown in Figures 1A and 1B should be 
supplemented by an equivalent group of 
statistical tools and diagrams. 


Statistical Distributions 


Many product characteristics that are 
measured, studied, and specified show a 
relation between observed values and the 
frequency with which they occur. If 
observations are grouped as. shown in 
Figure 2, the distribution is called 
“normal” and is defined by the value of 
the arithmetic mean, X, and by the stand- 
ard deviation. The standard deviation, 
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g, is a measure of variability and is the 
root-mean-square of all the deviations of 
the individual values from the mean 
value. It is analogous therefore to the 
rms value of alternating current. 

To carry this analogy further, a sine 
wave is more often approximated than 
realized and so also is a ‘‘normal” curve. 
Where the departure is slight, an assump- 
tion of normality may introduce no in- 
tolerable error and permits the use of 
many published tables. Nonnormality 
in a product characteristic does not prove 
any deficiency in either the product or its 
control. In some instances, however, 
direct physical reasons for nonnormal 
distributions exist and can be ascertained. 

In 1934 an excellent statistical manual 
published by American Society for Test- 
ing Materials! served as an incentive for 
the statistical study of a variety of sus- 
pension insulators. Frequency diagrams 
of ultimate-strength tests were plotted 
from data accumulated in the years pre- 
ceding. Of the insulator types studied, 


‘two were found with distribution curves 


that proved later to be of particular inter- 
est. They are illustrated in Figure 3. 
A normal curve superimposed on distri- 
bution A indicates considerable flatness 
distortion or kurtosis. Distribution B 
is decidedly ‘skewed, with less variability 
than would be expected in the upper 
range of observed values. 

In both cases a direct physical cause 
was found for these abnormalities. The 
flatness of curve A resulted from a change 
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r; 4 
Figure 1. Diagrams of me- Z 
chanical, electrical, and sta- %& 
tistical performance = 
A. Mechanical Z UNIT GTRESE 
B. Electrical _ STRESS-STRAIN CURVE 
LOW CARBON STEEL 


C. Statistical 


Taylor—Insulator Development 


in the firing cycle of the porcelain com- 
ponent. Figure 47 shows, in an exagger- 
ated manner, how a shift in the average 
value of test groups produces a flat-top 
shape when all observations are plotted 
together. 


The abnormality of Figure 3B was 
caused by a peculiarity of design and re- 
quires for its explanation a brief review of 
insulator construction. A suspension in- 
sulator has internal and external metal 
parts attached with Portland cement to a 
ceramic shape. In tests of ultimate 
strength the fracture occurs usually 
through the ceramic component—a not 
surprising result since ceramic materials 
fail at a unit deformation of about 0.1 per 
cent. The comparable figure for mal- 
leable cast iron is 200 times as great. In 
a design in which the metal sections and 
the cement matrix areas are liberal, the 
cement and metal respond under load in 
accordance with their respective elastic 
moduli. As a general rule, the elastic 
modulus of structural materials is excep- 
tionally reliable and consistent; the ulti- 
mate strength is variable. One would ex- 
pect to find, therefore, that the variability 
of an insulator assembly is determined 
largely by the variability in ultimate 
strength of its ceramic component, 
rather than by erratic performance of the 
metal parts or cement matrix. The 
skewness of Figure 3B was attributable to 
a cap section so thin that its yield point 
was reached in the upper range of ob- 
servations. This yield prevented normal 
support of the ceramic section and de- | 
velopment of the potential strength of the — 
strongest ceramic components. 

Similar nonnormal distributions to 
which a physical cause can be assigned are 
found in high-voltage measurements. 
Two of these are illustrated in Figure 5. 


In the parallel arrangement of insulator — 


and sphere gap, a marked lack of sym- 
metry is noticeable in the distribution of 
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Figure 2. Significant areas and limits of a 
normal distribution 
measurements. The consistent flashover 


value of the sphere gap cuts off the maxi- 
mum end of the insulator-flashover distri- 
bution pattern. 

The opposite type of skewness was ob- 
served in tests of imperfect spheres. A 
sharp projection on the grounded sphere 
introduced a discontinuity in the other- 
wise uniform electrostatic field. Flash- 
over could occur from sphere to sphere or 
sphere to point. In the distribution 
shown conditions were such that the ma- 
jority of the flashovers were between 
sphere and point. 


\ 


Control of Product Quality 


Since a great variety of insulator de- 
signs start from a common source of raw 
materials and go through essentially the 
same manufacturing process, a measure of 
quality control can be assured by observa- 
tions on a few important types. The 
distribution for one such key insulator is 
shown in Figure 6. This type of insulator 
is manufactured in large quantity and, 
fortunately, has a frequency distribution 
approximately normal. The design was 
first produced in 1933. Control limits 
were not set up until 1937 and were then 
readily established by a study of accumu- 
lated test data. 

Daily tests are made on units selected at 
random from current production and on 
factory rejects with imperfections that 


Table |. Endurance Test of Suspension Insu- 


lators 
Tested at 80 Per Cent of Average Ultimate 
Strength i 
Specimen Placed _ Date of Elapsed 
' Number on Test Failure Time 
MRT cutie ohete 11-17-38....11-17-38... 10 hours 
Diioteterevstsls''s 11-17-38.... 3-12-39... 115 days 
Bor worsens 11-17-38.... 1-14-39... 58 days 
Brea spo k 11-17-38... 11-22-38... 5.1 days 
a Preis castes 11-17-38..., 8-23-39... 279 days 
Girgeieteroetee 11-17-38. ...11-18-38... 1.1 days 
Nia etatae oop sts 11-17-38.... 12-8-38... 21 days 
Biro tyes oho 11-17-38.... 2-18-39... 88 days 
ONtad eferets 11-17-38.... 12-3-38... 16 days 
USES eee 11-17-38... .11-17-38.3; 7 hours 
nea tate eats 11-17-38....11-17-38... 0.5 hours 
DD. tte sols arate 11-17-38.... 3-17-42...1,216 days 
TS Rokse cmek 11-17-38... .11-21-38... 4.2 days 
Meer lice. taste 11-17-38..,.11-25-38... 8 days 
TE eeaeoe 11-17-38... .11-28-38... 11 days 
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do not influence the characteristic being 
observed. As shown in Figure 7, the con- 


trol limits are adjusted for variations im 


sample size. Sample averages falling be- 
yond the control limits indicate an assign- 
able cause of variation and are a signal for 
technical inquiry and corrective action. 


Quality Control in Relation to 
Routine Tests 


Ceramic parts may be inspected visu- 
ally, sometimes with the aid of penetrat- 
ing fluids, or aurally by “‘ringing-out”’ 
methods. Attention has been given also 
to X-ray examination and to non- 
destructive tests employing supersonic 
response. Many tests, however, are 
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potentially destructive and would pro- 
duce failure if increased sufficiently in 
severity. Dielectric soundness is checked 
by high frequency or 60-cycle flashover on 
ceramic parts and assembled units. For 
certain specialized types of insulators, im- 
pulse tests are routine procedure. Routine 
mechanical tests of assemblies are made 


at a load level about half the rated ulti- 
mate strength and are followed by a 
dielectric test. 

As routine tests for both dielectric and 
mechanical strength are potentially de- 
structive, some compromise is mlecessary 
between tests too mild to eliminate de- 
fectives and those severe enough to dam- 
age an appreciable portion of specimens 
near the minimum end of the distribution 
pattern. 

Mechanical tests at half the rated 
strength are not intended to cut off the 
minimum end of the distribution curve. 
They are used to give assurance against 
defectives with potential characteristics 
far below the minimum level of expect- 
ancy. 

It cannot safely be assumed that high 
levels of routine test guarantee quality. 
Such tests may be particularly undesirable 
on a product manufactured with good 
factory control but with no great margin 
in average strength. In Figure 8 two 
distribution curves are shown that have 
the same probability of failure at or below 
the specified minimum level. If both 
groups of product are proof-tested to 
eliminate units lying below the minimum 
line and if the test is harmful to units 
only slightly stronger than the proof load, 
then it is likely that such testing will be 
detrimental to design (a) and beneficial to 
design (b). In the first case it damages 
more units than it eliminates and in the 
other case eliminates more units than it 
damages. 

It is probable that no amount of proof 
testing, however drastic, can select from 
carelessly manufactured material a fin- 
ished batch as dependable as one made in 
the first instance with gcod'technical con- 
trol and given routine tests at reasonable 
levels. This view implies, in specifica- 
tions, emphasis on consistency of tested 
characteristics; a carefully drawn sam- 
pling plan; a cumulative record of test 
history so that past experience can be of 
real value in interpreting the results of 
samples under immediate review. 

It should be noted also that some prod- 
uct characteristics cannot be given routine 
tests that will check them. Line and sta- 
tion insulators are designed and design- 
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tested to withstand electrical surges of 
great severity, but so far it has not been 


practical to surge-test at these extreme 


levels in routine fashion. Even if it were 
possible, it might be proved an undesir- 
able practice because of the damaging 
nature of the tests. In such instances 
reliance must be placed on methods of 
quality control which give high-proba- 
bility assurance that the required char- 
acteristic is present. 


Estimating and Predicting From 
Statistical Data 


Specifications frequently require cer- 
tain minimum or maximum character- 
istics in the product they cover. The 
best that a manufacturer can do, by con- 
servative rating of his product and by 
technical control of process, is reduce the 
probability of a “‘defective’’ to some 
tolerable level. To choose a small sam- 
ple from a large batch and in that small 
sample to focus attention on a single 
value, to the exclusion of other equally 
significant values and to the exclusion also 
of the supplier’s over-all performance, is 
certainly uneconomical and may also be 
unfair. It is quite possible for a chance 
defective to appear in a product of good 
quality; and it is more than possible 
that poor quality will not be detected by 
looking for a single defective in a small 
sample. As product characteristics are 
by nature statistical, assurance of quality 


in purchasing standards logically might _ 


be obtained by stating limiting criteria for 
the frequency distribution of the quality 
characteristic in question. Considera- 
tion certainly should be given to the 
average, which is readily established from 
a small number of samples; to the shift 
in observed average from batch to batch; 
and, if additional assurance is needed and 
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Figure 7. Suspension-insulator 
control chart 


Control is exercised by limit- 
ing fluctuation of sample aver- 


ages with respect to assumed 
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when the accumulation of data is ade- 
quate, to some measure of the dispersion 
of values about the average. 

Although statistical methods cannot 
be expected to indicate such probabilities 
as one unit in a thousand being below 
minimum, they are nevertheless the most 
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Figure 6. Nine-cell distribution of ultimate 
strength for a suspension insulator 


effective means for estimating limits be- 
yond which not more than four or five 
units out of athousand are likely to lie. 


Their use-“is indicated particularly in. 


work on new designs for which test in- 
formation is meager. Illustrative of the 
general problem of sampling are trials 
made from a batch of 1,000 specimens 
having a normal type of distribution and 
with the specimens divided into nine 
distribution ‘‘cells.’”” The characteristics 
of the parent distribution were: 


Average—19,500 pounds 
Maximum—23,100 pounds 
Minimum—15,900 pounds 
Standard deviation—1,245 pounds. 


As this was an artificially prepared 


batch, the actual minimum was known to 


be 15,900 pounds; yet samples of nine 
specimens each showed the appearance of 
a minimum unit in only ten per cent of the 
trials. Even with samples of 50 specimens 


- each, an error of at least 1,000 pounds in 


observed minimum versus batch mini- 
mum occurred in 60 per cent of the trials. 
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In 20 per cent of the trials the discrepancy 
between observed and batch minimum 
was more than 2,000 pounds. When the 
samples reported were analyzed sta- 
tistically and the expected minimum cal- 
culated rather than observed, the error, 
even on the most misleading sample, was 
only 600 pounds. The most misleading 
sample was selected from 40 trials in 
each of which the sample size was 50 
specimens. 


Correlation of Product 
Characteristics 


In some instances the determination of 
a product characteristic is inordinately 
time-consuming or expensive. If such a 


characteristic can be related intimately - 


with one for which data are already avail- 
able (or can be readily obtained) three 
advantages ensue: 


1. The desired characteristic may be esti- 
mated. 


/ 
2. Meager data about the desired char- 
acteristic may be expanded and confirmed. 


8. Both characteristics may become more 
intelligible. : 


Since the characteristics sought are 
statistical distributions, correlation hardly 
can be expected between individual 
specimens. At least in tests that are of 
the destructive type the correlation must 


_ be between frequency-distribution dia- 
grams or between terms defining these. 


diagrams. An example of this approach is 
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FREQUENCY OF OCCURRENCE 


100 
ULTIMATE STRENGTH 


Figure 9. Change in observed average 
strength caused by different rates of load 
application 


Increase in load per minute: 

A—15 per cent of rated strength (minimum) 
B—991/, per cent of rated strength 

C—30 per cent of rated strength (maximum) 


the relation between the ultimate strength 
of suspension insulators and their per- 
formance when endurance-tested, for 
extremely long intervals of time, by loads 
of varying severity. 

In endurance or time-load testing, 
insulators are subjected to axial tension 
for a stated interval of time. In many 
specifications this is a ‘‘withstanding” 
test in which the failure of any unit is 
cause for rejection of the lot. To the de- 
sign engineer, therefore, endurance tests 
carried to failure are a necessary part of 
his information about the product. A 
typical group of endurance-test results is 


_ shown in Table I. 


It is obvious that interpretive effort has 
to be made if significant information is to 
be obtained from these test values. A 
clue is offered by the shift in strength ob- 
served when insulator groups are tension- 

tested at different rates of load applica- 
tion. 

When insulators are tested for ultimate 
strength, the increase in load per minute 
may be from 15 to 30 per cent of the rated 

At 
these limiting rates the distributions 
shown in Figure 9 were found. -The shift 
in average strength was about 1.5 per cent. 

There is an element of endurance test- 
ing in any ultimate-strength test, since 
the specimen responds to a combination of 
time and load. Some indication of this is 

given by Figure 9. The influence of 


time can be emphasized by rates of load 
increase that are exceedingly slow. 


If the ultimate strength of a particular 
specimen is designated as 100 per cent, 


some contribution to the final destruction 


of the specimen is made by the load levels 


immediately preceding—99, 98, 97 per 
- cent, and soon. For electrical porcelain 


loading history up to 85 or 90 per cent of 


the ultimate appears to make a negligible 
- contribution to failure. 


This rapid de- 


crease in sensitivity to load implies some 


gi 
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‘ 
‘ae’ 


ry 


fe 


_ type of exponential function. Moreover, 


since damage by the 99-per-cent, 98-per- 
cent, and preceding load levels has been 


assumed, it can be argued that, if it were 


possible to apply a 100-per-cent load 
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instantaneously yet without shock, fail- 
ure would not take place immediately. 
By a series of tests* run at slow rates 
of load increase it was found that the 
interval to failure following application of 
a ‘100-per-cent” load was about equal 
to the time spent in going, at a uniform 
rate of load increase, from the 98-per-cent 
to.the 100-per-cent level. Let us sup- 
pose, for example, that an insulator is 
tested at a 4,000 pounds per minute rate 
and that failure occurs at 20,000 pounds. 
The load change from the 98-per-cent to 
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Figure 10. Values from Table | plotted on an 


endurance-test chart for suspension insulators 


the 100-per-cent value is 400 pounds, and 
this change is effected in 0.1 minute. 


The expectation is, then, that, had a load. 


of 20,000 pounds been applied instantane- 
ously and without shock to this particular 
specimen, failure would have taken place 
in 0,1 minute. 

In Figure 9, a 100-per-cent change in 


the rate of load application produced a ° 


shift in the distribution pattern of only 


Figure 11. Model 
of Figure 10 
Showing: 


A—the three-dimen- 
sional nature of en- 
durance strength 
B—The ~ elongated 
distribution parallel 
to the time axis asso- 
ciated with a specific 
value of test load 
C—The influence of 
width of the dis- 
tribution pattern in 
determining endur-. 
ance time 
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1.5 per cent of the observed average ulti- 
mate strength. By changing the rates of 
load increase per minute according to 
some suitable exponential regression such 
-as 1,000, 100, 10, 1, 0.1, and by testing at 
each chosen rate a liberal sample of 
specimens from the same batch of prod- 
uct, a series of distributions is obtained 
with a three-dimensional relation: ob- 
served strength, frequency of occurrence, 
and loading rate or equivalent endurance 
time. This expands Figure 9 into the de- 
velopments shown in Figure 10. On 
Figure 10 the tabular values for 1938-42 
appear rational and significant; they are 
part of a very much-extended frequency 
distribution, the plane of which is parallel 
to the time axis. The model illustrated in 
Figure 11 shows what might be expected 
of a complete batch of product if it were 
subjected to a fixed load and this load 
maintained without change until every 
unit had failed. 

In concluding this effort at correlation 
it is interesting to compare original and 
final interpretations of the same set of 
data. Following a perfunctory study of 
the original endurance-test values, reason- 
able conclusions might be: 


1. That the product was extremely erratic. 


2. That with better endurance-test strength 
more consistent intervals to failure would be 
obtained. 


After an analysis of Figures 9, 10, and 11, 
a very different set of conclusions is 
reached: 


1./ The endurance-test observations are 
consistent with the distribution pattern for 
ultimate tensile strength. 


2. A product with perfect endurance-test 
resistance, subjected to a continuing load of 
asize between the limits of its quick-strength 
pattern would have 


(a). Immediate failures of minimum strength speci- 
mens. 2 


(b). Indefinite endurance of maximum-strength 
specimens. 


8. Time—load sensitive materials such as 
lead would show consistent intervals to 
failure because of increased angularity be- 
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Winding-Fault Detection and Location 
by Surge-Comparison Testing 


G. L. MOSES 


MEMBER AIEE 


Synopsis: Surge-comparison methods of 
testing insulation were investigated with the 
objective of locating as well as detecting 
faults. Experience of other investigators 
was confirmed and limitations of methods 
and equipment studied. Supplementary 
methods and equipment were devised to 
extend the field of usefulness of this basic 
type of tester, especially to the testing of 
very large machines with multiple-parallel 
windings. Apparatus studied included a-c 
motors from fractional-horsepower single- 
phase to very large three-phase types; a 
large variety of d-c armatures; and numer- 
ous armature, stator, and magnet coils. 
This surge-comparison tester has proved to 
be suitable for use by electrical manufac- 
turers and by service and repair shops, as it 
can be used for testing most common types 
of electric windings. 


URGE-COMPARISON testing of elec- 

tric windings is a new and very useful 
tool for detecting and locating insulation 
faults. Foust and Rohats! are to be com- 
mended for their great contribution to the 
art. The surge-comparison principle in 
combination with the cathode-ray oscillo- 
scope opens the way to numerous possi- 
bilities for improving insulation testing 
equipment and technique. The applica- 
tion of a known and controlled voltage 
surge with visual comparison of the wave 
shape makes it possible to study insula- 


- tion faults as well as to detect them. 


The work reported by Foust and 
Rohats! was confined to testing of three- 
phase windings. The authors have ex- 
tended the field of usefulness of the surge- 
comparison tester, applying it in its origi- 
nal form and with important modifica- 
tions to numerous other types of appara- 
tus. Other apparatus studied included 
d-c armatures, fractional-horsepower 
single-phase stators, and large three- 
phase stators. Means for fault location 
were developed to supplement the original 


EARL F. HARTER 


ASSOCIATE AIEE 


scheme which included only fault detec- 
tion. Voltage distribution was studied on 
several types of apparatus. 


Description of Test Equipment 


The surge-comparison tester is an elec- 
tronic device designed for two functions: 


1. To apply a voltage stress on turn-to- 
turn, phase-to-phase, and winding-to-ground 
insulation in coils and wound apparatus. 

2. To detect grounded or short-circuited 
turns in the windings under test. 


The turn and phase insulation is stressed 
by the application of a repetitive surge 
voltage to the winding terminals. The 
surge is produced by a charged capacitor, 
and a high rate of voltage rise is obtained. 
Because of this high rate of rise, a rela- 
tively high test voltage can be applied to 
most types of windings and coils. The 
detection of faults is accomplished by 
means of a cathode-ray oscilloscope on 
which is impressed the surge voltage 
across each part or half of the winding 
alternately. Two standing waves thus 
appear simultaneously on the oscillo- 
graph screen (screen persistence retains 
the traces between alternate cycles). A 
divergence or difference in these two 
waves reveals a dissymmetry in the wind- 
ing which generally indicates the presence 
of a fault. The alternate appearance of 
the two waves is brought about by a syn- 
chronous reversing switch which inter- 
changes the surge and ground connections 


Paper 45-94, reconimended by the AIEE committee 
on electric machinery for publication in AIEE 
"TRANSACTIONS. Manuscript submitted November 
15, 1944; made available for printing March 12, 
1945. 


G. L. Moses is. section engineer, development 
insulation section, and Eart F, Harter is insula- 
tion-development engineer, both of the transporta- 
tion and generator division of Westinghouse Elec- 
tric and Manufacturing Company, East Pitts- 
burgh, Pa. 


tween the central plane of the time—fre- 
quency-strength solid and the time axis. 


4. Statistical methods aid in building a 
performance structure from which modest 
extrapolations can be made. 
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repeatedly. The two detection voltages 
also may be obtained from exploring coils 
or other devices close to the winding 
under test. The applied surge voltage 
may be varied from zero to maximum as 
readily as the voltage of the ordinary 60- 
cycle test box. No other circuit constants 
can be conveniently changed. 


Test Methods 


The surge tester used by previous in- 
vestigators was designed primarily for 
testing small three-phase induction mo- 
tors. Three output terminals were pro- 
vided for connection to the three termi- 
nals of the test motor. The surge and the 
oscilloscope could be connected to any 
combination of the three motor terminals 
by means of a manual transfer switch 
built into the tester as shown in the dia- 
gram of Figure 1A. Nearly all small 
three-phase motors can be tested for 
weak insulation and faults in the manner 
illustrated by this diagram. 

Individual coils, single-phase motors, or 
other pieces having no inherent three- 
phase symmetry may be tested in pairs as 
shown in Figure 1B. Here one coil or 
winding of a type is used as a standard for 
comparison testing of other similar pieces. 
This method was applied to all coils and 
miscellaneous windings tested. A com- 
parison method also was found useful in 
d-c armature testing. The surge was ap- 
plied to the commutator at points one 
brush span apart with a third contact 
midway between to form the mid-point 
for the two-winding comparison scheme. 
Figure 1C illustrates this simple adapta- 
tion. 

Variations from the connection ar- 
rangements of Figure 1A and 1B were 


made for certain tests and will be de: 


scribed in.a discussion of the results. The 
surge test voltage used was generally 
made equal to the peak of the specified 
rms high-frequency test? voltage. 

Cores or frames of all apparatus tested 
were always grounded during test for sev- 


t 


eral reasons: to increase the operator’s | 
safety, to keep the voltage from conduc- _ 


tors to iron at a known value, and to elimi- 
nate the effects of minor variations in 
capacitive couplings. 
frame also was always connected to a 
ground. 


Results of Tests 


The , surge-tester 


The application of the surge tester and — 


the results obtained will be described 


briefly for each type of apparatus tested. — 


ARMATURE AND STATOR COILS 


Coils of various sizes from three-turn 


. 


coils 16 inches long to ten-turn coils 36 _ 


inches long were tested as in Figure 1B. 
Faulty insulation and short-circuited 


turns were readily detectable in most 


coils. Examples are shown by the de- 


lineation, Figure 2A, of the oscilloscope- 
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ONE BRUSH SPAN 


ARMATURE 


voltage traces of two ten-turn synchro- 
nous-motor coils. Corona or arcing present 
in some coils could be detected readily and 
the voltage at which it started deter- 
mined. Burning or heating of faults in 
coils usually was not great enough to 
facilitate exact location of the faults. 
This was due to the fact that the average 
power output of the surge generator is 


Figure 2. Short-circuited turn detection in 
stator and field coils 


A. Ten-turn stator coils 


B. 477-turn field coils. (No iron present) 
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TRANSFORMER 
D. Armature bar-to-bar test 
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E. Exploring-coil testing 


Figure 1. Circuits used in testing 


necessarily low because of the short dura- 
tion of the impulses. ‘ 


FIELD COILS 


Many types of field coils were tested 
using the connection of Figure 1B. Ex- 
cellent detection of one short-circuited 
turn was obtained with coils having 
either air or iron cores. Slightly better re- 
sults were obtained with the types having 
the iron pole in place, but as shown by 
Figure 2B, detection of a short-circuited 
turn in a 477-turn air-core coil was very 
satisfactory. 


ARMATURE 


Numerous types of railway and d-c 
generator armatures were tested. Dead 
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grounds and short circuits were detected 
very satisfactorily using the comparison 
connection, Figure 1C. A typical ex- 
ample is Figure 3A which shows clearly 
the visual evidence of a dead short- 
circuited coil midway between the surge 
and oscillograph contacts on the commu- 
tator of Figure 1C. Armatures lying on 
the floor were tested by this method by 
use of a portable contact arm. Insulation 
could be tested completely by moving the 
contacts once around the commutator. 
Movement through one brush span served 
to detect faults as a preliminary test. 

The comparison method. was found in- 
adequate for locating a short circuit or 
ground in cross-connected or wave-wound 
armatures. To overcome this difficulty, 
the bar-to-bar voltage-measuring circuit 
of Figure 1D was devised from equipment 
used with the high-frequency test.? With | 
this arrangement, dead short-circuited or 
grounded coils were located exactly and 
quickly in any of the armature types 
tested. Arcing or intermittent short cir- 
cuits were detected easily by either 
method, but too few examples of this type 
of fault were found to permit develop- 
ment of a satisfactory means of locating 
them.. 


SINGLE-PHASE MOoTorRS 


The testing of fractional-horsepower 
single-phase motors was accomplished by 


Figure 3. Short-circuited turn detection in a 
large d-c armature and in an a-c generator 


A. Large d-c motor armature 
B. Large a-c-generator_ 


- ARABTURE With 
NM Fur 


ARMATURE WITH ove 
SHeRTBO Cop: ; 


AG. GENERATOR 
“NO FAULT 


AC, GENERATOR WITH ONE 
SHORTEO TURN IN COL 4; PU 4 & 


ELECTRICAL ENGINEERING _ 


» «4 


ae 


ka 
. 


- 


- 


at 


Figure 4. Tests on large synchronous motors 


Comparison of detection of a single-turn 

short circuit in a winding having 12 parallel 

conductors per phase when tested by the 

two methods: simple phase comparison and 
exploring-coil comparison 

A. Three-phase comparison test 

B. Single-phase test using exploring coils 


comparison either of two similar motors or 
of the two halves of a single winding. 
Both of these variations in the comparison 
technique yielded satisfactory results in 
the detection of short-circuited or 
grounded coils. One short-circuited turn 
in as many as 1,000 total turns was easily 
noticed. . 


THREE-PHASE MACHINES 


Three-phase motors and generators of 
various sizes were tested with a surge- 
comparison tester. The simple phase-to- 
phase testing method, Figure 1A, per- 
mitted unmistakable detection of short- 
circuited or grounded coils in all windings 
of relatively few parallel circuits. Figure 
3B illustrates the detection of a single- 
turn short-circuit in a large three-phase 


- winding of 21 turns per phase. Detection 


of one-turn short circuits also was satis- 
factory in smaller motors having as many 
as 600 series turns per phase. - 


In windings with many parallel circuits, 


detection as well as location of a short- 
circuited turn or coil was found impossible 


with the simple conventional circuit of — 


Figure 1A. This condition is illustrated 
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by Figure 4A, which gives the result of a_ 


test on a very large synchronous motor 
which had 12 parallel circuits per phase, 
each consisting of eight ten-turn coils. 
Short-circuiting out one turn in phase 
T1-T4 of this winding made a nearly im- 
perceptible difference in the voltage traces 
which actually made the winding look 
better than it did with no short circuit. 
Furthermore, inherent winding dissym- 
metries in these large motors caused oscil- 
lograph trace differences which added to 
the uncertainty. A close inspection of 
Figure 4A reveals the fact that the trace 
differences present in the unfaulted wind- 
ing are greater than those caused by a 
short-circuited-turn. 

Because-of these difficulties, the prob- 
lem of detecting and locating faults in the 
windings of large three-phase machines 
with this tester was attacked first by using 
the simple comparison scheme of Figure 1B 
to compare the separate parallel cir- 
cuits before connection to the paralleling 
rings. This method generally was satis- 
factory and made detection of a coil hav- 
ing a single short-circuited turn easily 
possible. Testing of the winding after 
completion also was desired, however, and 
the circuit and auxiliary equipment of 
Figure 1E ultimately were devised. With 
this method a unidirectional repeating 
surge voltage is applied to a terminal of 
one phase of the winding to stress the turn 
insulation and break down any weak 
places; the other terminal is grounded. 
While one phase at a time is thus placed 
under test, two identical exploring coils 
are moved by hand around one revolution 
in the bore of the machine. These coils 
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Figure 5. Exploring-coil voltage traces dur- 
ing test on large synchronous motor 


One exploring coil over first the upper and 
then the lower side of a faulted coil in a 
- winding with 12 parallel conductors 


are attached to the ends of an adjustable 
arm and so spaced as to be located over 
two winding coils that lie in identical elec- 
trical positions but in adjacent parallel 
circuits of the phase being tested. Since 
the two coils in the winding must react 
alike to the surge voltage if no fault is 
present, their emitted flux induces identi- 
cal voltages in the two exploring coils. 
The induced voltages are compared by 
means of the oscillograph and synchro- 
nous reversing switch in a manner similar 
to that of the comparison connection of 
Figure 1B. A fault in either winding coil 
will cause a reduction in its flux, andhence | 
a difference will appear in the oscillograph 
traces. By virtue of the complete revolu- 
tion of the exploring coils, every coil in the 
phase will be compared with two other. 
coils. The effect of a short-circuited turn 
in a winding coil under one of the explor- 
ing coils is illustrated by Figure 4B. The 


exploring coils used were wound on C- 


shaped iron cores. In Figure 5, a com- 
plete set of traces is shown for the explor- 
ing coils located over upper and lower 


sides of the faulted coil both with and — . 


without the fault of one short-circuited 
turn. The surge applied to the winding is 
included at the bottom of the page. This” 
trace shows the extremely high rate of 
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voltage rise across the winding (0.3 micro- 
second to crest). 

Ground faults in any device could be 
detected unmistakably with the original 
tester circuit and equipment, but the loca- 
tion of grounds inlarge motors and genera- 
tors required the use of the exploring 
coils and the new circuit in the manner 
just described. With the exploring coils, 
the location of a ground in any group of 
series coils could be narrowed down 
quickly to two adjacent coils. This loca- 
tion of the approximate position of the 
ground was based upon the fact that coils 
from the surge application terminal to the 
ground will induce voltages above normal, 
whereas those from the grounded coil to 
the grounded terminal will induce volt- 

-ages far below normal. The exact. coil 

_ then was found by opening the winding 
_ between the two coils in question and re- 
applying the surge and exploring coils. 
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ing the possible effect of varia- 
tions in varnish treatment on 
surge voltages 


Railway-motor field coils. 

Coils 8 and 9 were varnish- 

impregnated; the standard coil 
was left untreated 


The connection opened always was one of 
the two which later would necessarily be 
broken to remove the grounded coil. 


MAGNET COoILs 


Tests were made on air-core magnet 
coils using the two-coil comparison con- 
nection, Figure 1B. One short-circuited 
turn in as many as 4,000 was readily de- 
tected. The maximum number of turns 
in which one short-circuited turn could be 
detected was not determined exactly, as it 
depends somewhat on the size and shape 
of the coil, but the limit appeared to be 
about 10,000 turns. Above 10,000 turns 
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Figure 9. Surge-voltage distribution in four 
types of coils 


Curve 1. Large d-c armature 

Curve 2. 1,100-turn autotransformer—surge 
to inner lead 

Curve 3. 1,100-turn Sbirarsonmes-ssurge 
to outer lead 

Curve 4. 35,000-turn magnet coil—surge to 


inner lead 


Figure 6. Oscillograms show- 


‘Curve 5. 35,000-turn magnet coil—surge to 


outer lead 
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Figure 10. Average volts per turn in an 
autotransformer calculated from measurements 
obtained as in Figure 8 


only a short circuit of several turns or 
more could be detected satisfactorily. The 
application of an appreciable turn-to-turn 
voltage stress was possible only in coils 
which had relatively few turns because of 
the practical limit to the available test 
voltage. Another and possibly more im- 
portant obstacle to high turn-to-turn volt- 
ages in magnet coils is the fact that most 
coils are not provided with terminals and 
leads capable of withstanding the high 
total voltage which would be required. 


General Observations 


Winding dissymmetries may cause dif- 
ferences in the voltage traces of two sup- 
posedly identical coils or windings even 
though no faults exist. This was ob- 
served often during tests on the apparatus 
described in this paper. Examples are the 
traces of Figures 2B and4A. Many wind- 
ings and coils seemingly have inherent dis- 
symmetries caused by differences in their 
varnish treatment, amount of fill, moist- 
ure present in the winding, or unknown 
causes. An extreme example of this is 
illustrated by tests on three main field 
coils for a railway motor, Figure 6. Coils 
8 and 9 both were impregnated in black 
solventless varnish and dipped in Thermo- 
set varnish. The only difference in these 
two coils was in the resin treatment on the 


glass turn insulation. The standard coil 


was untreated and had mica-tape turn in- 
sulation. It may be seen that the voltage 


_traces of the two treated coils have a 


superimposed oscillation caused by the 
‘presence of the resins (which increase the 
distributed capacity). 


to a difference either in the two resins or 
in the degrees of penetration into the coils. 
These effects of winding dissymmetries 
sometimes have caused uncertainty as to 


whether a fault was or was not present in 
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The two treated — 
coils, furthermore, are not identical owing 


the device under test. Nearly all ex- 
amples of this uncertainty, however, were 
readily eliminated in a practical manner 
by placing the minimum possible fault, 
usually one short-circuited turn, in the 
winding and observing the effect. One 
short-circuited turn usually produced the 
greater and more unmistakable effect in 
most types of armature, field, and magnet 
coils, and in small machines with few 
parallel circuits. The inherent dissym- 
metries of large multiparallel windings, as 
previously discussed, rendered detection 
of short-circuited turns by the simple 


comparison scheme impossible. 


Distribution of voltage magnitude 
across the winding turns of several repre- 
sentative pieces of apparatus was deter- 
mined. This was first done by using the 
oscillograph in the tester simply to meas- 
ure voltage from the grounded terminal 
of a winding to taps through the winding. 
Peak voltages only were recorded, and, as 
these occurred at nearly the same time 
after application of the surge, time differ- 
ences were neglected. The method is 
illustrated by Figure 7. Data obtained in 
this manner yielded the curves of Figure 
9. Additional measurements using a re- 
vised circuit, Figure 8, then were made on 
the autotransformer of curves 2 and 3 of 
Figure 9. The actual voltages between 
taps of the transformer were measured 
and the average volts per turn calculated. 
These data are plotted in Figure 10. 
Since this shell-type transformer had been 
chosen for its extremely nonuniformly 
distributed capacitance and inductance, 
its surge voltage distribution curves reveal 
approximately the worst condition that is 
likely to be present in any type of winding 
during this surge test. This uneven dis- 


tribution, of course, could be improved by 
minor test-circuit revisions to reduce the 


Figure 11. Comparison surge tester in use on 
large stator winding with many parallel circuits 


steepness of the surge-voltage wave front.® 
The wave applied to this transformer had 
a time to crest of about 0.2 microsecond. 
The surge-comparison tester thus has 
been tried on numerous samples of all 
common types of coils and windings. In 
general, it was found to be a satisfactory 
test for many insulation-testing applica- 
tions. The use of the cathode-ray oscillo- 
scope for detection of faults permits accu- 
rate measurement of voltage when desired, 
gives the operator a view of the manner in 
which the winding is being tested, and, 
furthermore, reveals any arcing, corona, 
or other unusual phenomena occurring in 
the winding. The oscilloscope, however, 
does not provide a definite quantitative 
distinction between faulted or unfaulted 
windings. The interpretation of the oscil- 
loscope evidence, however, could become 


easy and positive with experience on any — 


particular application. 

The problem of fault detection and Icca- 
tion has been largely restricted in this 
paper to faults involving short-circuited 
turns or coils. Ground-fault detection 
was found easy and distinct in all wind- 
ings so that no refined technique was nec- 
essary. In fact, any ground fault found in 
a winding during test had to be cleared up 
before other faults could be detected as its 
effect was to upset completely the sym- 
metry of the winding. The location of 
grounds was attempted only on arma- 
tures and large three-phase machines, 
both of which have been discussed. 

No circuit constants of this type of 
tester need be varied by the operator ex- 
cept the test voltage, which is set by turn- 
ing a tap switch or a calibrated dial. The 
wave shape is fixed by the tester circuit 
components in conjunction with those of 
the winding on test. The connections for 
testing are simple and nearly the same for 
most types of apparatus. 


Conclusions 


r 
The surge-comparison insulation tester 
is a highly versatile tool which, with 
further development, could be applied to 
many insulation testing problems. It 
possesses the following desirable or ad- 
vantageous features: 


1. The test voltage may be readily preset 
to any desired value which will not vary dur- 
ing the testing except with the line-voltage 
changes. The test voltage may not always 
be the same for different sizes of windings, 
however, because of the voltage drop in the 
protective resistor which becomes appreci- 
able if the device under test has a relatively 
low surge impedance. 


2. Control of the machine is simple and 
easy. Only the voltage requires setting by 
the operator, in addition to the usual control 
knobs for the oscilloscope. — 
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3. Setting up for test usually is reduced to 
mere connection of three leads. No auxiliary 
equipment is needed for most testing, and 
testing instructions are simplified. 


4. The surge tester is flexible; large gen- 
erators or small magnet coils may be tested 
with no change in circuit constants or con- 
nections, except for the testing of windings 
with many parallel circuits. 


5. The cathode-ray oscilloscope gives the 
operator a constant view of his test voltage 
and its effect on the winding. Arcing and 
corona can be detected along with steady- 
state faults. The oscilloscope also may be 
used to measure voltage to ground at any 
point. 


6. The voltage stress applied to ground in- 
sulation is kept to a limited and known 
value, because cores and frames can be 
grounded. Personal safety also is increased 
by having all parts of a machine except con- 
ductors at ground potential. 


7. The surge voltage applied has a wave 
front at least as steep as the wave fronts of 
most switching and lightning surges which 
are the sources of dangerous overpotentials 
in service. | 


8. The tester can be built as a relatively 
compact and lightweight unit which can be 
moved about easily for testing in numerous 
locations. 


9. D-c armatures may be given an insula- 
tion and fault-detection test while lying on 
the floor or in winding frames and need not 
be placed in a special testing lathe as is now 
necessary with some conventional methods. 


10. Photographic records may be easily 
made of any test to show unusual results ob- 
tained or for future comparison with other 
tests. 


11. Grounded coils in large a-c machines — 


can be located without the puncturing of © 


insulation with probes or the unnecessary 
breaking of connections. 
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Precision Testing of Electric Tachometers 
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Synopsis: The magnetic-drag electric ta- 
chometer which was developed especially for 
the measurement of aircraft-engine speed is 
inherently a more precise measuring device 
than those instruments which normally have 
been used as reference standards of speed 
measurement. This paper describes an 
electric-tachometer testing system which 
meets the requirements of high accuracy and 
is also suitable for large-quantity manufac- 
ture of tachometers. The system provides 
facilities for testing at 22 scale points in a 
range of speeds from 500 to 4,500 indicated 
rpm without referring to a standard instru- 
ment. The power to drive the tachometers 
being tested is supplied from tachometer 
generators which are driven by a d-c motor 
controlled by a precision tuning fork. The 
method of operation and the control system 
are explained. 


MONG the outstanding aircraft 
instruments developed to meet the 
urgent needs of the armed forces is the 
magnetic-drag electric tachometer.!” 
This tachometer consists of an indicator, 
Figure 1A, and a three-phase synchronous 
generator, Figure 2. The indicator is 
mounted on the instrument panel, and the 
generator is coupled directly to the 
aircraft engine. The generator voltage, 
of frequency proportional to engine speed, 
operates a synchronous motor in the 
indicator. The disassembly view in 
Figure 1B shows the magnet assembly 
which is rotated by the motor. The 
magnet assembly is arranged so that an 
aluminum-alloy disk fastened to a shaft 
and pointer assembly and supported in 
independent bearings is displaced by 
electromagnetic torque against a spring- 
restoring torque. A pointer deflection 
thus is produced which is proportional to 
the speed of the rotating magnets or to 
the frequency of the generator output, 
and therefore to engine speed. As the 
indicator is a frequency-sensitive device, 
variations in magnitude of the generator 
output voltage do not influence the 
accuracy. é 
The inherent accuracy of the tachome- 
ter indicator and high-quantity pro- 
duction required that special test equip- 
ment for checking calibration be de- 
veloped. Early methods of testing ta- 


“ chometer indicators were accomplished 
by manual control of the speed of a d-c 
motor driving the transmitting element 


of the tachometer being tested and by 
comparison with a reference standard. 


Paper 45-100, recommended by the AIEE com- 


mittee on instrumeats and measurements for 


publication in AIEE Transactions. Manuscript 
submitted December 7, 1944; made available for 
printing March 20, 1945. 
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Figure 1C (right). 


For each calibration point to be tested, 
the correct motor speed was adjusted 
manually according to the indication of 
the reference standard, and then the 
indication of the instrument being tested 
was observed. When a large number of 
scale points were to be checked, this pro- 
cedure became lengthy and susceptible 
to the hazards of serious personal errors. 
Even more important, however, was the 
fact that the available standard ta- 
chometers, even those of the liquid type, 
were accurate to only +0.2 per cent of 
full-scale calibration. These were not 
satisfactory for testing the aircraft ta- 
chometer, because the required accuracy 


1A. The 


magnetic-drag _ electric 


Figure 
tachometer indicator 


Figure 1B (above). 
Disassembly view of 
tachometer indicator 
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of calibration as shown in Figure 1C is 
of the same order of magnitude. 

When performed by the early methods 
of .point-for-point comparison with a 
reference standard, testing is both slow 
and inaccurate. The well-known synchro- 
nizing-fork type of equipment, though 
accurate to +0.1 per cent, is not adapt- 
able to high-production testing. A tuning 
fork in this equipment provides means 
for manually synchronizing the speed 
of a d-c machine to which is coupled a 
tachometer generator through a step- 
ratio gear train providing a large number 
of test points. 

The development of high-precision 
standards of frequency measurement?’ 
and automatic speed control has made 
the means available for vast improve- 
ment over old methods of tachometer 
testing. Described in this paper is a ta- 
chometer testing system which meets the 
requirements set by high-production 
rates and high accuracy. 


Test Requirements 


All of the testing-operations require 
that voltage of a correct frequency corre- 
sponding to the desired scale point be 
applied to the indicator. These operations 
include: adjustment of bearings and 
adjustment of the full-scale point by 
reducing the magnetic strength of the 
rotating drag magnets. The. entire 
calibration through 22 scale values then 
is checked both for increasing and de- 
creasing frequency as well as for various 
angular positions of the imstrument. 

The most desirable method of per- 
forming the testing operations is to have 
available for immediate selection a series 
of voltage sources of the correct fre- 
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on the tachometer indicator. 
z Dy d-c motor, and pilot generator all are 
_ connected ‘to a _ common Be shaft © 


Figure 2. Tachometer generator which fur- 
nishes three-phase power to the indicator 


quencies corresponding to the desired 
scale points. The indicator then can be 
correctly energized and the adjustments 
made without reference to a standard. 
The success of this method requires that 
each frequency corresponding to a scale 
point on the indicator be extremely ac- 
curate. An allowable error one-tenth 
that required of the tachometer-indicator 
calibration would be acceptable, although 
a higher accuracy, of course, is desirable. 


Techniques of frequency measurement 
using piezoelectric crystals and precision 
tuning forks maintained at constant tem- 
perature have been developed to a high 
degree. It is now possible to measure 
frequency over a wide range to a pre- 
cision of only one part in 10,000,000. By 
incorporating automatic control with the 
synchronizing-fork method of tachometer 
testing and utilizing these new techniques 
of frequency measurement, it has been 
possible to obtain testing equipment hav- 
ing an over-all precision of better than 
+().01 per cent. 


Test Equipment 


The line diagram, Figure 3A, shows 
the arrangement of the components in 
this equipment. The. principal com- 
ponents are: ¢ 


. Test stand. ; ° ! 

. Gearbox and tachometer generators. 
D-c motor. A 
Pilot generator. 

' Motor fieldcontrol. } 


60-cycle frequency standard. 


. 
y 


Oscilloscope monitor. 


60-cycle laboratory standard of fre- 


‘quency, using a piezoelectric petal 


The gearbox, Figure 3B, drives a group 
of tachometer generators which supply 
voltage for testing at 22 different fre- 
quencies corresponding to the scale points 
Gearbox, 


one-to-one multiplier designated in the 
diagram as a gear shift. This unit extends 
the usefulness of the equipment to more 
than one instrument scale range. Speed 
of the drive shaft is maintained constant 
by control of motor field current by the 
field-control unit as determined by the 
deviation in frequency between the pilot- 
generator voltage and the reference signal 
from the tuning-fork standard. The 
pilot generator is a four-pole 60-cycle 
alternator, and the tuning-fork standard 
provides the 60-cycle reference signal. 
Continuous indication of the speed of the 
main drive shaft is obtained by comparing 
the frequency of the pilot-generator 
voltage with a voltage from the laboratory 
standard of frequency on a cathode-ray 
oscilloscope. 

Terminating in a convenient test stand, 
Figure 4, are the voltage circuits from 
the group of tachometer generators. 
Through a series of interlocked push 


Figure 3A. Line diagram of complete 


tachometer testing system 
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Figure 3B (below). 


buttons, the tachometer being tested 
may be connected to the desired generator 
and thereby become energized at the pre- 
cise frequency corresponding to the par- 
ticular scale point. 
dard tachometer is unnecessary as volt- 
ages for the scale range from 500 to 4,500 
indicated rpm in the 22 specified steps 
are selected. The testing operation thus 
is so materially simplified that it can be 
accomplished in a few minutes by a 
relatively unskilled operator. When per- 
formed by a skilled operator, according 
to the early methods of testing, the 
operation required from 20 minutes to 
one-half hour. Moreover, the test stand 
is equipped with a knock-down coil 
necessary for the adjustment of the full 
scale point. This coil is conveniently 
arranged so that the magnetic strength 
of the indicator drag magnets may readily 
be reduced while the instrument is 
mounted in the test stand. 

The equipment was designed to provide 
for four of the test stands shown in 
Figure 4. Additional facilities were added 
by the use of three-phase power amplifiers. 
OSCILLOSCOPE 
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Figure 4. Test stand for calibrating tachome- 
ter indicators 


Through selector switches the amplifier 
input is connected to the desired gen- 
erator, and the test stand operates iden- 
tically with those stands which are con- 
nected directly to the tachometer gen- 
erators. As shown in Figure 5, the system 
provides testing facility for a large 
number of testing stands to be operated 
simultaneously. Since the amplifiers draw 
no additional load from the generators, 
the testing facilities can be extended to 
meet any desired requirement of increased 


_ production. Smaller.generators, such as 


magnetized gears or tone wheels, also 
may be used to furnish the range of 
frequencies desired if their output is 
supplied only to the amplifiers. 

A modified testing system using small 
generators and one amplifier with the 


: associated frequency standard and con- 


trolled-speed motor might be applicable 
in field testing of tachometer- indicators. 


a ‘An even simpler arrangement for field 


testing might be developed by the use of 
an oscilloscope and frequency standard 
but with manual control of the d-c motor. 
The use of the tuning-fork frequency 


Ni 
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Figure 5. Field-current control panel 


standard thus can be utilized to provide 
the advantage of high precision in field 
testing as well as in high production. 


Motor Speed Control 


Speed control of the d-c motor is 
obtained by means of a thyratron field 
control shown in Figure 5 and a precision 
tuning fork in Figure 6. This system 
of motor speed control was developed 
originally for turbine-governor applica- 
tion® where large power variations exist. 
As a precise tachometer testing system, 
it is subject to the same variables as well 
as variations in line voltage. But the 
magnitude of the variations is small and 
controllable. 

The control circuit in Figure 7A shows 
the motor field windings connected in 
two arms of a bridge of which the other 
two arms are equal fixed resistors. Main 
field current I,, is supplied to the field 
windings from the d-c line through two 
terminals. of the bridge circuit, while the 
control current, J,, is applied through 


the thyratron tube to the other two 


bridge terminals. The current, J,, flows 
in a direction to oppose J;; hence, the 
net current to the generator field is equal 


. “ Wyeh ts) . 
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to Jy minus the average value of J,. 
Any tendency for the motor to change 
speed is opposed by a restoring torque 
produced by a change in J,, and conse- 
quently in the net field current. 

The magnitude of J, is controlled by 
the phase relation between the voltage 
E, applied to the thyratron control grid 
and the plate voltage E. The voltage 


7 


Figure 6. Precision tuning-fork frequency 
standard at re 


. 


~ is obtained through transformer 7, 
from the single-phase pilot generator 
which is connected directly to the d-c 
motor and gearbox drive shaft. The 
frequency of its voltage is proportional 
to the shaft speed. The voltage, E,, is 
the vector sum of a standard voltage, 
H, obtained from a tuning-fork standard 
oscillator shown in Figure 6 and a voltage 
Es from the pilot generator. Through 
the phasing network in Figure 7A, the 
voltage E; from T» is brought in phase 
quadrature with the plate voltage E. 

Plate- and grid-circuit relations are 
best described by referring to Figure 7B. 
As both # and &, are supplied from the 
pilot generator, small changes in motor 
speed will not alter their phase relation. 
However, small changes in motor speed 
will be followed by a phase displacement 
between £ and the tuning-fork, voltage 
E;. Thus, as the motor speed tends to 
increase, the resultant grid voltage be- 
comes displaced in phase in the direction 
of the upper arrow in Figure 7B. A 
shift in phase in this direction causes a 
decrease in the average value of J,, As 
I, flows in a direction to oppose the main 
field current, J;, a net increase in motor 
field strength results, and the tendency 
for the motor speed to increase is opposed. 
The opposite action takes place when the 
motor speed tends to decrease. The dis- 
placement of the grid voltage E, is now 
indicated by the direction of the lower 
arrow in Figure 7B. The resulting 
increase in the average value of J, causes 
the motor field strength to decrease, thus 
opposing the tendency of the motor speed 
to decrease. 


Accuracy of Calibrating System 


The factors which affect the per- 
formance of the speed control are: 


Tuning-fork error. 
Temperature variations. 
Load variations. 3 
Line-voltage variations. 
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The precision of the system is estab- 
lished principally by the magnitude of 
the frequency deviation of the tuning- 
fork oscillator. The tuning fork in this 
unit is maintained at constant tempera- 
ture, and its maximum frequency devia- 
tion does not exceed +0.003 per cent. 

Temperature, load, and line-voltage 
variations which operate to exceed the 
control range of the current J,, Figure 

7A, will cause the system to drop out of 
echt onion Figure 8A shows the range 
in control current for variations in line 
voltage while the load is constant. 
Figure 8B shows the control current 
range when the line voltage is held con- 
stant andthe load varied. Only tempera- 
ture variations caused by self-heating of 
the equipment cause the control range of 
I, to be exceeded, and for this condition 
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Figure 8A. Control-current range in terms 
of line-voltage variations for constant load 
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Figure 8B. .. Control-current range in terms of 
load variations for constant voltage 


Princi—Precision Testing 


Figure 9. Lissajous figure on oscilloscope 
screen 


a compensating adjustment of J; is made 
after stable thermal conditions have been 
established. Variations in load and line 
voltage which do not operate to exceed 
the control range of J, contribute to the 
over-all error of the system by introducing 
hunting. This is kept to a negligible 
value, largely because the line voltage is 
obtained from an independent supply 
having good regulation; and the inter- 
mittent loading of the tachometer gen- 
erators as tachometer indicators are 
alternately connected and disconnected 
is small. 

A detailed study of the conditions 
influencing hunting is beyond the scope 
of this paper. It is evident, however, 
that the time constant of the control 
system is dependent almost entirely upon 
the inductance in the d-c motor field. 
Consequently, it is necessary that load 
and line-voltage variations be small. 


The curves in Figure 8A and 8B indicate be 


acceptable limits of variations of these 


factors without causing appreciable hunt- ~ 


ing. By observing the precautions of 
small load changes and steady d-c line 


Figure 10. Group of tachometer-indicator ‘ 
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voltage the over-all accuracy of the 
system is within +0.01 per cent. 


Continuous Reference to 
Primary Standard 


Continuous check of the precision of 
the base speed and therefore to any one 
of the test points is obtained by reference 
to a standard signal from a piezoelectric 
crystal oscillator. A 60-kilocycle crystal 
and associated multivibrator stages are 
standardized daily with standard time 
signals from the Bureau of Standards 
radio station WWV. The precision of the 
60-cycle output of the oscillator is better 
than ten parts in 1,000,000. This signal 
is wired to the factory testing system and 
connected to the vertical plates of a 
cathode-ray oscilloscope located promi- 
nently in the testing area. Connected to 
the horizontal plates of the same oscillo- 
scope is the voltage output of the pilot 
generator in Figure 3A. Figure 9 shows 
the Lissajous figure formed by the two 
signals applied to the oscilloscope. The 
rate of displacement of an element of 
this figure is a measure of the deviation 
in frequency of the two applied signals. 
Displacement of one degree per second 
of a point on the image formed on the 
oscilloscope screen corresponds to the 
over-all error of 0.01 per cent and can be 
detected readily. 


Conclusion 


The convenience of operation and 
precision of the tachometer calibrating 
system as a factory testing device is 
apparent. Skill in accomplishing the 
tachometer calibrating operation is re- 
duced to a minimum and an operator can 
‘be trained in a matter of hours. The 
“testing time over early test methods 
has been reduced from one-half hour to 
a few minutes per instrument, thus 
making the large production require- 
ments possible with a minimum of in- 
crease in personnel. 

The use of such equipment because of 
its complexity and size is necessarily 
limited to use in high-production testing. 
Obviously, such a system is not adequate 
for field testing of electric tachometers. 
However, modifications in the applica- 
tions of the oscilloscope, d-c motor with 
manual speed control, and the standard- 


frequency oscillator, can be adapted for | 


small testing requirements. Such modi- 

fication would retain the advantages of 

precision over the conventional types of 
standards for the testing of tachometer 
- indicators. 


‘ ; / 
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A 400-Cycle Aircraft Motor 


G. O. SCHWANDT 


ASSOCIATE AIEE 


Synopsis: The ever-present need for lighter- 
weight and more compact aircraft electric 
motors is evident as any reduction in weight 
or space provides increased fuel, bomb, or 
pay-load capacity. Reliable 400-cycle mo- 
tors more compact and approximately 40- 
per-cent lighter than existing 24-volt d-c 
motors have been developed recently. 
Present trends indicate that these motors 
will be used extensively aboard the airplane 
of tomorrow. This paper describes some of 
the 400-cycle motors that have been de- 
veloped and discusses their requirements 
with the view of disseminating information 
so that others may better understand the 
motors and the performance to be expected 
from them. 


N THE PAST FEW YEARS consider- 

able thought has been given to pro- 
posed methods for reducing the weight of 
aircraft electric equipment below that 
possible from existing 24-volt electric sys- 
tems. The value of high frequency as one 
avenue through which this could be ac- 
complished was demonstrated by the 400- 
cycle.electric system aboard the B-19 air- 
plane built some time ago. This system 
functioned satisfactorily according to ex- 
pectations, but the lack of a suitable con- 
stant-speed drive for the alternators pre- 
vented its adoption for general use, par- 
ticularly on military airplanes, at that 
time. Subsequent months witnessed the 
inception of ideas for driving the alterna- 
tors at nearly constant speed from the air- 
plane engines. Practicability of these 
ideas and the need for electric power in ex- 
cess of that possible from existing systems 
brought about the selection of a 208/120- 
volt 400-cycle three-phase four-wire elec- 
tric system for several military airplanes 
under consideration. 


Paper 45-87, recommended by the AIEE committee 
on air transportation for publication in AIEE 
TRANSACTIONS. Manuscript submitted November 
22, 1944; made available for printing March 
8, 1945. d 

G. O. Scuwanpt is electrical engineer, fractional- 
horsepower-motor engineering division, General 
Electric Company, Fort Wayne, Ind. 


Heretofore knowledge of the electric 
motors developed for use on these and 
other airplanes has been confined, gen- 
erally, to the few intimately associated 
with their design. Much of the accumu- 
lated information pertaining to their de- 
sign and application may be useful, par- 
ticularly to aircraft electrical engineers or 
others who will apply the motors. There- 
fore, this paper was written, primarily 
from a design point of view, for the pur- 
pose of disseminating some of this infor- 
mation so that others may better under- 
stand the motors and the performance to 
be expected from them. It contains the 
following material: 


1. A summary of the motor requirements. 


2. The principles of operation compared 
briefly with those of 60-cycle commercial 
motors. i 


3. A comparison of characteristics with 
those of existing d-c aircraft motors. 


4. The design factors involved. 


5. A discussion of the motor characteristics 
related to loads encountered aboard aircraft 


6. Illustrations and characteristic curves 
representative of a line of motors that has 
been developed. 


7. Conclusions. 
Requirements 


The more important motor require- 
ments mutually agreed upon by the 
United States Army, Navy, Air Force 
Command, interested motor manufactur- 
ers, and representatives of the aircraft 
industry are summarized as follows: 


1. Dependable operation from —70 to 
+60 degrees centigrade according to Na- 
tional Aircraft Standards Committee charts 
at all altitudes to 40,000 feet and in all 
humidities existing within this altitude 
range. 

2. Reliable operation without overheating 
on frequencies ranging from 380 to 420 
cycles and voltages from 190 to 210 volts 
when running and from 180 to 210 volts 
when starting. 


ACTIONS, volume 63, 1944, September section, pages 
646-8. 


3. STANDARD FREQUENCY Sourcs, H. L.° Clark, - 


H. Johnston. General Electric Review, volume 47, 
May 1944, page 42. 


4. THEoRy or SerRvo-MecHanisms, H. L. Hazen. 
Journal, of the Franklin Institute, volume 218, 
number 3, September 1934, pages 279-331. 


5. Strroposcopic MgtTHop oF SPEED AND FRE- 
QuENCyY Measurement, G. E. Moore. The 
Engineer, February 1925. : 


6. United States patent 2,074,126, M. S. Mead, 
Jr. ’ 


7. A HicH-Precision STANDARD OF FREQUENCY, ? 
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W. A. Marrison. Proceedings of the Institute of 
Radio Engineers, July 1929. ? 


8. CALIBRATING TACHOMETERS Wirth THE OsciL- 
Loscorr, E. M. Glaser. Instruments, volume 14, 
October 1941. ; 


9. GENAUE FREQUENZ-Mgssunc, G. Keinauth. 
Archiv fiir Technisches Messen (Munich, Germany), 
volume 23, May 1933. 


10. CALIBRATION OF FREQUENCY Meters, S. C. 


Richardson. General Electric Review, volume 39, 


October 1936. f at 
11. A’ Ntw Type oF PRECISION FREQUENCY 


CHANGER FOR INSTRUMENT CALIBRATION, E. H.. 
Greibach. Electric Journal, volume 26, March’ 


1929. I 
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3. Ability to withstand shock and vibra- 
tion encountered aboard airplanes. 


4. High efficiency and power factor to per- 
mit minimum weight of associated electric 
equipment. 


5. Small size and light weight consistent 
with other requirements. 


6. A life of 500 hours without undue servic- 


ing on the specified duty cycle, preferably 
more. 


7. Simplified construction arranged for 
easy servicing. 

8. Intermittent-rated motors must oper- 
ate on a duty cycle of one minute on and 
20 minutes off. Their locked-rotor torque 
must be 3800 per cent of the rated torque on 
normal voltage and frequency and at 25 
degrees centigrade ambient temperature. 
The slip at rated torque must not exceed 
15 per cent of the synchronous speed. 


9. Continuous-rated motors must have 
200-per-cent breakdown torque and 160- 
per-cent locked-rotor torque, both in terms 
of rated torque on normal voltage and fre- 
quency and at 25 degrees centigrade ambi- 
ent temperature. 


Comparison With Other Motors 


These motors, most of which are three 
phase four wire, possess principles of opera- 
tion similar to those applicable to 60- 
cycle motors of the same type. Generally 
the same fundamental laws and formulas 
applicable to 60-cycle alternating motors 
are usable although instances occur where 
it is necessary to modify or extend associ- 
ated empirical data to embrace new con- 
ditions. 
motors chiefly as follows: 


iA; Higher operating speed. 


2. Smaller size and less weight for corre- 
sponding horsepower ratings. 


3. Better material utilization—electrically, 
mechanically and thermally—to obtain 
lighter weight without sacrificing reliability. 


4. Ability to operate over increased tem- 
perature, humidity, and altitude ranges. 


Their characteristics compared with 
those of existing 24-volt d-c aircraft 
motors, segregated according to merit, 
are listed in the following paragraphs. 


- DESIRABLE CHARACTERISTICS 


1. Lighter weight and smaller size for same 
output rating. 


2. Higher efficiency, generally. 
3. Simplicity of construction. 


4, Absence of commutators and brushes 
which are difficult to maintain, particularly 
at high altitude, and which may permit 
erratic motor operation because of their sus- 
ceptibility to external vibration. 


5. Higher operating voltage and lower cur- 
rents which permit a reduction in the weight 
of wiring and generating equipment. 


a 6. - Inherently longer life with less servicing. 


“7 Less speed variation over the normal 
load range, including that noe by normal 


They differ from the 60-cycle 


voltage and frequency variations. This does 
not apply if the speed of the direct motor is 
controlled by a speed regulator. 


8. Freedom from  explosion-producing 
properties such as sparking at brushes. 


9. Reduced voltage regeneration and hence 
less danger of damage to motor and system if 
direction of rotation is instantly reversed. 


10. Inherent regenerative 
overhauling loads. 


braking for 


11. Generally, a lower ratio of starting to 
running currents, a condition which makes 
it possible to simplify the design of associ- 
ated equipment. 


12. Easier to apply thermal overload pro- 
tection. 


13. Reduced rotor inertia—hence less 
braking required to stop motors in the same 
length of time. 


14. Reduced danger of damage or faulty 
operation from corrosion of vital parts. 


15. Moderate ratio of locked-rotor to 
running torque. D-c motors have locked- 
rotor torques up to about 1,000 per cent of 
their rated load torques. Continuous-rated 
a-c motors according to specifications have 
160-per-cent locked-rotor torques. Inter- 
mittent-rated 400-cycle motors according to 
specifications have 300-per-cent locked-rotor 
torques. 


16. Less filtering required to eliminate 
radio interference. 


UNDESIRABLE CHARACTERISTICS 


1. Locked-rotor and breakdown torque 
variations, catised by both voltage and fre- 
quency changes rather than voltage changes 
alone. 


2. Lack of speed control. 


Many engineers would list the moderate 
ratio of locked-rotor to running torque as 
an undesirable characteristic, as any in- 
crease in this torque is added assurance 
that the motors will start their loads. 
However, it must be remembered that 
generally increased locked-rotor torque is 
brought about by increased current which 
adds weight to*the motor and associated 
equipment« Furthermore, there is never 
a need for additional assurance if the 


motor is correctly applied on the basis of . 


starting as well as rated load conditions. 
It is better to use a larger motor to pro- 
vide additional starting torque should a 
specific application require it rather than 
add a weight penalty to the entire 
system by building additional torque in 
all motors. 


Basic Motor Constructions 
Involved 


Open 400-cycle motors are most satis- 
factory for the majority of applications. 


Normally, they do not possess explosion- 


producing characteristics and can be ven- 
tilated with less complication and without 
excessive weight increases. Gasoline- 


pump motors will require an explosion- 


resisting construction. Some of these will 
operate submerged with their windings, 
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Figure 1. 


Aircraft motor; 
horsepower, 10,800 rpm, 400 cycle, three 
phase 


three-quarter 


bearings, and other vital parts directly 
exposed to the gasoline. A few totally 
enclosed intermittent motors may be re- 
quired for engine nacelle or other loca- 
tions saturated with oils or dirt. 
Synchronous speeds of 24,000, 12,000, 
8,000, 6,000, 4,800, and 4,000 rpm are 
possible from 2-, 4-, 6-, 8-, 10-, and 12- 
pole windings, respectively. The four- 
pole motor will be used almost exclusively. 
Generally a lighter-weight power unit can 
be obtained by gearing down to the de- 
sired speed rather than increasing the 
number of poles. Nevertheless six- and 
eight-pole motors will have a limited use 
for driving loads such as centrifugal fans 
and gasoline pumps because of the noise 
and lubrication problems associated with: 
gears. Lighter-weight motors could be 
obtained by using two-pole windings, but 
the lack of suitable bearings capable of 
withstanding speed approaching 24,000 
rpm without freezing at low temperatures 
prevents using them at this time. 


Design Considerations 


In designing 400-cycle aircraft motors it 
is necessary to correlate functions of five 
different kinds of engineering: namely, 
electrical, mechanical, thermal, air-flow 
and lubrication. Individually, these - 
functions are complicated by the high- . 
speed operation, better material utiliza-— 
tion, and varying conditions in which the 
motors must operate. Correlation is par- 
ticularly difficult, as the interrelation is 
such that any one function may affect . 
any or all of the others. Usually the elec- 
trical studies are given first considera- 
tion, followed by fitting the other engi- 
neering factors around the basic electrical 
design. This is desirable, not because of 
a position of greater importance, but 


rather because the other functions to a_ 


large extent are determined by the elec- 
tric output and losses. 


ELECTRICAL DESIGN 


Usually, the electrical design can be 
determined best by calculating perform- 
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ance characteristics using several different 
rotor diameters, tooth widths, stacking 
lengths, and so on, for each _ stator- 
punching diameter contemplated. By so 
doing the less important factors such as 
different amounts of primary copper, Te- 
duced iron thickness, modified ratios of 
tooth to core section, which affect the 
characteristics appreciably, are given 
proper consideration. Also, this proce- 
dure permits making allowances for ther- 
mal-transfer surfaces and air-flow paths, 
both of which reduce the electric output. 
These are involved calculations beyond 
the scope of this paper. However, it is 
possible to predict with reasonable sim- 
plicity approximate characteristics to be 
expected by considering what happens 
when a 60-cycle motor is operated on 400 
cycles. The flux should be held at the 
design value, and if so maintained the 
applied voltage must be increased in the 
ratio of the frequency change. This is 
demonstrated by the commonly used flux 
formula: 


EX 108 


O= 5 22XfX WeX Cr 


where 


$= flux in lines per square inch 
E=applied voltage per phase 
f=applied frequency 
W; =the winding constant 
_C,=primary conductors per phase 


Raising the frequency causes the motor 
reactances to increase in proportion to the 
frequency change but does not affect the 


resistance values. Iron loss increases by 
an amount dependent upon the magnetic 
material used and the density at which it 
operates. Available data indicate that 
the increase is 12.5 times for high-grade 
silicon iron at a density of 95,000 lines per 
square inch. Windage losses vary as the 
cube of the speed. So-called stray losses 
resulting from tooth pulsations and simi- 
lar losses vary in different designs but 
usually are about five per cent of the cal- 
culated electric output. Friction losses 
are small and can be neglected without 
appreciably affecting the over-all results. 

Table I, column 1, contains design 
data and calculated characteristics for a 
typical 200-volt 60-cycle three-phase 
motor. Column 2 contains similar data 
for 400-cycle operation of the same motor. 
Column 3 contains similar 400-cycle 
data for the same motor with increased 
secondary resistance to obtain 160-per- 
cent starting torque. For the considera- 
tions tabulated in columns 1 and 2 rated 
load is arbitrarily placed at 50 per cent 
of the breakdown torque. For column 3 
rated load is established such that the 
slip at this point does not exceed ten per 
cent of the synchronous speed and such 
that the breakdown and starting torques 
are at least 200 and 160 per cent of the 
full-load torque, respectively. The slip 
would exceed ten per cent if rated load 
were placed at 50 per cent of the break- 
down torque. 

From these data it is noted that rated 
output increases 9.3-fold when the 60- 
cycle motor without modification is oper- 
ated on 400 cycles. The locked-rotor 
torque decreases to 23.5 per cent of the 


Table |. Design Data and Calculated Characteristics for Typical 200-Volt Three-Phase Motors 
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Column 
1 2 3 
Design Data 
Applied volts per phase... 1... 62+ - eset rere terete res DO), Oleksiy een THAW oR eines 6 4 770 
Applied frequency, cycles. ....-. 6.6 ss eee ee eee eres 60 OOS Morn tuoi srerve 400 
Primary resistance per phase, ohms........--++++++-+--> A Oh nace eis ahaa AEB pahte lene Meee 1.3 
Secondary resistance per phase, ohms........-- SEN DASA AMT TES res Ake ADE a RS 13.95 
_ Primary leakage reactance per phase, ohms.......+-.+++> DR Canes Me ne-0°5 1S trey sake esate 18 
Secondary leakage reactance per phase, ohms..........-. DU dirk hs DOs eis overs 18 
Magnetizing leakage reactance per phase, Oli ATs oth ess 90 LOO re ck nei. ee 600 
Iron loss, three-phase, watts. ........e+ ee esueer eee eees OOMre ekastce we 375 A an eo oo 375 
Windage loss, three-phase, at 1,800 rpm, watts........--. 5 ON ae er etenk EPA OOS eves es Dew 
Stray-loss factor....6.-- +. e sees cere rete eee eee 0.95 ONO Bi ac Sec ahs 0.95 
Calculated Characteristics 1 
Full-load output, watts.........-..0+ seers serene ee T1253 iets adr 1O;ASO Saas hee ee 8,200 
Full-load speed, rpm..... 02.0 000000seeeeneeeeeeeeeees 1 GAB Rhee ad he qi BGO sk cohen ted 10,850 
_Full-load slip, per cent of synchronous speed..........-- SG Lee ee as HOM rrite kote j 10 
Full-load efficiency, per cent.....-..-0- sees eee eens SL Oi areas VO elw acess te hayy 73.8 
Full-load power factor, per cent.......--+ +e ese eee eeeee SOM ek hi. elas ere toe ae 2 89.5 
Full-load torque, ounce-feet...... 56.00 cece ee eee ees TARA HR Rey. SPB Go) oie by eee 85.0 
Be iain ese cate Mire ean derkoe <-depida ty B6E* Una tha bpd Ao ea, 2,000: » 
; Full-load primary J?R loss, watts....-.-..+.+++s+eee005 Ono et ate. se 156 wt ; ; "105 
- Full-load secondary I a Piloas watts MieLentcccayo: Cone OF, eemencc oh et hens 119 3M ‘780 
Full-load iron loss, watts......... Be Ps Rh AT ys TTC IS SOM tae sce ie S76 Uh, as nee 875 
——,- Full-load windage loss, watts... 6620.6 ot eee et Be) RS abet at TeGOM, ear hhe 1,110 
Full-load stray loss, watts.............++-++ eis: Aces anal Tye etc eek che court 620 pb there "410 
_ 'Breakdown torque, per cent of Puibgload jee ceva sate iocks 200 200 =. : t ; : ; } ‘ : 231 
‘Locked-rotor torque, per cent of full load Sh ees oe. LOL oe nF oie, doce 23.5 161 
Pred copiupits Watts... feo eok cis wank sess AR RES 3,495 I ene eee 17,185 
Locked-rotor primary J?R loss, watts........ ee cee 1,335 S05 Oe Un aly 1,510 
_ Locked-rotor secondary I?R loss, watts..........+++.++- D1 SOie tea e040” Lee L.. 15,330 
Locked-rotor iron loss, watts.........-.+-..2+55- aS 30 Mh et OTs coos ek 375 


full-load torque which is far too low for 
most applications. 

The rated output increases 7.3 times 
when the secondary resistance and rated 
loads are adjusted simultaneously to ob- 
tain 160-per-cent starting torque without 
exceeding ten-per-cent slip at rated load. 
Standstill and rated load losses increase 
5- and 11-fold, respectively. Rotor losses 
at standstill increase 7.2 times which 
means that the heating rate of the rotor 
also increases. Hence the ability of the 
rotor to withstand locked-rotor conditions 
is materially reduced, particularly if the 
resistance increase is obtained by chang- 
ing the amount of secondary material 
but not the material itself. 

The power required to establish air 
motion through rotation of the rotor and 
fans normally constitutes the windage 
losses. Considering that the rotor por- 
tion is usually small, it appears that suffi- 
cient cooling exists on 400-cycle operation 
to permit continuous-rated-load opera- 
tion. Whether or not this is true depends 
upon the arrangement of thermal-transfer 
surfaces and the flow of a cooling medium 
across these surfaces. 


THERMAL AND AIR-FLOW DESIGN 


The designs of thermal-transfer sur- 
faces and air-flow paths are coincidental. 
Two basic arrangements are possible, one 
for double-end ventilation, the other for 
through ventilation. Most intermittent- 
rated motors and continuous-rated motors 
having large diameters and thin magnetic 
structures can be cooled successfully by 
double-end ventilation. When used, cool 
air brought in through suitable openings 
is directed such that it impinges on the 
ends of the windings and magnetic struc- 
tures at high velocity. Heat generated 
internally must transfer to the exposed 
surfaces by conduction for dissipation. 
Usually these exposed surfaces are not 
adequate to dissipate the heat of continu- 
ous-rated motors having stacking lengths 
which permit minimum compactness and 
weight. In these, adequate ventilation 
can be obtained by conducting air through 


‘special openings in the magnetic struc- 


ture. Best results are obtained by plac- 
ing these openings, which should be de- 
signed for maximum air velocity and 
heat-transfer surface, where most of the 
heat is generated. Excellent air paths are 
obtained by pressing the stator windings 
back into the slots. This permits air 
flow directly over the stator and rotor 
windings as well as sections of the stator 


. and rotor teeth, All of these have good 


transfer surfaces and are parts in which’ 
much of the heat is generated. Also, holes 
punched in the stator and rotor core sec- 
tions serve as good air-flow paths. 


MEcHANICAL CONSTRUCTION — 


Several equally satisfactory but dis- 
tinctly different mechanical constructions 
are possible. Usually that used is deter- 
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Figure 2. Characteristic curves for three- 
quarter-horsepower 10,800-rpm 400-cycle 
three-phase aircraft motor 


mined by the basic requirements and other 
fundamentally extraneous considerations 
such as available manufacturing facilities, 
shop practices, and individual preferences. 
‘Such other considerations add to or de- 
tract from a design only to the extent of 
their influence on the making of individual 
parts or the assembly of these parts into 
the completed unit. Whether or not a de- 
sign is satisfactory is determined wholly 
by weight considerations and ability to 
withstand burdens encountered over the 
range of operating conditions throughout 
its expected life, without destroying other 
essential characteristics. The most severe 
burdens are imposed by airplane vibra- 
tions. According to specifications vibra- 
tions up to 55 cycles per second with an 
excursion (double-amplitude) of !/j5 inch 
may be expected. ; 

The motor shells, end flanges, bearings, 
shafts, and a few other miscellaneous parts 
constitute the vital parts entering into 
the basic mechanical construction of most 
400-cycle aircraft motors. Grease seals 
or other special features are required only 
for specific applications. 

Comparable lightweight shells may be 
obtained either from low-specific-gravity 
materials such as alunfinum or magnesium 
or from stronger high-specific-gravity ma- 
terials such as steel but with the sections 
reduced. Steel shells with reduced sec- 
tions permit a better over-all design, par- 
ticularly in conventional constructions 
where accurate dimensions are necessary 
to maintain the radial location of stators 


_ slipped or pressed into the shells. These 


have the same coefficient of thermal ex- 
pansion as that of the magnetic iron, and 
therefore the same accurate dimensions 
exist over the entire temperature range. 
“Aluminum or magnesium shells have coef- 
ficients of thermal expansion greatly dif- 
ferent from that of magnetic iron. 
cause of this, satisfactory dimensions at 
normal temperatures may not remain satis- 


factory and may cause failure through 
excessive stresses in the shells and mag-. 

netic structures when extreme tem- 
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peratures below normal are approached. 

Owing to limitations in manufacturing 
processes, the end flanges usually are 
made of low-specific-gravity materials. 
Internal rabbets should be used to elimi- 
nate failure from excessive stresses at 
low temperatures when the shells are made 
of steel. 

At present, only ball bearings are satis- 
factory for the high-speed operation, but 
sleeve bearings with special lubrication 
may be used in the future. Bearings of 
the minimum size necessary for radial 
and thrust loads and the specified life 
should be used to prevent excessive 
torque for overcoming friction at low tem- 
peratures. 

High-grade steel shafts with hardened 
extensions are required, particularly where 
pinions or splines are an integral part of 
the shaft extensions. 


LUBRICATION 


Suitable lubrication capable of with- 
standing high temperatures without freez- 
ing at low temperatures cannot be ob- 
tained. Those available lubricants ca- 
pable of withstanding high temperatures 
freeze at about —30 degrees centigrade. 
Those satisfactory for low temperatures 
fail in a relatively few hours if operation 
is sustained at about 60 degrees centi- 
grade or above. Lubricants do not re- 
main frozen long after operation is started, 
and therefore they are objectionable only 
because of the added torque required to 
break the bearings loose. Generally, it is 
better to use the high-temperature lubri- 
cants and provide the additional torque 
required for starting. 


Motor Characteristics 


Specifications for the motor character-_ 


isticswere established by considering many 


‘loads encountered aboard aircraft, to- 


gether with anticipated variations caused 
by voltage and frequency fluctuations and 
changes in operating conditions. Both 
intermittent and continuous loads were 


‘scrutinized. i 


Intermittent motors are required prin- 


_ cipally to operate a variety of mechanisms 


such as wing flaps, cowl and oil cooler 
flaps, bomb-bay and turret doors, auto- 


_ Schwandt—400-Cycle Aircraft Motor 
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Figure 3. Section view of 400-cycle air- 


craft motor 


matic temperature controls, and arma- 
ment. However, some are required for 
driving hydraulic pumps, air compressors, 
or other miscellaneous applications. 
Fundamentally these are torque applica- 
tions in which the power requirements 
vary almost continuously during the oper- 
ating period. 

Therefore the motors will be given a 
torque rating approximately equal to but 
not more than one third of the normal 
locked-rotor torque. In most of these 
applications peak torque requirements are 
considerably less than 200 per cent of the 
root-mean-square torque. The locked- 
rotor torques may decrease to about 200 
per cent of their normal values under the 
most severe operating conditions which 


are brought about by a combination of © 


minimum voltage, maximum frequency, 
and minimum temperature. Hence, 300- 


per-cent starting torque as established — 


for the specifications is adequate for most 
applications. Usually there will be a sur- 
plus of torque as the factors entering into 
the most severe operating conditions do 
not occur simultaneously. 
Continuous-rated motors are needed 


principally for driving fans, fuel pumps, _ 


hydraulic pumps, and air compressors, 
either directly or through gear reductions. _ 
Motorization of fans and fuel pumps of the 
centrifugal type, which are the devices 


ings corresponding to the peak load re- 
quirements. Locked-rotor requirements 
are essentially those of the motor itself in 
the infrequent applications where gear 
reductions are used. Motorization of the 


other devices entails selecting ratings up 


to about ten times the normal or root- 
mean-square load if sufficient capacity for 
peak loads or starting is provided. The | 
occasional or even frequent necessity of 
selecting ratings in excess of the normal — 
load does not mean that the specifications _ 
should require greater breakdown and 
locked-rotor torques. Motor weights for 
these applications are the same, regard- 
less of whether or not the ratings corre- 
spond to the normal or root-mean-square 
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_ strength and dependability. 


loads, providing the ratio ‘of breakdown 
to locked-rotor torque is correct. How- 
ever, standardizing on increased values 
for these torques would raise the motor 
weights as well as that of associated equip- 
ment for applications not requiring a re- 
serve for peak loads or starting. The ratio 
of breakdown to locked-rotor torque, al- 
though not ideal for all applications, is 
nearly correct for the majority of them. 


Illustrations and Characteristic 
Curves 


Figure 1 shows a three-quarter-horse- 
power continuous 400-cycle 200-volt 
three-phase motor designed to operate in 
accordance with the requirements pre- 
viously outlined. The weight of this 
motor is 3.4 pounds. It is about 40 per 
cent lighter than a d-c motor having the 
same horsepower and speed rating. Other 
400-cycle and 24-volt d-c motors with cor- 
responding ratings have about the same 
ratio of weight. 

Figure 2 shows characteristic curves 
plotted from test data taken on the three- 
quarter-horsepower motor at normal volt- 
age, frequency, altitude, and ambient 
temperature. Speeds, efficiencies, power 
factors, amperes, and watts output 
which are plotted against torques are in- 
cluded. 

Figure 3 illustrates schematically the 
construction used for continuous-rated 
motors with outputs from one eighth to 
25 horsepower. That used for intermit- 
tent-rated motors is similar except the 
ventilation ducts, overhung fans, and fan 
covers are omitted. ; 

Major design features used in these 
motors are summarized as follows: 


1. Magnetic structures Pabricated from 
high-grade silicon steel with'special anneal to 
permit high flux, good permeability, and 
low iron loss. 


2. Insulation.’ Class-B material for insu- 
lating slots and for between-phase protec- 
tion. Generally the stator windings are of 
heavy Formex-glass-covered wire to provide 
greater protection against heat shock. 


Stator core complete with windings impreg- 
nated with special moisture-resisting var- 


nish. 
8. Squirrel-cage-type rotors with brazed 


copper or brass windings. Protected with 
anticorrosion treatment. 


_ 4. Through ventilation in continuous-rated 
motors for minimum composition and 


weight. Double end-turn ventilation in 
intermittent-rated motors. 


5. Shells made by expanding thin steel 


tubing to obtain light weight, rigid construc- 


‘tion, and a temperature coefficient the same 
_as that of the stator. 


6. Magnesium or aluminum end shields for 
light weight. 
7. WHeat-treated alloy steel shafts for 


Hardened 
shaft extensions with or without pinions or 


- splines. 
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Analysis and Design of a D-C 
Selsyn System 


JOSEPH MANILDI 


MEMBER AIEE 


Synopsis: At the present time there are 
several remote-indicating systems in com- 
mon usage in industry. These types include 
the conventional a-c Selsyn, a-c Magnesyn 
system, and the d-c Selsyn. The d-c Selsyn 
embodies two features which present a dis- 
tinct advantage in aircraft systems. 


1. The system does not require an a-c source of 
power. 


2. The system requires only three wires between 
transmitter and receiver, whereas all other types of 
systems require at least five wires leading from the 
transmitter to the receiver. 


To offset somewhat these advantages, all 
d-c Selsyn systems now in.operation have a 
very slight natural error which, although not 
important in some applications, becomes 
very undesirable in applications where a 
high degree of accuracy is required. In this 
paper the author presents a rigorous analysis 
of a conventional d-c Selsyn remote-indi- 
cating system. The first part of the analysis 
shows that a natural error exists in the 
system, which has a 60-degree cycle and 
which reaches a maximum value of 1.1 de- 
grees. The error is zero at each 30-degree 
point and reaches a maximum almost mid- 
way between the 30-degree points. The 
natural error of the Selsyn system arises 
from the fact that the transmitter resistance 
is a linear function of the transmitter angle @. 
This natural error may be overcome by 
designing a transmitter resistance in a non- 
linear manner. The equation is developed 
for the necessary variation of the trans- 
mitter resistance with the transmitter angle. 
Furthermore, the shape of the toroid on 
which this resistor should be wound to give 
this desired variation, is derived therefrom. 
The paper further presents optimum values 
of resistances for both transmitter and re- 
ceiver, in order that the greatest amount of 
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submitted February 3, 1945; made available for 
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JosgrH MANILDI is on the staff of the department 
of electrical engineering, California Institute of 
Technology, Pasadena, Calif. 


8. Double-shield-type permanently lubri- 
cated ball bearings housed in a steel insert 
in the end-shield castings to assure long life. 
9. Protective finishes. 
aluminum castings treated against corrosion 
and primed with zine chromate. Steel parts 
other than stator and rotor punchings ‘cad- 


mium- or zine-plated. External parts ex- 


cept mounting surface have black wrinkle 


finish. 


Conclusions 


Present trends indicate an increasing 


demand for 400-cycle electric systems for 


Manildi—D-C Selsyn System. 


Magnesium or - 


torque may be transmitted to the receivet 
for a given amount of power. 


Determination of Natural Error in a 
Conventional D-C Selsyn System 


HE INVESTIGATION of the d-c 
Selsyn embodies two separate ques- 
tions. 


1. If no frictional error is assumed, what 
are the magnitudes and characteristics of 
natural errors which may exist in the in- 
strument, and how may they be corrected? 


2. For a given amount of power consump- 
tion how should the instrument be con-_ 
structed to give best follower properties 
from transmitter to receiver; that is, for a 
given amount of friction, how can the fric- 
tional error be reduced to a minimum? 


In analyzing the first question, we con- 
sider the conventional d-c Selsyn shown in 
Figure 1.. The receiver coils AB, BC, and 
CA are wound with their magnetic axes 
at 120 degrees to each other and con- 
nected in a delta connection. Points A, 
B, and C are connected to points A’, B’, 
C’, respectively, located at 120-degree 
intervals on the transmitter winding. 
The battery contacts D’ and E’ are ona 
diameter and may be moved at will. 

Ideally, the direction of the resultant 
field in the receiver should move in exact 
coincidence with the angle @ in the trans- 
mitter. There is no a priori reason for 
supposing that this situation will exist. 
Actually, as we shall see, if the resistances 
in the transmitter are linear with the 
angle 0, the ideal situation does not exist. 
The amount of natural error introduced is 
determined in the following analysis: 

We obtain first the current distribution 
in coils AB, BC, and CA when the con- 
tacts D’ and E’ are rotated @ degrees 
from A’ as shown. 0S0S60 degrees. 
The transmitter is assumed to have a re- 


both military and commercial airplanes. 
These trends are justified in part by the © 
inherently light-weight rugged and de- 
pendable constructions possible in 400-. 
cycle motors. 


The information contained i in the paper 
is that which seems most important. 
Many additional data have not been men- 
tioned; however, it is hoped that the dis- 
closures herein will assist in creating a 
better understanding of the motors and 
the performance to be expected from 
them. 
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sistance of R; ohms per degree, or 120 R; 
ohms per leg. The receiver is assumed 
to have a resistance of 120 R, ohms per 
leg. Each section of resistance in the cir- 
cuit is numbered as shown in Figure 1, 
and the equivalent circuit is shown in 
Figure 2, with corresponding numbers 
and the value of each resistance shown. 
The points C, A, and B are marked, since 
we are interested in the voltages between 
these points. 

To simplify the analysis we replace the 
delta sections 3-4-7*and 1-2-6 by their 
equivalent wye sections. 

The transformation relationships which 
replace a delta system R,-R)-R; by a wye 
system 7\-ro-73 are given by 


pape Rake. | 
Soe Re-teR ER; 
RR; 
0 Se 
cae, RiP (1) 
Ri Ro 
i 
Ri+k2+R; 


The foregoing relationships leave the 
current and voltages at the three ter- 
minals unchanged. 

Figure 3 shows the equivalent circuit 
after the transformation is made and the 
resistors 5 and 8 are combined. Values 
are shown. The resistance of the two 
parallel branches in Figure 3 are equal; 
hence half the total current flows in each 
branch. The system is further reduced 
in Figure 4, and we obtain for the total 
current 


oi 60E(Ri + Rs) 2) 
fi ~ 
5,400R,R2+ R;?(— 6?+608 +1,800) 
The current in each branch is then 
30E(Ri + Re) (3) 


** 5,400 R-+ R12 — 6?-+600 + 1,800) 


= t > x ' 


9(120-8)R2 
120 (Ri* Re) 


Referring to Figure 3, we have the 
following voltages: 


_[ 120Ri Re 
Eca= 
ot eee) 
3,600Er 
~ (—6?+600+1,800) +5,400r 


9 R,R2(120—64) OR, Rs 
Eas= ae — 
Ri, +R: R,+kR: 


uy —30Er(120—20) 
(—02+600+1,800) +5,4007 


( Rik2(60+80) Rik2(60—8) 
Esc=~—1 oa 
Rit+tk, Ri +Re 
60Eré 


== 6 
(—02+600+1,800) +5,400r (0) 


where r=R,/R;. The currents in the 
coils are then, from Figure 1, 


(4) 


(5) 


aie al 1 
C4 Ry L(+ 62+600+1,800) +5,400r 
=K¢ca (7) 


Iap=— 


| 60—6 
2Ri|_ (—6?+600+1,800) +5,400r 
=Koas (8) 


6 
ahs, mar — 6?+600+1,800) ane 
=Koze. . (9) 


For a fixed number of turns, the mag- 
netic fields due to each of the coils are 
proportional to the currents. Figure 5 
shows the relative orientation of these 
fields when the current in each branch is 
positive. We denote the direction of the 
resultant field, @, with the x axis by the 
angle 6’. When 6=0 we see from equa- 
tions 7, 8, and 9 that ¢@c, and @yz are 
equal in magnitude, and dgc=0. ca iS 
positive, and @4,.is negative. Hence 
when 0=0, 6’=0..- x 

To obtain the value of 0’ for any value 


Figure 1 (left). D-c Selsyn 
transmitter and receiver 


Figure 2 (lower left). Electric 
circuit of Figure 1 


Figure 3 (center). Reduction 
of circuit in Figure 2 


| Figure 4 (below). Further 
reduction of circuit in 


Figure 2 


(3600-0 4Ri? 
120 (Ri+Re) 


30 Ri Re 
Rit 


1 R2(I20-9@ 
Rit Re 

@(120-@)R? 
120¢Ri+Re) 
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of 0, we denote the x and y components 


of the resultant flux by ¢, and ¢,. From 
Figure 5 we see that 

3 
FAN) eo by (10) 
oy= —oact'/2(oca4t+o4B) (11) 
and 
tan 0-— Be (12) 


x 


Using equations 7, 8, and 9 and noting 
that the proportionality constant be- 
tween flux and current is the same in 
every case, in conjunction with equations 
10, 11, and 12, we obtain 


0 
120—0 


tan 6’= /3 


(13 


It is important to note that equation 
13, which shows how the receiyer angle 0’ 
varies with the transmitter angle 0, is 
independent of the values of the resist- 
ances used in the Selsyn. Hence chang- 


_ing the values of the resistances can in no 


way compensate for natural error in the 
instrument. 

Figure 6 shows a plot of 0’ versus @ for 
60 degrees. Conditions repeat them- 
selves every 60 degrees, of course, since 
at 60-degree intervals one battery contact 
is in coincidence with a coil terminal. 
We see from the figure that the receiver 
gives an exact indication of the trans- 
mitter every 30 degrees. On one side of 
this point the receiver lags and on the 
other side it leads the transmitter. ; 

If we denote by 6 the difference of the 
receiver angle and the transmitter angle, 
we have 


14 
120-6 ( ) 


in») 


B=0—6'’=0—tan! ( 


It readily may be shown that this error 
angle is symmetrical in magnitude about 
the point @ = 30 degrees. Figure 7 shows _ 
a plot of 8 versus @ for 0 S@ S60 degrees. 

By differentiating equation 14 with 
respect to @ and setting the result equal 


Figure 5. Space relationships of fluxes pro- 
duced by receiver coils 
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to zero, we obtain the value of 0 for 


which 6 is a maximum.* This gives 
values of 9 = 13 degrees 18 minutes and 
46 degrees 42 minutes. The correspond- 
ing maximum values of 6 are 1 degree 6 
minutes and —1 degree 6 minutes, re- 
spectively. 

It is also of interest from a design 
standpoint to investigate the variation of 
the magnitude of the resultant field as 0 
is varied, since the friction error will de- 
pend on this magnitude. To do this we 
investigate first the case for r— ©, that is 
when the receiver resistance is many 
times larger than the transmitter resist- 
ance. Then (—6?+608+1,800) is negli- 
gible compared to 5,4007 in equations 7, 
8,and 9. These equations become 


E 
ieee "i 
C4" 180R2 7) 
—E(60~6) 
ae 8! 
42 10,800R: (8') 
— E96 
Tape 9’ 
3°” 10,800R, 3.) 


Figure 8 shows the current distribution 
in the coils for 6 from 0 to 360 degrees. 
Equations 7, 8, and 9 are valid only from 
0 to 60 degrees, but the rest of the cycle 
can readily be seen to be as shown. 
Substituting the foregoing values in equa- 
tions 10 and 11, we obtain 


(11’) 


zc where K = constant. 


‘These are the parametric equations of 


one side of a regular hexagon centered at 


the origin and having a vertex on the x 
axis. The plot is shown in Figure 9. 


m The line ABC is the locus of the ends of 


the flux vector as @ varies from 0 to 60 


_ degrees. 


To obtain the locus of the end of the 
_ flux vector for any value of 7, we simply 
~ note that all the currents given by equa- 


* See Appendix I. | ‘ 
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Figure 7. Natural error in Selsyn receiver 
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Figure 9. Loci of ends of flux vector for 
various resistance ratios 


tions 7’, 8’, and 9’ will be equal to the 


currents given by equations 7, 8, and 9 


when the former are multiplied by a fac- 
tor proportional to 1/(—6?+ 608+ 1,800+ 
5,400r). Hence, the vectors ending on 
the line ABC need only be multiplied by 
the afore-mentioned factor to give the 
locus for any value of r. It is to be noted 
that the angle the flux vector makes with 
the x axis is @’, not 0, and hence equations 
10’ and 11’ multiplied by the foregoing 
factor should be used to determine the 
locus. The lines AB’C and AB”’C show 
the locus for r=1 and r=0, respectively. 
For comparison purposes, the maximum 
values in each case have been made to 
coincide. The actual value of maximum 
flux depends on R; and R,, but this is 
discussed in the second part of the report. 
Figure 10 shows the variation of current 
in each coil for 7=1. 

It may be seen from Figure 9 that the 
flux reaches a minimum every 60-degree 
interval of transmitter rotation. In the 
analysis which follows, design considera- 
tions will be based on making this mini- 
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Figure 10. Current distribution in receiver, 


coils for R;/R:=1 


mum value of flux as large as possible for 
given power. As we shall see, this is not 
the same as making the maximum flux as 
large as possible. * 


Optimum Transmitter and Receiver 
Resistances 


For a given amount of power, and a 
given amount of space in which to wind 
the receiver coil, it is possible to deter- 
mine optimum resistances for both trans- 
mitter and receiver and hence the wire 
size to be used in the receiver. It is also 
possible to determine the best size of 
receiver coil, consistent with space limita- 
tions. 

Let us assume that the coil is to have 
the dimensions shown in Figure 11. 


1=length of one turn 
a=cross-section area of coil 
N=number turns on one coil 
A =cross-section area of wire 


We then have 
: Peps 
120R, =total resistance of coil = ae (15) 


NA =aa 
(16) 


where a is a spacing factor. 


a=0.91 


We wish to make the resultant flux a: 
maximum when @=30 degrees, which is 
the weak flux point. This amounts to 
making NJ in the coil CA a maximum for 


6=30 degrees. Using equation 7, we 
have 
de fk ed Ne 
R, 2,700+5,400r 
ees 17 
~ 90 Rit2R, Woe 


Using equations 15 and 16, we elimi- 
nate V and obtain 


(18) 


It is evident from equation 18 that K 


is made large by increasing a, decreasing 


p, or decreasing ] for a given supply 
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voltage. It is not advisable to decrease /, 
since the enclosed area of the coil is pro- 
portional to torque for given NJ. How- 
ever, for best results, a should be made 
as large as possible and p as low as possi- 
ble, that is, low-resistivity material 
should be used. 

The maximum power consumed in the 
circuit is given by 


EF? 
eae 
where Rmin is the least value of resist- 


ance between battery terminals. From 
Figure 4 we see that 


380Ri 
Ri+k:z 


Rmin= (Ry +8R2) 


and since ! 


E? RitR, 


=— (19) 
30 Ri(Ri+3R:) 


from which 


(20) 


Substituting value of R, from 20 in 
equation 18, we obtain 


—3K’2R,2+4K’'R,—1)'/? 30P 
ees eek Bale epee 
R)/(K’Ri +1) E? 

(21) 


By differentiating expression 21 with 
respect to R; and equating result to zero, 
we obtain, for maximum N/* 


20/2 a 
mae V2 6 547 


= 22 
STK! 30P oe 
& 

120R; =resistance per leg =2.19-- 

and from equation 20 | 

. (3-2) 1 

R,=R —- (23 
Ri 75 -2) V2" ! 


With the optimum values determined 
from equations 22 and 23, the size wire 
for the receiver may be calculated from 
equations 15 and 16. 

Small variations of the receiver re- 


sistance from the optimum value will not 
affect the performance appreciably, al- 


though power consumption, of course, 
Rsk iL Pease: RRC eee es ea 


* See ree Ik. 


\ 


will change, This may be seen by writing 
equation 18 in the form: 
1G yl? 
RY? (1+2r) 


Equation 18 is plotted in Figure 12 for 
both R, constant and R, constant. It 
may be seen that the variation of VJ with 
Rs is small, whereas the variation with R, 


(18’) 


; ; ; 1 
is greater, in the region of 7 6 

Design equations based on making the 
flux a maximum in the strongest point, 
that is, when @=0, lead to somewhat 
different equations. Analysis similar to 
the foregoing yields the following results: 


2 


E 
120R =resistance per leg= 2.305 (22’) 
RE RX (23’) 
SHAS 


For best performance, equations 22 
and 23, not 22’ and 23’, should be used. 


Correction of Natural Error in Selsyn 
System 


In the first part of this report it was 
found that the error is zero in the re- 
ceiver when the transmitter angle @ (see 
Figure 1) is 0, 30, 60 degrees, and so forth. 
Since one of the brushes is in contact with 
a terminal every 60 degrees, it is obvious 
that any nonlinear resistance must be 
symmetrical on either side of every 0, 
60, 120 degrees, and so forth. Further- 
more, since the natural error for a linear 
resistance is symmetrical and of opposite 
sign on either side of every 30-degree 
point, we may assume that the nonlinear 
resistance should be symmetrical on either 
side of 0, 30, 60 degrees, and so on. 

The foregoing considerations reduce the 
problem to one of finding the deviation 
from linearity for the region from 0 to 
30 degrees, making the deviation from 
30 to 60 degrees symmetrical about the 
30-degree point and of opposite sign, then 
repeating the cycle every 60 degrees. 
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Figure 12. Variation of ampere turns with 


F R, and R, constant power 
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Referring to Figure 1, we let the re- 
sistance of each transmitter leg be 120R,, 
and the resistance of each receiver leg 
120Re2, as before. For 0<30 degrees, let 
the resistance of that portion of the 
winding marked @) be equal to aR. The 
problem now resolves itself into one of 


finding a as a function of @ such that the © 


error shall be zero for all values of 6 from 
zero to 30 degrees. 

Remembering the symmetry which we 
have noted, the values of the resistances 
@) to G) of the transmitter then must be 


@)=aR, 


(2) =(120—a)Ry 
(3)=(60+a)R, 
G)=(60—a)Ri 
Re Sh oor 


Referring to Figure 2, we see that the 
afore-mentioned resistances are exactly 
the same as those shown in Figure 2, 
with a substituted for #6. In our present 
situation, then, it is obvious that the 
receiver angle 9’, will be given by equa- 
tion 13, with a substituted for 6, or 


= 24 
120—a ee) 


In order to have zero error, 9=0’, and 


tan 0=+/3a/(120—a). 
Solving for a, we obtain 


_ 120tané 
~ 4/3+ tan 6 


This gives the necessary variation of a 
with 6 for zero error and hence the varia- 
tion of resistance with 0, since the re- 
sistance of segment (4) is wk). 

Figure 13 shows the variation of a with 
6, along with the linear variation, so that 
the deviation may be noted. 

It is to be especially noted that the 
variation of a with @ for zero error is in- 
dependent of the receiver resistance and 
hence will work for all receivers or 
paralleled receivers. 

To obtain the shape of the developed 
cylinder which will give a resistance in 
accordance with equation 25, we refer to 


(25) 


Figure 14. OABC represents 30 degrees 


with transmitter angle 0 


ZY gesoccome 
oye eee 


Figure 13. Variation of modification factor . 
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Figure 14. F(6) for 0 degrees <0 30 de- 
grees 


of the developed cylinder for a linear 
resistor. OAB’C’ represents the shape of 
30 degrees of the developed cylinder for 
the nonlinear resistor. 

Let us denote the equation of C’B’ as 
F(@). For a particular value of 6, the 
ratio of the nonlinear resistance to the 
linear resistance will be equal to the 
ratio of the area beneath the curve C’B’ 
to the area beneath the curve CB. This 
ratio is obtained from the equations of 
the two curves in Figure 13. Hence we 
have 


JS, F(@)d9_120tan@ x 
Le = 3+ tan 8 1806, 


_2n tan 6 
36 Vat tan 6 


where @ is expressed in radians, and 
L=OC in Figure 15. 

If we solve for the numerator in the 
lefthand side, 


Ink» tané 
VET ORIG ie aibaaata 


3 VW3+tané (26) 


If we differentiate both sides with re- 
spect to 8, 


F@) QrL d tan 6 
~ 8 de\v/3+ tans, 
2rL 1 


eS eee > 
3 (/3cos 6 +sin 6)? oo 
Figure 15 shows F(6) plotted against 0 
from 0 to 30 degrees. OAB’C’ is thus 
the developed shape of 30 degrees of the 
toroidal resistor. The developed shape 


_ for the whole resistor is shown in Figure 


Bee 15! 
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Conclusions 


In a d-c Selsyn a natural-error cycle 
exists which has a 60-degree period. The 
error is positive for 30 degrees and nega- 
tive for 30 degrees, reaching a maximum 
of 1 degree 6 minutes at 13 degrees 18 
minutes and 46 degrees 42 minutes on 
the transmitter. 

Design equations to give maximum 
flux in receiver for a given voltage and 
power are given by 


FE? 
Transmitter eee eae ohms per 


leg=Rr (22) 


1 
Receiver resistance = ren ohms per leg 
2 
(23) 


Furthermore, the cross-sectional area 
of the receiver coil should be as large as 


Figure 15. Developed shape of cylinder on 
which transmitter-resistor may be wound in 
order to produce zero error 


is practical, and the resistivity of the 
receiver coil as low as possible. 

The material and design dimensions of 
the transmitter coil are immaterial insofar 
as flux properties are concerned. 

The natural error of a d-c Selsyn system 
may be eliminated completely by winding 
the transmitter resistance in a nonlinear 
manner. 

The necessary variation of resistance 
with transmitter angle to give zero error 
is independent of receiver resistance. 
This correction for natural error may be 
attained for all possible loads on the 
transmitter. 

One method of obtaining the desired 
resistor is to wind it on a cylinder whose 
developed shape is shown in Figure 16. 
This is by no means the only way of 
accomplishing the desired result. Any 
method which will make the resistance 
vary in accordance with equation 25 is 
satisfactory from an operational view- 
point. From a manufacturing viewpoint 
there may be more desirable methods than 
that of modifying the shape of the toroid 
on which the resistor is wound. 
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Appendix |. Maximum Natural 
Error in Selsyn 


If we use equation 14, and express angles 
in radians, so that we may differentiate 


6 30 
B= tan”! we 
51.38 120-0 
dp 1 1 
dé &7 


Od: / 30 \a 
120—@ 
(120—6)+/3++/36 


(120—6)2 


1 1204/5 ae 
57.8 (1202—2400+46?) 
for maximum £ 


If we solve, 
57.3+/3 


6 a 6 ie 

60 60 120 
&) +(2)+0.172=0: 
60 60 etter 


@ 1#V1—0.69 
60 2 


=0.828 


=0.778.or 0.222 


6=13.3°, 46.7° 


Appendix Il. Conditions for 
Maximum NI in Receiver 


If we use equation 21, 


A 
Nich Sars = ete, 
Ra 2 (GIR I) 
where 


A=[—8K”"R?244K’R,—1]'/2 


d(NI) 
AY 
: Ryi*(K'R, +1) 1/241 X 
(—6K’?R,+4K’) — 
a6, A{Ri/2K'+R,~/2(K’/R, +1)} 


R(K'R,+1)2 
Setting numerator equal to zero, we have 


R,i(K'R:+1)(—6K""R, +4K") = 
(—3K?R2+4K'R,—1)(R,K’+K'R, 41) 


If we multiply and separate powers of Ri, 
—7TK ?R?2+2K'R,+1=0 
- _ 1 -22V/4428 1 14/8 

“Kites ood eee, 


If we discard negative values of Ri, ag 
meaningless, 


1+4+2+/2 0.547 
R, — ==— pa 


eee Tg 
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Dynamic Braking With Traction Motors 


L.G. RILEY 


MEMBER AIEE 


Synopsis: Retardation with traction mo- 
tors, either independently or as an adjunct 
to mechanical braking, has been utilized in 
various forms on practically all types of 
electric vehicles from battery trucks to 
main-line locomotives. In some cases, it is 
used only to maintain uniform speeds on 
long grades and in others to make regular 
service stops. Although the general prin- 
ciples are nearly as old as the electric-trac- 
tion industry itself, in recent years numerous 
refinements have greatly extended the use- 
fulness of dynamic braking by affording im- 
proved performance, additional safety, and 
simplification of mechanical-braking sys- 
tems. This paper discusses the various 
means by which favorable results have been 
accomplished, with a minimum amount of 
additional electric equipment. 


The Origins of Dynamic Braking 


ROM THE STANDPOINT of basic 

terminology, ‘‘dynamic braking” could 
cover any and all forms of retardation 
created by an electric motor acting as a 
generator. However, in traction parlance, 
the term is recognized as referring to a 
system of dissipating the generated en- 
ergy in resistors carried on the vehicle, as 
distinguished from ‘‘regenerative brak- 
ing’’ where the generated energy is re- 
turned to the power system, necessarily 
at line voltage. 

In the early days when streetcar speeds 
and weights outgrew the hand brake, air 
brakes had not been developed for small 
equipments, and the need for some form 
of power-operated braking apparatus led 
to the application of several kinds of 
“magnetic” and ‘‘dynamic’’ brakes. The 
traction motors were used to generate on 
a closed resistor circuit, the dynamic cur- 
rent producing retardation in the motors 
themselves and also energizing magnetic 
track shoes and applying wheel brakes, 
both at the same time. For standing on 
grades, the magnetic shoes were energized 
by line current, becoming a direct “‘elec- 
tric’”’ brake. 

It was known that a series motor, ro- 
tated backwards and short-circuited on 
itself, would generate current and ‘‘buck,” 


‘as a result of building up circulating cur- 


rent from the residual field magnetism 
tetained in the iron after operating with 


power. By reversing the field connections 


with reference to the armature, the motor 
would “buck” without changing the direc- 
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tion of rotation. Two motors permanently 
connected in parallel provide a loop cir- 
cuit which permits both to build up as gen- 
erators. This action is experienced when 
one is attempting to tow a four-motor 
car backwards without first opening the 
paralleling circuit between motors. 
Conventional four-motor equipments 
can be stopped in emergency, without 
power, simply by reversing the motors. 
The result is a cumulative generating 
effect which builds up suddenly, after 
some delay, the current and voltage rising 
to excessive peaks. Before the car comes 
to a stop, frequently with a series of jerks, 
one motor usually will slip and start 
running backwards, being driven as a 
motor by the other machine, which con- 
tinues to generate at a diminishing rate 
until the car slows down to a creeping 


speed. + 


In all of the early forms the traction 
motors were reversed in changing from 
power to brake operation and were oper- 
ated all in parallel on a single load cir- 
cuit consisting of brake magnet coils and 
variable resistors. A stabilizing connec- 
tion was made, paralleling the motor 
fields to equalize the load on all arma- 
tures. 

Later, additional stability was secured 
by cross-connecting pairs of armatures 
and fields, in effect producing separate 
excitation and better inherent equalizing 
of the load. 

Typical forms . of magnet-operated 
wheel and track brake shoes are illustrated 
in Figure 1. It is interesting to note that 
many of the operating advantages claimed 
for these equipments are as fully attrac- 
tive today as they were when advocated 
40) years ago. These may be summarized 
as follows: 


1. Regulated braking independent of line 


_ power. 


2. Safety in operation, with an additional 
powerful braking system. 


3. Control of speed down long grades. 
4. Use of braking energy for car heating. 


5. Braking rates in excess of adhesion 
limits. 

6. Prevention of skidding with locked 
wheels. 


These pioneer systems were very effec- 
tive and were used extensively abroad 
but fell into disuse in this country with 
the development of the simple “‘straight- 
air” brake equipment. Some of the limit- 
ing factors were the abuse of the electric 
apparatus, both motors and control, and 
the excessive weight and mechanical main- 
tenance of magnetic-shoe devices. As a 
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result, there was little advance in the art 
of ‘‘dynamic”’ braking over a period of 
several years. 


Design and Performance of Motors 
Used as Series Generators 


One of the major factors leading to the 
revival and extensive use of dynamic brak- 
ing in recent years has been the improve- 
ment in commutating characteristics and 
overload capacities in the modern lines of 
traction motors. Normal proportioning 
of the operating characteristics found in 
passenger vehicles involve a balancing 
speed of at least twice the speed at which 
the motors have full voltage applied at 
fullload. To produce a full-load braking 
rate in the balancing-speed zone, it is ob- 
vious that the generated voltage may be 
double the rated line voltage. Motors 
capable of satisfactory commutation 
under these conditions are in common use. 
To provide for braking at occasional exces- 
sive speeds, it is sometimes desirable to 
initiate the braking action with the fields 
shunted so as to limit the voltage to a 
safe maximum, accepting a reduced 
braking rate in the high-speed zone. . 

Inherent stability by inductance and 
also generous commutating and insulation 
factors are essential design characteristics. 

In the case of four-motor equipments, 
the motors frequently are wound for half 
voltage and connected permanently two 
in series. In the limited space available, 
it is practicable to build low-voltage com- 
mutators and brush rigging with an in- 
creased margin for overvoltage operation, 
thus extending the speed range for full- 
load dynamic-brake, operation. 

Motor applications for dynamic braking 
must take into account grade conditions. 
amounting to 20 pounds of retarding 
force per ton of total train weight for 
each one per cent of downgrade, in addi- 
tion to the stored kinetic energy requiring 
approximately 100 pounds per ton of re- 
tarding force for each unit of miles per 
hour per second braking rate desired. 
The actual braking effort required of the 
motor is reduced by the friction and wind- 
age drag of the vehicle. Obviously, the | 
total must be kept within the recognized 
adhesion limits of the motorized axles 
and the rated capacity of the motors. | 

The motor rating must be selected with 
sufficient margin to perform .the com- 
bined duty of acceleration and braking. 
In the case of self-ventilated motors, the 
extra heating is minimized by the fact 
that it takes place mostly at high speeds 
where the ventilating system is most ef- 
fective. a 

Where two motor circuits are available 
for interconnection, they will pick up 
generating voltage very quickly and give 
a prompt brake response over a wide 
range of speed. In the case of single- 
‘motor equipments, the response is not so 
prompt, and field flashing is desirable. 
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The amount of exciting current normally 
is not more than ten per cent of full load, 
and it can be removed as soon as braking 
is initiated, so that the added power re- 
quirement is negligible. 

The typical behavior of a motor in 
building up the braking load is illustrated 
by the oscillograph record shown in Fig- 
ure 2. 


Dynamic-Brake-Control 
Characteristics 


Another factor in the rapid extension 
of the use of dynamic braking has been 
the development of simplified control sys- 
tems for initiating and regulating the 
braking load. 

By adopting a permanent connection 
for each pair of motors whereby in both 
power and brake the relations of armature 
and field are interchanged with reference 
to the line, the series and parallel con- 
nections for power and the parallel con- 
nection with cross-connected fields for 
braking can be obtained with a minimum 
of switching equipment. Furthermore, 
the transfer from power to brake can be 
made without operating the reversing 
devices, and practically all of the switch- 
ing and resistor equipment required for 
acceleration also can be used in brake 
regulation. Figure 3 illustrates in simpli- 
fied form the relative arrangement of 
motor and resistor circuits. 

In addition to the accelerating resistor 
steps in each motor circuit which are kept 
balanced in value at all times, the brake 
circuit is completed through a common 
loop which carries the combined current 
from both motors and includes resistor 
steps of a value which essentially doubles 
the total effective resistance in each motor 


a circuit. This total amount is determined 
_ by the excess voltage to be absorbed when 
_ applying the brake at maximum speed. 


In order to secure prompt build-up of 
the brake without separate excitation, it 
is customary to close the brake loop cir- 
cuit through a high resistance each time 


_ power is shut off. This recaptures the 


residual volts before the flux has col- 


lapsed and immediately circulates a brak- 


ing current of low value, not enough to 


cause any appreciable retarding effect, 
but sufficient to keep the motors in a re- 
sponsive state. Brake application then is 
uniformly prompt, depending on the rate 
at which resistance is reduced in the loop 
circuit. This is known as the ‘‘spotting”’ 
system. 

The basic cross-connection of motors, 
whereby each becomes separately excited, 
not only produces inherent stability and 
load equalization, but aiso avoids skid- 
ding, because any tendency on the part of 
one motor to lower its speed immediately 
reduces the field of the other motor. This 
in turn reduces the voltage being applied 
to the motor which has attempted to slow 
down by creeping. There is no sudden or 
complete loss of retardation. : 

The regulation of braking rates may be 
controlled either manually or automati- 
cally. Locomotives with varying train 
weights and grade conditions normally 
would be manually operated and the brake 
used principally for holding a controlled 
speed on long grades. Where grade or 
slowdown brake requirements exceed the 
locomotive adhesion limits, dynamic 
braking must be supplemented by the 
train brakes, and some provision is de- 
sirable to prevent applying the air brakes 
on the locomotive as long as the dynamic 
brake is operating. ‘ 

Passenger vehicles in .frequent-stop 
service require uniform braking, some- 
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Figure 2. Motor voltage and current record 
of the transfer from power to brake operation 


Figure 1. The New- 
ell streetcar brake 
of the year 1900, 
_ comprising com- 
bined track and 
wheel-brake shoes, 


the traction motors 


both energized with 
current generated by 


times at relatively high rates, all of which 
is best accomplished with automatic cur- 
rent regulation. The operator’s attention 
then is concentrated on the selection of the 
desired braking rate, no particular skill 
being required to produce a smooth stop. 
The minimum speed to which full-load 
braking can be maintained is determined 
by the internal resistance of the motor 
added to the resistance of the cables and 
switching equipment. For the average 
urban transit vehicle, this speed is two to 
three miles per hour, below which the 
brake fades out and disappears. ~ 
Selection of the total number of braking 
notches is governed by the same general 


COASTING CONNECTIONS 


Figure 3. Standard motor circuit connections 

for power and brake operation, with. pre- 

excitation by ‘‘spotting’’ in the coasting posi- 
tion 


factors as the selection of acceleration 
notches. Passenger comfort, slope of the 
motor saturation curve, maximum speed 
of application, bunching of slack in 
trains, adhesion limits, and minimum 
fade-out speed all require consideration. 
A study of Figure 4 shows that at high 
speeds the braking curves are very steep 
and can be spaced rather widely apart, 
whereas at low speeds they are relatively 
flat and require close spacing to hold the 
current increments within uniform ac- 
ceptable limits. Obviously, the higher 
the braking rate, the greater the number 
of notches required. 

Many applications. are based on an 
average braking load somewhat less than 
the full accelerating load and require the 
same number of notches for each, even 
though the speed range in braking may be 
twice the range over which the accelerat- 
ing equipment is in operation. The ap- 
paratus required to control the braking, 
in excess of that used in acceleration, thus 
is held to a minimum. 

Each application requires a careful 
study of the switching system and resis- 
tor-step values, if they are to be used to | 
the best advantage in both power and | 
brake operation. — 
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Advantages and Economies 
in Operation’* 


In making the fundamental decision 
as to whether or not dynamic braking 
should be included in any given applica- 
tion, the following benefits are to be con- 
sidered: 


1. Safety in operation, as provided by an 
effective brake system, in addition to. the 
regular mechanical brakes. 


2. The use of accelerating and braking 
resistor losses for heating the vehicle. 


3. Simplification of the mechanical brake 
equipment. ; 

4. A marked reduction in wear on brake 
shoes and wheel rims or brake drums, with 
less frequent adjustment and replacement. 
5. Minimized skidding and side slipping 
under adverse rail or street conditions. 


6. Better feeling of security on the part of 
operators, 


7. Automatic regulation and graduation 
of the brake in making service stops. 


Typical Applications and Results 


Tue PCC Car 


No dynamic-brake system has shown 
such phenomenal benefits as the equip- 
ment which is standard on all PCC street- 
cars, of which there are nearly 3,000 in 
operation and on order. Without such a 
system, the cushioned-wheel type of truck 
could not have been used because of the 
excessive heating and the massive brake 
rigging which would have been required 
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Figure 4. Typical dynamic-brake notching 
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to produce the high deceleration rates 
with mechanical brakes alone. Being in- 
dependent of line power, this equipment 
is extremely reliable and makes possible 
the high schedule speeds for which the 
vehicle is designed. 

The converted energy of retardation, 
introduced into the ventilating system in 
the form of heat, provides adequate car 
heating without the use of supplemental 
heaters, in all except the most severe 
winter conditions. 

A simple form of air brake and a magnet 
track brake supplement the dynamic 
brake. The latter normally is required 
only in emergency, and the light duty on 
the air-brake shoes has extended the life 
of brake shoes and the adjustment period 
to at least 15 times that for older types of 
streetcars. 

The multinotch control developed for 
these cars produces exceedingly smooth 
brake performance, and deceleration 
rates as high as four miles per hour per 
second can be obtained with comfort. 
The ‘‘spotting’” system of recapturing 
residual voltage for quick brake response 
is used to position the control in propor- 
tion to speed during coasting, so that the 
correct resistance value always is avail- 
able for immediate full-brake application. 
The regulation is automatic with a wide 
selection of rates. 


TROLLEY COACHES 


With the prevailing tendencies toward 
high schedule speed, the necessary braking 
rates long since have exceeded the limita- 
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NOTCHING CURVES — POWER AND BRAKE: 


Figure 5. Complete locomotive starting and 
braking notching curves, with several brake- 
holding positions 
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tions of brake-drum and wheel-rim tem- 
peratures. Of the more than 3,500 
trolley coaches in the United States, 
nearly half have included some form of 
dynamic or combined dynamic and regen- 
erative braking. The results in operation 
compare favorably with those obtained on 
PCC cars, with an important increase in 
dependability and safety on slippery pave- 
ments. There has been a reduction in 
brake-block and brake-drum mainte- 
nance to about one fourth of that which 
existed when all braking is done mechan- 
ically. 


HAULAGE LOCOMOTIVES 


Braking conditions on material-han- 
dling systems, particularly in underground 
mining, are more severe than in any other 
branch of the traction industry. Grade 
and track conditions are extremely vari- 
able, and in many cases the cars have no 
power-brake equipment, all braking duty 
being concentrated on the locomotive it- 
self. The advantages of a dynamic 
brake, supplementing the mechanical 
wheel-brake system, in safety and depend- 
ability have been demonstrated re- 
peatedly. In open-pit mining, long grades 
frequently are encountered, and dynamic 
braking can be proportioned to absorb at 
least 50 per cent of the total braking ef- 
fort required, with a corresponding in- 
crease in brake-shoe and wheel life on 
cars and locomotives. 

Another notable application is the use 
of a dynamic holding brake on Diesel- 
electric main-line locomotives in high- 
speed mountain grade service. 

Figure 5 shows the combined accelera- — 
tion and braking performance curves for 
a haulage locomotive with several manu- 
ally selected brake-holding notches. 


Rapip TRANSIT 


In this field dynamic braking has not 
yet found any general application. How- 
ever, it is reasonable to anticipate that 
future extensions will follow the trend 
toward faster schedules and higher brak- — 
ing rates. The problems associated with 
brake-shoe dust, wheel wear, and skid 
flats will become increasingly critical, and 
dynamic braking will have definite ad- 
vantages in this respect. Furthermore, 
uniform braking on all wheels in the train 


- will be assured. 


Summary 


The many proved benefits to be realized 
iri the use of dynamic-braking systems. 
bear a most favorable proportion to the 
nominal amount of additional apparatus 
involved. They are applicable to prac- 
tically all branches of the land-transpor- 
tation industry. : 
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Control of Electrical-Insulating Varnishes 
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Synopsis: Varnish treatment of electrical 
equipment is an important step in its manu- 
facture. Varnish coatings protect apparatus 
from moisture and dirt and maintain the 
high electrical-insulating level required for 
insulation. The quality of the varnish film 
deposited depends upon the condition of the 
varnish in the processing tanks. Thickness 
of deposited varnish films varies with vis- 
cosity and body. Heavy films interfere with 
armature-coil sizes and make problems of 
heat transfer in field coils and magnet coils 
more difficult. Thin films give inadequate 
protection from moisture and dirt. Con- 
ducting contaminating materials are intro- 
duced into the tanks from rehabilitated ap- 
paratus and manufacturing atmosphere. 
These indicate that close control of tank 
varnish is necessary for consistently high 
quality of apparatus treated. Methods of 
control are discussed which include both 
laboratory tests of the varnish and physical 
tests which can be concluded at the tank. A 
system of daily inspection of tanks for proper 
quality and daily adjustments before use is 
described. Dielectric properties of the 
varnish film and the liquid varnish and 
periodic chemical analysis of samples from 
each tank reveal the condition of the 
varnish. A system of portable cold pressure 
filtering for removing much of the contami- 
nation present is described. It should be 
recognized by the electrical industry that 
insulating varnishes are complex chemical 
mixtures, and care should be maintained in 
their use. It is important that they be under 
the control and supervision of persons with 
the proper training and experience. Con- 
stant quality control is necessary for satis- 
factory results. 


HE PROTECTIVE CAPACITY of 
varnish on electric equipment de- 
pends upon the quality of the varnish in 
which the apparatus is treated. Proper 
maintenance of varnish requires” con- 


_ sideration of many factors. Modern 


synthetic varnishes are a complex com- 
bination of resins and solvents which 
must be properly controlled. The quality 
of the varnish film depends on many 
factors including the viscosity—body re- 
lationship, the degree of polymerization 
of the resins, chemical composition of the 
resin, and the purity of the film. There 
is a tendency for insulating varnish to 
become contaminated with various for- 


eign materials in the course of its use. | 


Contaminants seriously impair the in- 
sulation value of the varnish and lower the 
reliability of the electrical equipment 
treated. 

Certain . difficulties in manufacture 
may be overcome by proper control. For 


example, certain coils treated in varnish 


of excessive viscosity may result in over- 
size conditions due to deposition of heavy 
varnish: films. Improper varnish treat- 
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ments may cause unduly high tempera- 
ture rises. Troublesome effects of poor 
varnish treatment may become apparent 
during factory tests or when the machine 
is in service. 


Chemical Changes in Varnish 


Body, viscosity, and specific gravity of 
varnishes are interdependent. Body is 
the per cent nonvolatile material (resin, 
drying oil, plasticizer) in the varnish. 
Deposition of the nonvolatile material 
from the solvent forms the varnish film. 

Viscosity is a measure of the resistance 
of a fluid to flow. Viscosity is dependent 
upon the body of varnish and also upon 
the degree of polymerization—that is, 
the average chain length of varnish resin 
molecules. Polymerization in turn is a 
factor in the aging of varnish resins. 
Specific gravity is a measure of the 
amount of solid material in a given sol- 
vent. The amounts of solvent and solids, 
and the condition of resin may be inter- 
preted by means of these tests. 

For example, an increase in viscosity 
and specific gravity from a given stand- 
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Figure 1. Comparative viscosity of synthetic 


varnish in toluol; viscosity versus time 


ard usually means a loss in solvent. 
Adjustments of solvents are easily made. 
However, a continued increase in vis- 
cosity with the percentage solids and 
specific gravity remaining the same de- 
notes a chemical change in the varnish. 
This indicates a gradual polymerization 
or aging of the varnish resin: In prac- 
tice, the tank varnish becomes thicker 
and has to be cut back with solvents re- 
peatedly to insure smooth coating. The 
percentage solids soon becomes low as a 
result of addition of solvents, and a thin 
varnish film with poor physical properties 
is deposited, which does not impart 
adequate insulation protection. . 
Figure 1 gives comparative viscosity 
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of a tank of synthetic varnish over a pe- 
riod of 29 months. Comparative vis- 
cosity is a method of comparing the 
viscosity of a varnish at a particular body 
to a viscosity at a reasonable standard 
reference body for the same varnish. 
Gradual rises in the curve with time show 
an increase in the degree of polymeriza- 
tion or aging of the resin. Eventually, 
the physical properties of the film de- 
posited become so poor that the varnish 
must be scrapped. If one refers to the 
curve, 50 is the index for varnish in good 
condition. After nine months there is a 
steady rise in comparative viscosity to 
130 (14 months after start). At this time 
the physical properties are definitely be- 
low standard. 

If viscosity and specific gravity of tank 
varnish are allowed to increase owing to 
solvent losses without adjusting to a given 
standard, a thicker varnish coat is de- 
posited. Thick coatings on armature coils 
result in difficulty in winding in slots be- 
cause of their being oversize. Too heavy 
coats deposited on field coils and magnet 
coils decrease the rate of heat transfer 
and result in higher temperature rises. 
Table I gives the thermal conductivity 
of a magnet coil in degrees rise per watt 
after successive coats of varnish. 

In general, film thickness is dependent 
upon viscosity, whether viscosity is ad- 
justed by solvent or by heating the var- 
nish. Figure 2 gives varnish build-up 
versus viscosity of a synthetic varnish (in 
toluol solvent) deposited on copper, paper, 
and fiber glass. Note that on glass a rise 
in viscosity from 35 seconds to 100 sec- 
onds deposits a film 30 per cent thicker. 

It is apparent that a proper body-—vis- 
cosity relationship must be maintained 
in the tanks to insure efficient treating 
results. 


Contamination 


In the usual electrical-manufacturing 
plant the varnish tank is open during use 
and is located in the center of the manu- 
facturing activities, and the apparatus 
or coils to be coated are themselves not — 
perfectly clean. Under such conditions 
a certain amount of contamination is 
unavoidable. / 

Previous work by the authors! indi- 
cates there are three mechanisms of con- 
tamination of the varnish. The con- 
taminant may be washed from the piece 
while it is immersed in the varnish tank. 
This means the suspension of particles of a 
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Figure 2 (left). Syn- 
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Figure 3 (right). Cor- 
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particularly troublesome nature in the 
varnish. For example, when rehabilitated 
armatures are being processed, some of 
the dust and dirt accumulated in field 
industrial use is washed into the varnish 
tanks on immersion of the apparatus. 

A second means of contamination is 
through the air. Carbonaceous dust 
metal chips of small diameter, small drop- 
lets of paint from nearby spray booths, 
and other foreign material may enter the 
varnish when the tank lid is open. Each 
varnish-treating room is equipped with 
overhead cranes and lifts which are ad- 
ditional possible sources of contamination. 
Also material foreign to the varnish may 
be added by mistake. The addition of a 
varnish whose resin is only slightly 
soluble in the varnish and solvent in the 
tank is an example. Here the foreign 
resin would be precipitated out, possibly 
as troublesome colloidal particles. 

Contaminants generally may be classi- 
fied as conducting and nonconducting. 
Carbonaceous dust, lint, metal particles, 
and electrolytes are offenders as conduct- 
ing contaminants. These often are in- 
troduced by apparatus being processed, 
but can be present due to the manufac- 
turing atmosphere. Nonconducting par- 
ticles are represented by wood chips and 
precipitated or polymerized resins, pieces 
of cotton, and asbestos and mica dust. 
_ This type of material comes from pieces 
of insulation washed off the coils and 
wound apparatus on immersion in the 
varnish bath. 

Contamination may be classified into 
three types by use of wet and dry di- 
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electric tests and heat-endurance tests 


‘ Conducting particles lower wet and dry 


dielectric strength and generally impair 
the heat endurance of the varnish film. 
A second type is identified by a high dry 
dielectric strength, a low wet dielectric 
strength, and a low heat endurance. Con- 
tamination producing varnish gels or 
precipitated resins might not lower the 
dielectric strength but would lower the 
heat endurance or life of the varnish film. 

Disruption of the varnish film by par- 
ticles of foreign matter seriously impairs 
the properties of the insulation. On 
electrical equipment there is no need to 
mention the effect of conducting or 
ionizing particles on the dielectric break- 
down value, particularly when they be- 
come imbedded in the insulation. In 
some cases, although the particles are 
not conducting, they cut into the insula- 
tion during processing, lowering the 
breakdown level of the material. In 
addition, the initial mechanical strength 
and life or endurance of the varnish film 
are reduced when foreign materials con- 
taminate the varnish. 

Thus, it is important to keep varnish 
for treating electrical equipment as 
clean from foreign material as possible. 
As a base or goal, the electrical proper- 
ties and mechanical properties should be 
kept in the same order of magnitude as 
those of the new varnish. 


Varnish Tests 


To control the varnish adequate tests 
must be worked out which reflect the con- 
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Figure 4. Daily varnish checks 
in tank of oleo resinous varnish, 


Shaded area shows limit specified 
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dition of the tank. Some of these are of a 
type which permit testing at the tank 
itself, whereas others require sampling 
of the varnish and testing in a chemical 
laboratory. 

Those test methods which are practical 
to apply at the tank must be simple and 
require only a short time to perform. 
Viscosity and specific-gravity measure- 
ments fit easily into a daily inspection 
routine. Viscosity measurements may 
be made by one of several methods. The 
simplest of these involves the use of a cup 
with a calibrated orifice in the bottom 
which allows varnish to flow in or out at 
a definite rate. The time a definite 
volume of varnish fills or empties from 
this cup may be taken as a measurement 
of viscosity. Another method is to fill a 
convenient-length transparent tube with 
varnish. A small bubble is left at the 
top. When turned end for end the bubble 
rises slowly. The time required by the 
bubble to travel a certain distance is a 
measure of viscosity. However; a num- 
ber of tubes with liquids of known vis- 
cosity may be used. The rate of rise of 
the bubble in the tube of tank varnish 
will be approximately the same as for 
one of the bubbles in a tank containing a 
liquid of known viscosity. The viscosity 
of the tank varnish is taken as the same 
as the liquid whose bubble rises at the 
same rate. 

Viscosities with the cup or tube eae 
ods may be reported directly in seconds 
and will be comparable to other deter- 
minations made with the same apparatus. 
This is the most convenient arrangement. 
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Figure 5. Wet and dry dielectric strength ora 
heat-reactive varnish 
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However, conversion to classical viscosity 
units may be made easily. 

Specific gravity is taken easily with a 
hydrometer. Precautions should be taken 
to prevent bubbles in the varnish sample 
from contributing to erroneous results. 
Care should be exercised that the spindle 
be read at the surface of the liquid, not 
at the “‘high-tide’’ mark of the varnish. 

Both specific gravity and viscosity are 
dependent upon temperature. Correc- 
tions to a standard base temperature are 
simple and should be made in all cases to 
provide a common basis of discussion. 
A value of 25 degrees centigrade is rec- 
ommended as the standard base (refer to 
Figure 3 for a typical correction curve). 
The combination of viscosity and specific 
gravity, however, give many useful indi- 
cations. Although samples for body 
may be taken at frequent intervals, this 
test requires an oven and despite its 
simplicity must be classified as a labora- 
tory test. ue 

Samples for laboratory tests should be 
taken at convenient and regular intervals. 
A number of tests have proved significant. 


- Body of course is determined easily by 
evaporating the solvent and weighing the 


Table |. Thermal Conductivity of Magnet 


Coils 
Tests Made on Same Coil, With No Outer 


Coat of Varnish, and With One, Two, and 


Three Varhish Coats 


Each Test Is an Average of Three Temperature 


Runs 
5 Rise, Degrees 
Varnish Degrees - Watts Rise Per 
Treatment Centigrade Input Watt 
No outer coat...... DSR AY 29.2 Mn. 2:65 
One'dip coat... .. .%; 82.5. . EOL ah aie 2.83 
Two dip coats......85.5.......29.3...22...2.92 ! 
_ Three dip coats..... Chel nator 6 28,4 lies s 3.02 


. thick with a Shore durometer A.5 


Figure 6. View of 
the portable pres- 
sure filter showing 
the perforated stain- 
less-steel filter plates 


remaining resin. Body determination 
should be made more frequently than 
other laboratory tests since the informa- 
tion obtained is useful for correlation 
with the daily viscosity-specific-gravity 
determinations. 

Other properties of varnish are not 
evaluated so easily. Wet and dry di- 
electric strengths of varnish films on 
copper panels, hardness of varnish cakes, 
heat endurance, oil resistance, and drying 
time all are important.2 Many of these 
tests are affected by dust-laden atmos- 
pheres, by humidity conditions, and by 
temperature. They should be performed 
in a dust-free and moisture- and tempera- 
ture-controlled room. 

Dielectric strengths and heat endur- 
ance of varnish films have become impor- 
tant measures of the degree of varnish 
contamination. Heat endurance is de- 
termined by depositing varnish films 
0.002 inch thick on copper strips 0.005 
inch thick.2 These are heated continu- 
ously at 150 degrees centigrade for accel- 
erated tests, as suggested by Frost and 
Moses.’ The time to produce failure of 
the film on bending about a one-eighth- 
inch mandrel is reported as the heat en- 
durance of ‘‘flexing life.’ Dielectric 
tests consist of measuring the dielectric 
breakdown strength of a 0.002-mil-thick 
varnish film on each side of a 0.005-inch- 
thick copper sheet as received dry and 
after immersion in water for 24 hours. 

Hardness measurements are made on 
varnish cakes at least one eighth inch 


measurements are taken after three 
hours bake at 135 degrees centigrade and 
again after six hours at 135 degrees cen- 
tigrade. A further durometer measure- 
ment after 48 hours in oil at 110 degrees 


centigrade allows evaluation of the oil re- 


sistance of the varnish. These measure- 
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ments are dependent upon temperature, 
and tests should be in a controlled atmos- 
phere if possible. Drying time deter- 
minations should be made as per Ameri- 
can Society for Testing Materials speci- 
fications (D115-39T).? A one-mil varnish 
film is deposited on a copper plate and 
baked at 110 degrees for baking varnishes. 
At intervals a strip of kraft paper is 
pressed upon the surface. The drying 
time is taken as that time when the paper 
does not stick to the panel. 

From these data a representative pic- 
ture of the condition of the tank varnish 
can be drawn, Contamination and 
chemical changes can be noted quickly 
and steps taken to compensate for these 
changes where necessary. Table II con- 
sists of a typical report on laboratory 
varnish tests. 


Inspection System 


An inspection system is essential to 
insure proper quality control of tank 
varnish. Inspectors should be assigned 
the responsibility of checking and adjust- 
ing varnish tanks and inspecting new 
varnish to be added’to tanks. Each ac- 
tive tank should be checked for viscosity 
and specific gravity daily. It is not 
enough merely to inspect; tanks must be 
adjusted daily within definite limits by 
addition of solvent or new varnish. If 
tanks are not within the proper limits of 
viscosity and specific gravity, they should 
not be used until proper adjustments are 
made. 

Limits of viscosity and specific gravity 
are set for each type of treatment and 
each type of varnish in the tank. Daily 
examinations should be made of the 
varnish for dirt, varnish skins, or gels. 


All varnish should come within specifica- . 


tions in all characteristics before addition 
to tanks. A single drum of overpoly- 
merized varnish can initiate rapid poly- 
merization throughout a large tank which 
may lead to scrapping. Daily records 
or curves may be kept of each tank with 


additions of solvent and new varnish in-~ 


dicated. At the end of each month a re- 
port on the condition of the varnish 
tanks should be made to interested par- 
ties. By the use of curves viscosity and 
specific-gravity trends can be followed and 
the necessity for adjustments readily seen. 

Figure 4 is a record of the inspector’s 


Tebledl: Varnish Jeet 
Sample 58 


53.56 per cent 


‘Body Ah! eM scene aerate 
Specific gravity... 0. nee tone _ 0.985 
Viscosity (Demmler 1) (25 C)... 132 seconds 
Drying time (ASTM at 110C).. 2 hours 
Hardness varnish cake at 25 C 
(durometer A): ; 
3 hours bake at 135C....... 2 
6 hours bake at 135C....... 24 
A8 hoursin oilat110C....... 29 | 
Flexing life (150 C)...... a Bae Ee 60 hours ; 
Wet dielectric....... ae EE 900 volts per mil © 
Dry dielectric. Seteciagk sein ntes 1,800 volts per mil 
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monthly report on specific gravity and 
viscosity of a tank of synthetic varnish. 
Note limits of viscosity and specific 
gravity for that particular tank. 

In addition periodic chemical labora- 
tory examinations should be made of 
every varnish tank to follow changes in 
electrical and mechanical properties. 
All of this is insurance against improper 
treatment of equipment. The benefits 
are apparent in the improved appear- 
ance of coils and wound apparatus and 
improved performance. Actual econo- 
mies are hard to estimate. 

Varnish and solvent added must be 
carefully mixed into the tank. Improp- 
erly mixed solvent will rise to the top ina 
separate phase, whereas the more viscous 
and dense varnish will tend to form a 
layer at the bottom of the tank. Either 
phenomenon results in stratified layers 
each with its own viscosity and body. 
Such a tank will not deposit consistently 
good protective films. This condition 
may be remedied by simple but thor- 
ough mixing of each drum into the tank 
as it is added. 


Filtration 


Careful control of the varnish requires 
an adequate filtration method.'® The 
materials used in varnish manufacture are 


Figure 7(below). Dielectric and heat-endur- 
ance panel 


The dielectric panel has been slit to facilitate 

measuring thickness of the varnish film. Cracks 

in varnish film on heat-endurance strips indicate 
failure of the varnish 
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Figure 8. Varnish 
inspector's test ma- 
terial 


These include: stop 
watch, viscosity 
measurement cup, 
thermometer, hy- 
drometer 


Figure 9. A Shore durometer for testing 
hardness of the varnish 
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critical, and maintenance of the varnish 
in usable condition is essential. The 
particle sizes of contaminants range from 
large pieces of wood to colloidal carbon. 
Pieces of metal as small as 0.003 inch in 
diameter have been found. A study of 
the available methods suggested that the 
most efficient method of reclamation of 
the varnish and conservation of critical 
materials is by cold pressure filtration. 

A portable-type pressure filter, con- 
sisting of a number of plates arranged 
‘vertically and enclosed in a shell, has 
been found to be satisfactory. Pres- 
sures of 15 to 28 pounds per square inch 
are used, with rates of flow varying from 
one to five gallons per minute depending 
upon the pressure, amount of cake, and 
viscosity of filtrate. ik 

Filtration is carried out using a dia- 
tomaceous earth as a filter aid. This is 
particularly necessary as some of the con- 
taminating material filtered out is a gel 
and quickly fills up the pores of the filter 
medium. The addition of filter aid 
allows a porous cake to build up which is 
not so easily clogged as the filter medium 


alone. In order to avoid addition of the — 


filter aid to the large varnish tanks small 
portable tanks may be set up in which 
the diatomaceous earth may be mixed 


continuously with the incoming varnish | 


stream. Varnish is pumped from here 
through the filters and into a clean tank 
in the system. Pye 

The efficiency of the filtering treatment 
is judged by a series of chemical and 
physical tests on samples taken before 
and after filtration. Percentage of body, 


, viscosity, and specific gravity skow 


whether or not there is a loss of solvent 
or varnish resin during the filtering opera- 
tion. The results of the heat-endurance 
tests and dielectric tests before and after 


ie 


the operation show whether or not harm- “ 


ful foreign materials were present and 
have been removed. . 


Improvements in dielectric properties _ 


produced by filtering the varnish are 


TRANSACTIONS 523 


{ 


{ 


> 


” 
» 


1 
Wy 


~~ 


remarkable. A typical increase in dry 
dielectric strength in the order of 30 per 
cent and in the wet dielectric strength 
in the order of 70 per cent was found 
(see Figure 5). Heat endurance and the 
mechanical properties of the varnish 
improved from 10 to 20 per cent upon 
filtering. In one case a badly contami- 
nated sample was filtered with a result- 
ing improvement in heat endurance of 
over 100 per cent. Plastic asphalt-type 
varnish improved in this characteristic 
over 40 per cent after filtering. An in- 
crease in heat endurance indicates that 
particles of colloidal matter which dam- 
age the varnish film have been removed. 
It is apparent that the type of contamt- 
nant depends upon the material treated 
in the tank. The length of time between 
filtering operations depends upon the 
use or activity of the tank. 

Filtration in itself would be of no avail 
if the filtered varnish is pumped back to 
become recontaminated by dirty tanks. 
Tanks should be cleaned periodically; 
frequent filtrations provide an opportune 
time for cleaning. 


Conclusions 


Thus a system of varnish control which 
includes testing and inspection of varnish 


“and methods of maintenance is essential 


in sustaining the quality of insulating 
varnishes. Such a system will reduce 
the number of possible sources of electri- 
cal failures in shop testing and in the 
field. In addition it will eliminate cer- 
tain manufacturing problems. The econo- 
mies resulting from longer use of the 
varnish are difficult to estimate. This 


control and filtration system is a step 


forward in the conservation of critical 
varnish materials. It should be recog- 
nized by the electrical industry that in- 
sulating varnishes are complex chemical 


_mixtures, and care should be exercised 


in their use. Persons of the proper train- 
ing and experience are required for their 
supervision. Constant quality control is 
necessary for satisfactory use of insulating 
varnishes. q 
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[HE MANUFACTURER is always 

faced with the problem of getting 
the maximum output from his available 
equipment, material, and man power. 
This means operating with a minimum 
amount of scrap production or producing 
a minimum amount of products which 
fall outside of specification limits and 
which will require reworking. But since 
tools of production are subject to wear, 
and since materials vary in quality or 
characteristics, the manufacturer must 
have a means‘of predicting the probable 
quality of products he is likely to get 
sometime in the future. 

Having satisfied himself that his quality 
is satisfactory now, he wants to be able 
to control or maintain that quality in- 
definitely, or as long as that particular 
product is made. This prediction must 
be clear and definite enough to serve as 
the basis for action to remove assignable 
causes which if not removed will result 
in the production of parts outside of 
specification limits. 

Furthermore, in modern mass pro- 
duction where several tools perform the 
same operation, as with ‘multicavity 
molds and gang cutters, the manufacturer 
wishes to know if there is any significant 
difference in the quality of products 
coming from different cavities in the same 
mold or from different cutters in the same 
setup involving a number of cutters on 
the same machine. 


The Frequency Distribution 


In a manufacturing process, it is de- 


sirable to know, as soon as possible after : 


production is started, what the quality 
of the product is likely to be. The 
“frequency distribution” is a simple way 
of obtaining this information. By measur- 
ing the quality characteristic in question 
on a number of pieces produced at the 
start of a run, a simple computation can 
be made to show the range within which 
measurements are most likely to fall for 
the subsequent production. Comparison 
of these limits with the tolerance limits 
shows whether the process should be 
allowed to continue or if a change in the 
setup is required. The data obtained from 
the screw-machine part, shown in Figure 
1, illustrate the frequency distribution. 
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A sample of 50 pieces was taken and 
each piece was measured for over-all 
length, which was required to be 4.450 
inches + 0.010 inch. The measurements 
obtained are shown in Table I. 

The data in Table I do not give much 
information in their present form. How- 
ever, the data can be reorganized as 
shown in Table II so as to become very 
enlightening. A survey of the data shows 
that exactly 16 pieces were 4.450 inches 
long, eight pieces were 4.451 inches long, 
nine pieces were 4.449 inches long, and 
so On. 

Such a table is called a frequency dis- 
tribution. It indicates the number, or 
frequency of occurrence, of measurements 
in each size. In practice, the pieces may 
be tallied as they are measured, as is 
shown in Figure 2. This gives visual 
meaning to the frequency distribution. 
It will be noted that the distribution is 
bell-shaped and symmetrical about the 
center, high in the center, and falls off 
sharply at both ends. The envelope - 
curve of the tallied marks is known as 
the frequency curve. For best-quality 
production the frequency curve must 
lie totally within the specification limits. 

Figure 3 shows the frequency curve, 
for this part, in relation to the specifi- 
cation limits. It is evident, in this case, 
that the process is capable of producing 
good pieces and will continue to do so 
provided nothing happens to change the 
shape or location of the frequency dis- 
tribution. A periodic check of five pieces 
per hour on this item, suffices to show 
whether the frequency distribution re- 
mains unchanged. If the distribution 


does remain unchanged the entire pro- 
duction is considered to be within toler- 
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Figure 1. Screw-machine part 
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Figure 2. Frequency curve of 50 measure- 
ments on screw-machine part shown in Figure 1 
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Table I. Fifty Measurements on Screw- 
Machine Part Shown in Figure 1 (Inches) 


——— 


1. 4.450 14. 4.451 27. 4.450 40. 4.450 
2. 4.449 15. 4.448 28. 4.450 41. 4.449 
3. 4.449 16. 4.450 29. 4.448 42. 4.447 
4. 4.450 17. 4.451 30. 4.450 48. 4.448 
5. 4.452 18. 4.451 31. 4.450 44. 4.449 
6. 4.452 19. 4.452 32. 4.450 45. 4.449 
7. 4.451 20. 4.454 33. 4.448 46. 4.450 
8. 4.452 21. 4.453 34. 4.449 47. 4.451 
9. 4.451 22. 4.450 35 4.450 48. 4.450 
10. 4.451 23. 4.450 36. 4.450 49. 4.448 
11. 4.452 24 4.453 387. 4.452 50. 4.449 
12. 4.452 25 4.449 38. 4.450 

13. 4.451 26. 4.447 39. 4.449 

Table Il. Frequency Distribution of 50 


Measurements on Screw-Machine Part Shown 
in Figure 1 


Length of Piece (Inches) No. of Pieces 
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ance limits, and final inspection may be 
dispensed with. The central location of 
the frequency distribution with respect 
to the specification limits and its narrow- 
ness compared to the tolerance range 
guarantee that the product is of high 
quality. 

The shape and position of a frequency 
curve with respect to the specification 
limits are indicative of assignable causes 
which must be corrected if products being 
produced are to be kept within speci- 
fication limits. Two types of curves most 
frequently encountered are shown in 
Figure 4A and Figure 4B. 

Figure 4A is an example of a process 
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for which the band spread, or the varia- 
tion from part to part, is narrow enough 
to produce a good product, but the ma- 
chine is not properly adjusted. In other 
words, the frequency distribution is not 
centralized with respect to tolerance 
limits. As a matter of fact, this distribu- 
tion was obtained, at an earlier stage of 
the process when the machine was being 
set up to produce the part, the distri- 
bution of which is shown in Figure 3. 


UPPER SPECIFICATION LIMIT 


LOWER SPECIFICATION LIMIT 


- 
A. Process not centralized 


UrrPeR SPECIFICATION LIMIT 
LoweR SPECIFICATION LIMIT * 


B. Band spread too wide 


Figure 4. Typical frequency curves showing 
assignable causes 


Figure 4B illustrates a frequency dis- 
tribution which has a wider band spread 
than the tolerance range. Such a situa- 
tion may be easily remedied. A few 
assignable causes indicated by a wide 
band spread are worn bearings in the 
machine, flimsy and unstable fixtures, 
and excessive variation in hardness of 
stock. 

It should be apparent from the fore- 
going discussion that a frequency dis- 
‘tribution has two characteristics which 


are of practical importance, the ‘central 


tendency” and the “amount of band 
spread” or degree of dispersion. These 
characteristics may be represented nu- 
merically by the mean, X, and standard 
deviation, o. The standard deviation 
4s merely the root-mean-square value of 
the deviations. Another characteristic 
of a frequency distribution is its skewness, 


or amount of deviation from symmetry, 


: 
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Figure 5. Typical control chart for samples 
of five pieces, showing individual observations 


but we are not particularly interested in 
this at present. A normal process will 
have a distribution which is nearly - 
symmetrical. Statistical tests exist for 
symmetry, but one is often able to judge 
by sight whether or not a given frequency 
distribution is sufficiently symmetrical 
for purposes of controlling quality. 


The Control Chart 


After control of quality has been 
achieved by means of the frequency 
distribution, and production is under 
way, it is necessary to maintain this 
control in order to avoid the production 
of defective parts. The control chart is 
the tool used for maintaining this control; 
it is a take-off from the frequency dis- 
tribution. It is necessary to calculate 
the mean, X, and standard deviation,- 
o, from the frequency distribution in 
order to establish limits for the control 
chart. In many cases a rough approxi- 
mation of the control limits may be 
obtained from an inspection of the fre- 
quency distribution, ; 

After it has been established that X 
and o are satisfactory for the process, 
and a control chart has been constructed, 
a periodic check of, say, five pieces is 
sufficient to detect tendencies toward 
loss of control. The time interval be- 
tween samples may be an hour or a day, 
or a sample might represent a batch of 
material. The choice of samples is 
governed by such factors as tool wear, 
skill of operator, closeness of specification 
limits, and rate of production. Prac- 
tically all measurements made on samples 
should fall within a distance of 30 from 
X, or within the ‘‘control limits.” If 
any measurements fall more than 30 
from X, this is a strong indication that a 
change has occurred in the process at 
those points which has changed the fre- 
quency distribution. 

As an illustration, consider the data of 
Figure 5, which were obtained from a 
dimension on the breech block of an 
antiaircraft gun. The dimension is 


0.6495 inch + 0.002 inch. As shownin — 


the figure, a frequency distribution_of 50 
measurements was obtained and X and 


o computed. The results of this computa- ; 


tion are X =0.6491 inch and o=0.0007 
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Table Ill. 


Factors Used in Computing Control-Chart Limits 


Factors by Which 


Table V. Showing Calculation of Between- 
Column Variance and the Ratio of Between- 
Column Variance to Within-Column Variance 
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inch. Thus X —30=0.6470 inch, and 
X+3o¢=0.6512 inch. Dotted lines are 
drawn at X —30 and X+3c. These are 
called ‘‘control-chart limits.” In this 
example 15 samples each containing five 
measurements were then obtained—a 
sample a day for 15 consecutive days. 
As is apparent from the chart, all 75 
measurements fall within the control- 
chart limits. The process accordingly is 
considered to be ‘‘in control.” 

In this particular example, the control- 
chart limit falls below the lower speci- 
fication limit by 0.0005 inch. Hence, 
although the process is consistent— 
therefore, in control—it is not quite 
centralized and has a slightly too wide 
band spread. Accordingly, the process 
will produce some defective pieces, and 
adjustments should be made to assure 
that all pieces are within specification 


urements has the advantage over the 
control chart for average and range that 
control-chart limits may be considered 
to be the limits within which the process 
actually is producing. 

In control charts for averages and 
ranges, on the other.hand, the control- 
chart limits do not have so much meaning 
to the man in the shop as they have in 
the control charts for individual measure- 
ments. Indeed, they are often mis- 
understood as being the actual limits 
within which the process is producing. 
For this reason we suggest that at least 
until a program of statistical control is 
well established in the shop control 


charts for individual observations be 


used. 

In a control chart for averages, charts 
are run simultaneously for ‘‘average’’ 
and for ‘‘range’’ or ‘‘standard deviation.” 
“Range” is simpler to calculate than 
“standard deviation’ and will be used 


limits. This emphasizes the fact that here. In Figure 6 we have such a control 
chart for the data of Figure 5. The 
average was computed for each of the 
Figure 6. Control chart for ‘average’ and 15 groups of five measurements, and the 
“range” results are plotted on the ‘‘average’’ 
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Obviously, averages of five measure- 
ments obtained from a process will not 
deviate from each other by as much as 
will the individual measurements them- 
selves. The control-chart limits for 
averages accordingly must be drawn 
much closer together than for individual 
measurements. For averages of five, 
the factor of shrinkage is +/5. The 
control-chart limits for averages are 
therefore X —(3a/+/5) and X + (30/ 4/5). 
If the values X =0.6489 inch and 30= 
0.0023 inch are substituted, the control- 
chart limits become 0.6479 inch and 
0.6499 inch. Factors for computing 
these limits and limits for the range 
chart: are given in Table III. 

It should be stated that the control 
chart frequently is used in such a way as 
actually to tell the source of trouble as 
well as the existence of trouble. The 
reason for this is that most machine-shop 
operations are essentially so simple that 
the likely causes of lack of control are 
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Figure; 7. Control chart for between-cutters 
variance 
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few in number and are known before- 
hand, and it is easy to discern which will 
manifest itself as a lack of control of 
ranges and which as a lack of control of 
averages. 

For example, we mention briefly a 
grinding operation on bars of rectangular 
stock which were running off as much 
as 0.004 inch. This was considerably 
excessive. The operation was performed 
by placing about 50 bars on a magnetic 
chuck and grinding with a circular motion. 
Two most likely causes of variation were 
dirt on the chuck and a variation in the 
distance to which the grinder was run 
down each time. A control chart for 
average and range was kept on the opera- 
tion by taking groups of five bars at 
random from the 50 ground at each 
grinding. The first cause of variation 
obviously would show “range” out of 
control on the chart, and the second 
cause would show ‘‘average’”’ out of con- 
trol. The control chart showed both 
average and range out of control. By 
proper cleaning of the chuck, range was 
into 


brought control. Average was 

Figure 8. Sec- 

aN tional view of 
8 


turbine blade 


A Figure9. Show- 
ing method of 
gauging edge 

B thickness of tur- 

bine blade 


brought within control when steps were 
taken to assure that the grinder ran down 
to the same position each time. With a 
control chart on the operation to show 
that the right practice is being continued, 
the dimension is now held to 0.001 inch. 


The Analysis of Variance 


The analysis of variance is another 
statistical tool which may be used to 
uncover the existence of assignable 
causes of. variation in a product. The 
type of shop problem to which this 
method may be applied is one where 
several tools or machines perform the 
same operation. For example, in a 


Table VI. Data Collected After Regrinding 
Cutters 
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multicavity molding operation it may 
be that, due to differences between 
cavities, there is a variation in the 
product significantly greater than that 
which would exist if all the cavities were 
alike. It is true that tools which are 
supposedly alike do not always perform 
similarly. 

One method of analyzing such a prob- 
lem is by making a control chart, as 
shown in Figure 7. The standard devia- 
tion is computed for each tool, or cavity, 
and for the whole process. The control 
chart shows the average for the process 
and for each tool. Another statistical 
method which lends itself to this type of 
problem is the analysis of variance. We 
shall now illustrate this method, giving 
the calculation in detail. 


An example of this type of problem is 
a drum-mill operation on turbine blades. 
The drum mill consists of a circular drum 
with six rows of pockets equally spaced 
around the circumference. Each row 
contains four pockets, making a total of 
24 pockets, each holding a blade; there 
are six cams, one for each row, and four 
cutters, each of which cuts six. blades, 
one from each row, as the drum rotates. 
Variations in the product can be caused 
by differences between cutters, between 
cams, or between the pockets themselves. 


Figure 8 shows a cross-sectional view 
of the blade. The drum-mill operation 
considered consists of forming the surface 
A. This is called the ‘‘convex’’ of. the 
blade. The surface B, called the ‘‘con- 
cave”’ of the blade, is formed on a previous 
operation. 


Figure 9 shows the method used to 
measure the form of the blade. A feeler 
gauge inserted between the sections A 
and B of the gauge showed how much 
stock had to be removed by grinding and 
polishing. Statistical evidence that this 
could be controlled showed that the 
grinding operation was unnecessary. As 
a result of action taken on the basis of 
statistical data on this operation, this 
grinding operation was ultimately ,elimi- 
nated. 


The data shown in Table IV were 
obtained for a single revolution of the 
drum. To learn whether a significant 
difference exists between cutters, the 
data are arranged as shown in Table V. 
The variance between columns and the 
variance within columns are then com- 
puted. 


To OBTAIN VARIANCE 
BETWEEN COLUMNS ' 


1. Obtain the average of each column. In 
this example the averages are X,=0.0068, 
X,=0.0082, %;=0.0135, and X,=0.0192, 
respectively, for the four cutters. 


2. Obtain the grand average X_of all the 


measurements. In this example, X =0.0119. 


8. Subtract the respective column aver- 
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ages obtained in item 1 from the grand 
average in item 2. In this example, 


1 
X2=0.0119—0.0082 =0. 0037 
—X;=0.0119—0.0135=0.0016 
4 


P< <i Pst <i 


4. Square the results of item 3. 
example, 


In this 


(X—X )2=(0.0051)?=0. 00002601 
(X —X2)? = (0.0037)?=0.00001369 
(X — X,)?= (0. 0016)?=0. 00000256 
(X —X,4)?= (0.0073)? =0. 00005329 


0.00009555 


5. Add the results of item 4. 
ample, the total is 0.00009555. 


6. Multiply the result of item 5 by the 
number of measurements in each column: 
In this example, there are six measurements 
in each column. 
Therefore, we 
0.00057330. 


7. Divide the result of item 6 by the total 
number of columns minus 1 (the degrees of 
freedom =4—1=8). In this example, there 
are four columns. Hence, we divide the 
result of item 6 by 3 to obtain 0.00057330 + 
3=0.00019110. This last figure is the be- 
tween columns variance. 


In this ex- 


have 6X0.00009555= 


To OBTAIN VARIANCE 
WITHIN COLUMNS 


1. Subtract each measurement from the 
average of the column in which it appears. 
In this example, the results are: 


0.0068 —0.004 =0.0028 
0.0068—0.008=0.0012 


 0.0068—0.007 =0. 0002 


0.0068—0.009 =0.0022 
0.0068—0.009 =0. 0022 
0.0068—0.004 =0.0028 


0.0082 —0.004 =0.0042 
0.0082—0.010=0.0018 
0.0082 —0.008=0.0002 
0,0082—0.009 =0.0008 
0.0082 —0.011=0.0028 
0.0082 —0.007 =0.0012 


0.01385—0.009 =0.0045 
0.01385—0.015=0.0015 
0.0185—0.010 =0.0035 
0.0185—0.012=0.0015 
0.0135 —0.022 =0.0085 
0.01385 —0.013 =0.0005 


0.0192—0.016 =0.0032 

0.0192 —0.022 =0.0028 
0.0192—0.015=0.0042 

0.0192 —0.018=0.0012 
0.0192—0.027=0.0078 | ‘ 
0.0192—0.017 =0.0022 


2. Square the results in item 1. In this ex- 
ample, the results are: 


(0.0028)?=0.00000785 
(0.0012)? =0.00000144 
(0.0002)? =0.00000004 
(0.0022)? =0. 00000484 


(0.0022)? =0. 00000484 


(0.0028)?=0. 00000784 
0.00002685 
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(0.0042)? =0. 00001764 
(0.0018)? =0. 00000324 
(0.0002)? =0 .00000004 
(0.0008)? =0. 00000064 
(0.0028)? =0. 00000784 
(0.0012)? =0. 00000144 


0. 00003084 


(0.0045)2=0. 00002025 
(0.0015)? =0. 00000225 
(0.0035)?=0.00001225 
(0.0015)? =0. 00000225 
(0.0085)? =0. 00007225 
(0.0005)? =0. 00000025 


0.00010950 


(0.0032)2=0.00001024 
(0.0028)? =0. 00000784 
(0.0042)? =0 00001764 
(0.0012)2=0. 00000144 
(0.0078)2=0. 00006084 
(0.0022)2=0. 00000484 


0.00010284 


3. Adding the column totals in item 2, we 
get a grand total of 0.00027003. 


4. Divide the result of item 3 by the total 
number of measurements minus the total 
number of columns. In this example, there 
are 24 measurements and four columns. 
Hence, we divide 0.00027003 by 20. The 
answer, 0.00001350, is the within-column 
variance. 


Use oF FIGURE 10 TO DETERMINE 
WuHETHER DIFFERENCE IS SIGNIFICANT 


1. Divide the between-column variance by 
the within-column variance. In this ex- 
ample, the result is 0.00019110~+0.00001350 
=14.16. 


2. The between-column degrees of freedom 
is the number of columns minus one. The 
within-column degrees of freedom is the 
total number of measurements minus the 
number of columns. In this example, the 
between-column degrees of freedom is 3 and 
the within-column degrees of freedom is 20. 


3. Using the between-column degrees of 
freedom as ordinate and the within-column 
degrees of freedom as abscissa, locate the 
curve on Figure 10, passing through their 
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Figure 10. Analysis of variance chatt— 
one-per-cent probability levels 


intersection. In this case the point of inter- 
section is almost at 5, and we shall call it 5. 


4, If the answer obtained in item 1 ex- 
ceeds the value on this curve, then a signifi- 
cant difference exists. In this example, the 
cutters produce significantly different parts, 
since 14.16 is greater than 5 (14.16>5). 


Hence it is necessary to regrind the 
cutters before running the operation. 
The cutters were reground and the data 
on Table VII were obtained. For these 
data, the between-column variance is 
0.0000144 and the within-column variance 
is 0.0000129. Reference to Figure 10 
showsrthat significant difference between 
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cutters is unlikely. The blades obtained 
from these cutters were sufficiently uni- 
form to eliminate the grinding operation. 
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Basic Concepts of Moving-Magnet- 


Instrument Rotors 


LEWIS I. MENDELSOHN 


ASSOCIATE AIEE 


URING RECENT YEARS the prog- 
ress made in the development of 
permanent-magnet materials has brought 
about a considerable increase in the use of 
permanent-magnet rotors in d-c instru- 
ments. One such application is in the d-c 
Selsyn position indicator,! another in a 
newly developed electric instrument,’ 
anda third in a new ratio-type instru- 
ment.’ The space limitations in these de- 
signs predicated small actuating elements 
which were obtained by using permanent- 
magnet moving systems. 

In view of these developments and the 
increasing number of permanent-magnet 
materials now available, it is appropriate 
to analyze the basic concepts on which the 
design of permanent-magnet rotors should 
be based. Although it is not possible to 
cover all rotor shapes, the elliptic spheroid, 
which can be shown to have uniform in- 
ternal magnetization, lends itself to com- 
plete analytical treatment. A general 
analysis of this shape made in terms of its 
major and minor axes can be used as a 
good approximation for many rotor 
shapes and gives a clear physical intight 
into the behavior of permanent-magnet 
rotors. ; 

The demagnetization portion of the 
hysteresis loops for several permanent- 
magnet materials are shown in Figure 
1A, with their more important properties 
listed in Table I. These data are based 
on tests made on ring samples or the 
equivalent and without the demagnetiz- 
ing effects of air paths in the magnetic 
circuit. All practical permanent-magnet 
applications, however, involve such ‘air 
paths, and the designer is faced with the 
problem of applying these ring-sample 
data to designs subject to the demagnetiz- 
ing effects of air paths. 

The objects of this paper are: 


1. To provide the instrument designer with 
a method for determining from ring-sample 
data and appropriate demagnetizing fac- 


~ tors the intrinsic induction and the magnetic 


moment of a given rotor design. 


2. To show how the value of the minimum 
ea ee Se ee cae te 
Paper 45-90, recommended by the AIEE committee 
on instruments and measurements for publication 
in AIEE Transactions. Manuscript submitted 
November 21, 1944; made available for printing 
March 9, 1945. 


Lewis I. MENDELSOHN is meter-development engi- 


neer, General Electric Company, West Lynn, Mass. 


The author expresses his appreciation for the inter- 


est and encouragement of many of his associates 


during the preparation of this paper. Particular 
credit is due H. C. Dickinson and H. T. Faus for 


_ their contributions. i 


aos ad 


> 2 


field strength necessary to magnetize the 
rotor fully follows logically from the analy- 
sis. 

3. To present a graphical method for de- 
termining the effect of an externally im- 
pressed field on a magnetized rotor. 


4. To outline a scientific approach to the 
selection of materials for such applications. 


Demagnetizing Factor of a Ring 
and Air Gap 


The conventional analysis of perma- 
nent magnets usually deals with the case 
of a simple ring and air gap as shown in 
Figure 2B. The concept of a demagnetiz- 
ing factor is not introduced as such, al- 
though it actually occurs in the relation 
which is established between the intrinsic 
induction and the magnetizing force. It 
is worthwhile, therefore, to re-examine 
the conventional analysis to identify this 
factor which is essential to the analysis of 
the magnetized rotor of elliptic-spheroid 
shape. 

In the conventional analysis,®> Ampere’s 
law, £ H-dl=0, is applied to the case of 
the ring and air gap to obtain the ex- 
pression: 


Hmlm+Byd =0 (1) 


where H,, is the magnetizing force in the 
material in oersteds, B, is the flux density 
of the gap in gausses, J, is the mean 
length of the magnetic material in centi- 
meters, and d is the air-gap length in 
centimeters. _ 

The assumption is then made that the 
leakage flux is negligible so that the flux 
density in the material, 


be Shy (2) 
Equation 1 then becomes 
B l ‘ 
Per eee (3) 
Ot ed 3 44 
But in the electromagnetic system of 
units, which is used throughout this 


paper 

Bn = Bim+Hm (4) 
where Bi», is the intrinsic induction in the 
materia! for a given value of Hp, as deter- 
mined experimentally by a ring-sample 
test. Thus 


— Bim=f(Hm) (5) 


where f(H) is the demagnetizing portion 
of the major hysteresis loop for the con- 
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tinuous ring of the material as shown in 
Figure 2A. 

Equations,3 and 4 then are combined to 
obtain 


es Ged co eee 
d ( d ) (6) 


ln +d 


As indicated in Figure 2C, the equa- 
tions 5 and 6 can be solved graphically for 
the values of B;,, and H,, needed to pro- 
vide an approximation of the air-gap flux 
density available from the permanent- 
magnet circuit shown in Figure 2B. It 
should be emphasized that the analysis is 
based on the assumption that the leakage 
flux is negligible and that the resulting 
value of flux density is in error to the ex- 
tent that this assumption varies from 
actual conditions. 

In the graphical solution of equations 5 
and 6, the slope of the line OQ, which 
represents equation 6, is given by the co- 


efficient of H,,. The value of eS may 


be defined as the demagnetizing factor, K, 
for this magnetic circuit as it determines 
the amount by which the intrinsic induc- 
tion, Bim, is reduced from its residual 
value, OS, to its value, OR, in the mag- 
netic circuit as a result of the demagnetiz- 
ing effect of the air gap. An increase in 
the value of K reduces the value of OR. 


Demagnetizing Factor of 
a Permanent-Magnet Rotor 


The concept of the demagnetizing fac- 
tor which has been identified for the rela- 
tively simple analysis of ring and air-gap 
magnets, greatly facilitates the more com- 
plex analysis of permanent-magnet rotors. 
It permits engineers to translate the re- 
sults of the analysis of a difficult field 
problem into terms of magnetic-circuit 
theory which is more widely understood. 

In the general case, a permanent- 
magnet rotor of any shape will not be uni- 
formly magnetized when it is immersed in 
a uniform magnetic field. For example, 
the intrinsic induction in a rectangular bar 
magnet varies from a maximum at its cen- 
ter to a minimum close to itsends. Thus 
internally the intrinsic induction must be 


’ represented as a space function of some 


selected co-ordinate system. Under such 
conditions, the concept of a single demag- 
netizing factor is not valid. This factor 
becomes a demagnetizing function, to be 
specified from point to point within the 
rotor, and the mathematics required to 
evaluate it is lengthy, difficult, and be- 
yond the scope of this paper. . 

If, however, a shape is chosen in which 
the intrinsic induction is uniform, a 
straightforward analysis using a single de- 
magnetizing factor is possible: Such a 
shape is an elliptic spheroid, the surface of 
which is generated by rotating an ellipse _ 
about either its major or minor axis to de- 
velop the prolate or oblate forms of it 


TRANSACTIONS 529 


LS 
Ss 


} a Vet Sa ) 
Poienee  Pe boi a 


o 
B-KILOGAUSS 


00 500 400 300 200 
-H— OERSTEDS 


A. ~Curves for materials numbered 1 through 
10 in Table | in terms of flux density, B, and 
demagnetizing force, H 
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B.- Curves for cobalt-platinum— and silver— 
aluminum—manganese alloys in terms of B and H 
and also in terms of intrinsic induction, B;, and 


demagnetizing force, H 
‘ / 


_. Figure 1. Demagnetizing curves for perma- 
| nent-magnet materials 


___ shown in Figures 3A and 3B, respectively. 
Uniform intrinsic induction has been 
‘. proved to‘occur in magnets of this shape 
if they are magnetized either along the 
generating axis or normal to it.4 .This 
shape has been used successfully as an 
| approximation of many permanent-mag- 
- net-rotor designs. In doing so, the de- 
Signer must distinguish clearly between 
the generating axis of the elliptic spheroid 
and the axis about which the rotor turns 
in the instrument. These axes may 
either coincide or be normal to one an- 
other. In addition, it should be noted 
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that the direction of magnetization is al- 
ways normal to the axis of rotation in the 
instrument. 

The problem of determining the demag- 
netizing factor for the elliptic spheroid 
necessitates solving Laplace’s equation 
A?F=0 for the magnetomotive force dis- 
tribution of the rotor and the applied uni- 
form field. In addition, the basic physical 
relations’ must hold at the boundary sur- 
face. With the magnetomotive-force dis- 
tribution determined, the flux paths are 
found and then the demagnetizing factor. 
Another method of approach‘ recognizes 
the solution of Laplace’s equation re- 
quired for uniform magnetization by 
analogy with the gravitational potential 
theory, and from this solution the demag- 
netizing factor for the elliptic spheroid is 
found. In any case the simple use of 
Ampere’s law as outlined for the ring and 
air gap cannot be used until the flux paths 
are determined. 

In Appendix I equations are given for 
the demagnetizing factors for the two 
forms of the elliptic spheroid, each mag- 
netized either along the generating axis or 
normal to it. From these equations curves 
of the demagnetizing factors for values of 
the ratio of the generating axis to the axis 
normal to it are shown in Figure 4A. 
Figure 4B illustrates the elliptic-spheroid 
approximation of a short cylinder and 
also of a thin disk. The relationship 
among the three mutually orthogonal 
axes, the appropriate axis ratio c/a, and 
the demagnetizing factor K are indicated 
in each case, 


DETERMINATION OF THE INTRINSIC IN- 
DUCTION AND MAGNETIZING FORCE 


The demagnetizing factors given by the 
curves in Figure 4A can be used to deter- 
mine the intrinsic induction and magnetiz- 


ing force for elliptic-spheroid rotors of _ 


any dimensions. In Figure 3A such a 
rotor is introduced into a uniform field of 
magnetizing force H,. The source of this 
magnetizing force is assumed sufficiently 
large so that the presence of the rotor in. 
the field has negligible effect on it. The 
rotor causes a redistribution of this origi- 
nal field outside the rotor which may be 
attributed to a distribution of poles on 
the surface as shown. The pole distribu- 
tion which is associated with the intrinsic 
induction exerts a demagnetizing effect 
on the original field H, within the rotor, 
and the final magnetizing force H, in the 
material, while still uniform, is reduced to 
a smaller value than H,. The reduction 
in internal magnetizing force is propor- 
tional to the intrinsic induction. The con- 
stant necessary to determine this propor- 
tion is the demagnetizing factor K. Thus 


Hy=Ha—KBiy 7 (7) 
} 

where H, is the resultant magnetizing 

force in the material in oersteds, B,, is the 

intrinsic induction in the direction x in 

gausses, and K is the demagnetizing factor 
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C. Graphical construc- 

tion for determining op- 

erating point Q of ring 
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Figure 2. Conven- 
tional _ ring-shaped 
magnet 


B. Ring and air-gap 
magnet 


which depends on the ratio of the length 
of axis c to that of axis a. 

In equation 7 H, is known, and K can 
be determined from Figure 4A. Two un- 
knowns B;, and H, remain to be found. 
Hysteresis loops for the material based on 
ring-sample tests represented graphically 
or in symbols as Bi;,=f(Hz) furnish the 
other relationship needed to obtain nu- 
merical results. With equation .7 trans- 
posed, the problem may be fermulated as 
follows: 


Biz = (1/K)(H,— Hz) 
Bi =f(He) 8) 


These equations can best be solved 
graphically to obtain numerical results. 
In Figure 5 OM is laid off equal to the 
magnetizing force H,. The line MP is of 


A. Prolate form 


B. Oblate form 
Figure 3. . Elliptic spheroid . / 


The intrinsic induction is always normal to 
the axis of rotation 
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magnetization for elliptic-spheroid rotors in 
terms of the axis ratio c/a 


B (right). Elliptic-spheroid approximation of 
a short cylinder and of a thin disk 


such slope that PN read on the ordinate 
scale divided by NM read on the abscissa 
scale equals 1/K. As the major hysteresis 
loop is a multivalued function, there are 
three solutions P, Q, R, for this particular 
value of H,, depending on how the mag- 
netization takes place. 

When the rotor is saturated by a large 
value of H, which is then reduced to zero, 
its magnetic characteristics are repre- 
sented by the point P;, the ordinate and 
abscissa of which are the values of the in- 
trinsic induction (B;,) and the demagnetiz- 
ing force (—H,) for the permanent- 
magnet rotor. The point P; is found by 
the intersection of a line from the origin 
having slope 1/K and the demagnetizing 
portion of the hysteresis loop. 

The magnetizing force H,’ needed to 
saturate the rotor can be obtained from 
the value H, of this force required to satu- 
rate the ring sample. H,’ is determined 
by the intersection of a line drawn from S 
having slope 1/K and the abscissa. Hy’ 
is larger than H, because of the self- 
demagnetizing effect of the rotor shape. 
Thus the value needed to saturate a thin 
disk magnetized across its thickness is 
usually many times that required for the 
ring sample, and that for a long axially 
magnetized cylinder is nearly equal to it. 

The foregoing analyses have been based 
on ring-sample hysteresis loops in terms 
of the intrinsic induction (Biz) and the 
magnetizing force (H,) rather than the 
more usual terms of flux density (B,) and 
magnetizing force ee When only the 


Jatter are available, B,,-H, curves are» 
readily obtainable as Biz =B,—H,. The 
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Biz-H,z relation is preferred for perma- 
nent-magnet-rotor analyses, as the in- 
trinsic induction is equal to the magnetic 
moment per ‘unit volume from which the 
mechanical torque provided by the rotor 
for instrument indication can be calcu- 
lated. 


EFFECT OF EXTERNAL FIELDS ON 
MAGNETIZED ROTORS 


A properly magnetized rotor of course 
must be immersed in an external field with 
which it reacts in order to produce me- 
chanical torque. This external field, how- 
ever, tends to alter the intrinsic induction 
of the rotor along minor hysteresis loops. 
For example, a rotor having an intrinsic 
induction By, corresponding to point 5; 
on the major hysteresis loop in Figure 6A 
is immersed in an external field H,. The 
relative directions of B,, and H, may 
vary from alignment to opposition as in- 
dicated by Figures 6B and 6C. In Fig- 
ure 6B the magnetizing force is increased 
and the material performance follows 
the minor loop S52, returning to S; 
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if H, is reduced to zero. When, as in 
Figure 6C H, opposes Bjz, the path fol- 
lows the major loop from S; to S4, but, if 
H,, is reduced to zero, the path now be- 
comes S,S;. Thus the intrinsic induction 
is permanently reduced to a value corre- 
sponding to S;, and further demagnetiza- 
tion will not occur unless the rotor is ex- 
posed to an external field greater than H,, 
and in opposition to the intrinsic induc- 
tion. It also has been shown experimen- 
tally that, if the rotor has been demag- 
netized to Ss; as in Figure 6C, no further 
reduction will occur in the condition 
shown by Figure 6D. If the minor hys- 
teresis loops which determine points such 
as S, and S; are not available from ring- 
sample tests, they can be closely approxi- 
mated for high-coercive-force materials by 
drawing lines parallel to the tangent to 
the major loop at the point of residual in- 
duction (B,). 


CALCULATION OF MECHANICAL TORQUE 
OF A ROTOR 


The intrinsic induction, B;,, deter- 
mined by the foregoing analyses for an 
elliptic-spheroid rotor, is by definition the 
magnetic moment per unit volume, M.* 
The mechanical torque of the rotor can be 
calculated from this moment, M. In 
practical designs the value of B;z used for 
this purpose should be the minimum ex- 
pected in service as determined by the 
relation of it to the field H,, where H,, 
produces the strongest demagnetization 
effects as in Figure 6C. 

With this value of B;, selected, th 
magnetic moment in maxwell-centimeters 
is 


M = Biz X (4/3) ac (9) 


where (4/3)a2c is the volume of the ellip- 
tic spheroid. The mechanical torque for, 
the general case of the elliptic spheroid is 
therefore 

T hn, (10) 

4r 

where T is the torque in dyne-centimeters, 
M is the magnetic moment in maxwell- 
centimeters, and H,, is the operating-field 
intensity in oersteds. In most practical 
applications motion is so restricted that 


only coplanar components of vectors M 
and H,, can produce motion. A discus- 


Bye: 
OERSTEDS 


Figure 5. Graphical determination of the mag- 
netizing force in an elliptic-spheroid rotor 
from the major hysteresis loop = 
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Table |. Permanent-Magnet Materials 
Coercive Residual Density, Grams 
Alloy Force, Induction, Per Cubic Mechanical Method of 
Number Designation Oersteds Gausses Centimeter Properties Fabrication 
1... wChromie steels... c.0.00.0,5 635, .25. 9,000 ne Sis a Olstecarsbevale Hard, strong... Hot forge, cast, 
machine 
2 Tungsten steel....... Over NOVSOO% ss aacieet SH Sera coc Hard, strong. . . Hot forge, cast, 
machine 
3 CSO TION s causvers iw sinisie sie 220 SON aigicc unoomeollbaracarc Hard, strong... Hot forge, ma- 
chine, cast 
4 Cobalt steeliacne mon 240 se OD DOOK. a Give ete BAL hiss etree beh’s Hard, strong. .. Hot forge, ma- 
chine, cast 
5: ...Copper—nickel 
Taos Wane co See] 300 ST 200 eeeeaber en Sis ais eretaterer« Ductile........ Cold roll, ma- 
chine punch 
6 ast Alnico) 2Viar eta eaimintene 2D cree 22500 cacuemraste niet icio O snegatetsi sts Hard, brittle... Cast grind 
7... .Copper—nickel— 
CODALES cia eyelets ort 710 3,400 Be SAU creel Ductile...ccer Cast, cold roll, 
machine 
8... sintered oxide... ./..... 900. 1 SOO\5 hususvercenee D7 Orestes Hard, brittle... Mold, sinter 
9....Cobalt platinum......2,700. 4,500. .18.0 
10... .Silver-aluminum— 
manganese.......-- G0OOF a ODO miaieiele aiden: Oil OO ere sretey srs WD uctieles si ever Cold roll, ma- 


chine punch 


* Demagnetizing force required to reduce the intrinsic induction to zero, usually denoted by jH< 


sion of this departure from the electro- 
magnetic system of units is found in Ap- 
pendix II. Thus equation 10 can be sim- 
plified to the following scalar form: 


M : 
i dy sang, (11) 

4ar 
where M is the magnitude of the magnetic 
moment determined from equation 9 and 
is directed along the magnetization axis, 
H,, is the magnitude of the operating- 
field component normal to the axis of ro- 
tation, T is the torque in dyne-centimeters 


about this axis, @is the angle between the 
directions of M and Hy. 


Practical Rotor Designs 


The application of the analysis of the 
elliptic-spheroid rotor to practical instru- 
ment-rotor designs serves to explain the 
use of this method of approach in selecting 
the proper permanent-magnet material. 


Hy 


A. Graphical construction for determining 
the effect of the operating field on a mag- 
netizing rotor 


B, C, D. Possible relative directions of the 
intrinsic induction of the rotor and the operat- 
ing field 


Figure 6 
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cation. 


SINTERED 


Figure 7. Graphical construction for deter- 

mining the intrinsic induction of a one-half- 

by-one-centimeter cylindrical sintered-oxide 
rotor 


In a specific design, the size of the instru- 
ment and therefore the permanent-mag- 
net rotor usually is determined by the 
space limitations of the instrument appli- 
Cylindrical rotors one centimeter 
long and one-half centimeter in diameter, 
magnetized diametrically and pivoted on 
the cylinder axis, may therefore be used 
in considering designs made of two ma- 
terials, sintered oxide and silver—alumi- 
num-manganese, which are well adapted 
to instrument rotors. 


Figure 8. Graphical 
construction for de- 
termining the intrinsic 
induction of a one- 
half - by - one -centi- 
meter _silver—alu- 
minum — manganese 
rotor 
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The elliptic spheroid which approxi- 
mates this shape is the prolate form in 
which the direction of magnetization is 
normal to the generating axis and the 
ratio of major to minor axis, c/a= 
From Figure 4 the demagnetizing factor 
K=0.41. This factor then is applied to 
the hysteresis-loop data obtained from 
ring-sample tests for sintered oxide in 
Figure 7 and for the silver alloy in Figure 
8. It will be noted that these data are in 
terms of the intrinsic induction, B;, and 
the magnetizing force, H, rather than the 
more usual B-H relationships. The 
relative positions of the B—H and the 
B,-H curves are shown in Figure 1B for 
the silver alloy. 

In Figures 7 and 8 graphical construc- 
tions following the procedure previously 
explained for the general case of a rotor 
immersed in an opposed external field 
(Figure 6C) are used to determine the 
values of the intrinsic induction Bj, cor- 
responding to various values of the exter- 
nal field H,. In Figure 7, S,, Ss, Ss corre- 
spond to the same points in the general 
analysis of Figure 6A. The condition of 
this field in opposition to the intrinsic in- 
duction of the rotor is used, since it is as- 
sumed. that the rotor is allowed to turn to 
the position at which this condition can 
occur. 

From the values of B;, thus obtained 
for sintered oxide and the silver alloy, the 
corresponding values of magnetic moment 
M then are calculated from 


M = Biz X (21a?) (12) 


where 27a’c is the volume of the cylindrical 
rotor or in terms of the dimensions 
chosen, 


w 
ark. Biz 


M(maxwell-centimeters) 16 


(13) 


These values of /M for sintered oxide and 


the silver alloy are plotted in Figures 9 
and 10 for values of the external field H,,. 
From equations 11 and 13, the mechanical 
torque for the rotor position at which 
0=90 degrees is 


B 
To=90° (dyne-centimeters) = ae Hy (14) 
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Figure 9. Magnetic moment and 90-degree 

torque available from a sintered-oxide rotor, 

and a silver—aluminum—manganese rotor of the 

same shape operated in field strengths to 1,050 
oersteds 
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The torque values calculated from equa- 
tion 15 also are plotted in Figures 9 and 
10. 

The comparison of the torque values for 
the two materials in Figure 9 shows that 
higher torques are available from sintered 
oxide for external fields below 770 oer- 
steds, and for stronger fields the silver 
alloy is superior. As instrument designers 
are more often concerned with the torque 
per unit weight of the rotor rather than its 
absolute value, Figure 11 is given to com- 
pare the materials on this basis and fur- 
ther emphasizes the advantages of sin- 
tered oxide for field intensities below 
about 800 oersteds. 

It is also interesting to note that, for 
field strengths between 3,000 and 6,000 
oersteds, the silver-alloy rotor develops 

_even higher torque per unit weight than 
the sintered oxide used with its most fav- 
orable field of 600 oersteds. 

The instrument designer also will note 
that the values of torque to weight are 
considerably higher than those obtained 
in moving-coil designs. This is no doubt 
one of the chief reasons for the increasing 
popularity of moving-magnet instruments 
for applications in which sufficient operat- 
ing field strength can be provided by 
stationary coils or other means. 

In the preceding comparison of sin- 
tered-oxide and silver-alloy rotors, the op- 
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Figure 10. Magnetic moment and 90-degree 
torque available from the silver-alloy rotor 
operated in field strengths to 7,500 oersteds 
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erating field in which the rotor is im- 
mersed to produce torque has been as- 
sumed to be equal to the maximum field 
to which the rotor will ever be exposed. 
If, however, this operating field is ex- 
ceeded because of overload currents in the 
coils producing it or other temporary con- 
ditions, the rotor will be further demagne- 
tized. To take an extreme case, assume 
that the silver-alloy rotor while operating 
normally in a 500-oersted field may be 
subject to a momentary field of 5,000 
oersteds in a direction to oppose the in- 
trinsic induction of the rotor. Once the 
rotor has been demagnetized by this 
5,000-oersted field, subsequent applica- 
tions of it will cause no further demagneti- 
zation. The rotor magnetization there- 
fore can be made permanent for all fields 
up to this value by subjecting it to an ini- 
tial equivalent demagnetization. This, 
however, is accompanied by a reduction 
in the magnetic moment and torque from 
the values corresponding to the 500- 
oersted field. From Figure 10 the mag- 
netic moment would be 77 maxwell- 
centimeters instead of 119, but a rotor 
having this reduced moment and operat- 
ing normally-in a 500-oersted field still has 
a 90-degree torque of 8.1 gram-centi- 
meters. As this corresponds to a torque- 
to-weight ratio of about 17 millimeters, 
the rotor demagnetized to stand the 
momentary 5,000-oersted field should be 
satisfactory for most applications. This 
result exemplifies the value of the silver 
alloy in applications where a permanent 
magnet must withstand excessive demag- 
netizing fields. 


Conclusions 


The analyses presented are of value in 
determining the performance of perma- 
nent-magnet rotors for instruments. The 
assumptions made to simplify the treat- 
ment and particularly the use of the ellip- 
tic spheroid to approximate cylinders or 
other actual rotor shapes should be under- 
stood clearly by the designer applying the 
analyses to specific designs.’ He must con- 
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tinue to exercise sound judgment, espe- 
cially in the selection of the elliptic sphe- 
roid which provides the closest approach 
to the magnetic conditions existing in the 
actual rotor under consideration. The 
writer has used the analyses presented for 
numerous instrument-rotor designs. The 
results obtained have agreed with experi- 
mental tests of samples of these designs 
within the accuracy limits of the tests and 
of the ring-sample data on which the cal- 
culations were based. 

Materials other than the sintered oxide 
and the silver alloy already considered 
can be used for rotors and are preferable 
under certain conditions. Although eco- 
nomic as well as technical considerations 
should determine the final choice, the 
foregoing analyses can be of great assist- 
ance in making the selection, as the per- 
formance of a given rotor shape made of 
several different materials can be deter- 
mined rapidly without recourse to build- 
ing and testing samples of each. They 
may also serve as a basis for comparing 
moving-coil- and moving-magnet-instru- 
ment designs and for evaluating vari- 
ous rotor shapes. As the methods of cal- 
culation developed are based on well- 
established electromagnetic theory, it 
should be feasible to provide similar pro- 
cedures for other permanent-magnet ap-' 
plications which will continue to increase _ 
both within and outside of the field of in- 
struments and measurements. 


List of Symbols 


B,—Air-gap flux density in gausses. 
Bm—Flux density in the magnetic material 
in gausses. 
Hm—Magnetizing force in the magnetic ma- 
terial in oersteds. 
Bim—lIntrinsic induction in the magnetic 
material in gausses. 
lm—Length along an assumed flux line in 
centimeters. 
d—Air-gap length in centimeters. 
H,—Magnetizing force acting in the uni- 
formly magnetized material in the 
direction x. 
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H,—The intensity in oersteds of the uni- 
form magnetizing field, before an un- 
magnetized rotor is immersed in it. 

K—The demagnetizing factor (dimension- 
less). 

Bjz,—Uniform intrinsic induction in gausses 
in the direction x. 

M—Magnetic moment in maxwell-centi- 
meters. 
T—Torque in dyne-centimeters. 

H,—Operating-field intensity in oersteds 
into which a saturated permanent- 
magnet rotor is introduced to produce 
torque. 

c, a—Semiaxes of an elliptic spheroid in 
centimeters. 

m—Ratio c/a (dimensionless). 
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For a prolate elliptic spheroid magnetized 
along the c and a axes, respectively, in 
Figure 3A, the demagnetization factors are :* 
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~ (m?—1) 
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Ke 


e mvV/ m?—1 
loge (m+Vm?— i | 
m=c/a 
For an oblate elliptic spheroid magnetized 


along the C and A axes, respectively, in 
Figure 3B, the demagnetization factors are:* 
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If M’ is the magnetic moment in electro- 
magnetic units (poles times centimeters), 
and H is the field intensity in oersteds, 
T=M’ XH gives torque in dyne-centimeters. 
Now MM‘ has the dimensions unit poles times 
centimeters, and, since 44 maxwells of flux 
emanate from a unit pole, the following 
equality may be written: 


M’ unit poles Xcentimeters 
Ul 


1 unit pole 
= M maxwells X centimeters X = 


4a maxwells 
whence 


M 
Ar 


Thus Tat xH will give the torque in 
| vie = 


dyne-centimeters if M is in maxwell-centi- 
meters, and A is in oersteds. Permeameter 
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ECENTLY much engineering thought 

has been directed toward the use of 
a-c power systems in very large aircraft.'.? 
To permit operation at substantially con- 
stant frequency, when generators are 
driven by accessory drive shafts of main 
aircraft engines, variable-ratio transmis- 
sions have been designed. The ratio of 
such a transmission may be varied by 
means of a governor which maintains 
generator speed within a narrow range 
while the aircraft engine speed varies over 
a wide range. The engine speed range in 
typical cases may be three to one or 
greater. The frequency of a typical a-c 
system as now designed for large military 
aircraft must be held within about five 
per cent of normal, except during unusual 
transient conditions, when somewhat 
greater variations are permissible. When 
alternators are to be operated in parallel, 
differences in engine speeds should not be 
permitted to cause loss of synchronism of 
the generators. 

The requirements for governing the 
variable-ratio transmissions differ in sev- 
eral ways from governor requirements for 
ordinary prime movers for industrial and 
central-station generators. In the air- 
craft systems considered, the prime mover 
is the main airplane engine which drives 
the propeller. This may be 100 times as 
powerful as the generator and will vary 
in speed over a wide range independently 
of the generator’s requirements. Rapid 
changes in engine speed may be encoun- 
tered. These conditions indicated that 
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analysis of governor requirements for air- 
craft alternator drives would involve 
special study. 

As a part of the development program 
for certain military aircraft, a study was 
undertaken to establish performance 
specifications for governors for variable- 
ratio transmissions. Some of the results 
of this study are presented in this paper. 

The action of the governors should be 
sufficiently rapid so that the transmission 
ratios will follow changes in engine speeds 
closely enough to prevent loss of synchro- 
nism or undue variations of frequency. 
The rates of acceleration or deceleration of 
the engines determine the response which 
a governor must have to operate success- 
fully. The effect of sudden acceleration 
of one engine was investigated for a 
variety of operating conditions. Ac- 
celerations are considered to affect per- 
formance more adversely than decelera- 
tions, because under transient conditions 
acceleration of a generator tends to in- 
crease its electrical load, whereas decel- 
eration tends to reduce this load. Also, 
when one generator of a group of paral- 
leled generators is decelerated, its effect on 
frequency and synchronism is minimized 
by use of a free-wheeling device in its 
drive. That is, when an engine is de- 
celerated, decelerating torques are not 
imposed on the generator by its transmis- 
sion. As a result of these considerations 
the study reported in this paper is devoted 
to the effects of acceleration rather than | 
decelerations of main aircraft engines. 
The major part of the paper concerns 
parallel operation, but certain information 
concerning nonparallel operation is also 
viven. : 

The results and discussion included may 
help to give a clear conception of system 
performance during periods of engine 
speed changes. 


values of B; are measured in gausses or 
maxwells per square centimeter. But this 
B, value is identical to maxwell times centi- 
meters per cubic centimeter, or the magnetic 
moment in maxwell-centimeters per unit 
volume. Thus for uniformly magnetized 
rotors it is convenient to modify the electro- 
magnetic units as given in equations 10 
and 11. 
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System Arrangement 


Figure 1 is a schematic diagram illus- 
trating the arrangement proposed for 
operating four 40-kva 30-kw 6,000-rpm 
a-c generators in parallel for supplying 
208-wye/120-volt three-phase 400-cycle 
power for use on an airplane. Each alter- 
nator is driven by a variable-ratio trans- 
mission, which in turn is driven from the 
main airplane engine. 

Such a transmission may take any of a 
number of forms. One form consists of an 
oil pump with continuously variable 
stroke and a hydraulic motor driven by 
the variable oil flow. The stroke of the 
pump is varied by a servomechanism con- 
trolled by the governor. Each transmis- 
sion is driven from an accessory drive 
shaft of a main aircraft engine. The en- 
gine rating is, of course, many times the 
rating of the alternator and transmission. 


Each transmission is controlled by its’ 


governor which operates to maintain al- 
ternator speed in spite of variations in 
engine speed. A free-wheeling device is 
included in the output shaft of each trans- 
mission. Each governor operates from 
the speed indication of a tachometer con- 
nected to the driving end of the free- 
wheeling device. An electric power- 
measuring circuit using a current trans- 
former and a potential connection in each 
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Figure 2. Angle between generators, case 1 


~ Angle shown isthe electrical angle between © 


the alternator of the accelerated engine and 
the other three alternators 
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Figure 1. Schematic 

diagram of a-c 

power-supply system 
for airplane 
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Figure 3. Effect of slip in drive 


Angle shown is the electrical angle between 
the alternator of the accelerated engine and 
the other three alternators 
A—Case 1; no slip in drive 
B—Case 2; one-per-cent slip at full load 


alternator output circuit is connected to 
the governor in such a way as to cause the 
generator speed to be reduced somewhat 
(droop) as the output is increased. Gen- 
erators are controlled by individual volt- 
ageregulators. These regulators are con- 
nected to hold constant voltage and to 
divide reactive kilovolt-amperes properly 
among generators operating in parallel. 
Switching equipment in the electric-power 
circuits is not shown on the diagram. 


Engine Acceleration 


If the engine speed changes very 


* quickly, the governors cannot be expected 


to maintain absolutely constant speed on 
the alternators; instead, the alternator 
speed will change somewhat until the 
governors can restore normal frequency. 
If one engine (say number 1, Figure 1) 
accelerates while the speed of the other 
engines remains constant, the accelerated 
alternator will tend to pull away from the 
other alternators and may pull out of step. 
The governor should act sufficiently 
quickly to prevent the accelerated alter- 
nator from pulling out of step. 

In all cases studied, one engine was 
accelerated at a rate of 2,150 rpm per 
second which was assumed to be the 
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Figure 4. Effect of increasing applied 


acceleration 


Angle shown is the electrical angle between 
the alternator of the accelerated engine and 
the other three alternators | 
A—Case 2; 6,450 rpm per second applied to 
alternator 
B—Case 3; 14,300 rpm per second applied to 
alternator 


maximum possible. This value was deter- 

mined by applying rated engine torque to 

the propeller inertia of a typical engine— 

propeller combination for a large airplane. 

The corresponding accessory-drive-shaft 

acceleration is 6,450 rpm per second. 

This value is probably much higher than 
any acceleration which will be encoun- 

tered in normal operation. The engine 

acceleration was assumed to appear in- 

stantly. In practice the maximum accel- 

eration probably will not appear in- 

stantly; the assumption made tends to 
make the results conservative. 

The acceleration is considered to be | 
sustained throughout the short time in- 
tervals investigated. It was necessary to 
study only the first few tenths of a second 
after the sudden appearance of accelera- 
tion, since synchronism was either lost or 
definitely established during this time. 

In practice, the accelerations will not 
last indefinitely, and so the calculations 
are conservative in this regard. 


Operating Conditions 
_ A variety of initial operating conditions 


was investigated as outlined in the list of 
cases, Table I. Thus the effect of various 


factors, such as engine input speed, elec- 


tric load, parallel versus nonparallel 
operation, governor action, drive slip, was 
investigated. 
Each drive is considered to be con- 
trolled by an individual governor with an 
individual droop circuit for division of 
load. The load on paralleled generators 
was assumed to be balanced prior to the 
disturbances studied. 
The voltage was considered to be con- 
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trolled. by individual generator voltage 
regulators. 


Electric-System Characteristics 


The time required for the voltage regu- 
lators to operate was considered to be 
0.02 second, which is conservatively long. 
The exciter response was determined from 
calculated exciter characteristics, and the 
alternator electrical characteristics were 
determined from calculated machine con- 
stants. Subsequent tests on exciter and 
alternator have indicated that the calcu- 
lated characteristics are reasonably cor- 
rect. 

The load on the bus was assumed to be 
at 0.75 power factor and to be a simple 
impedanceload. The actual airplane elec- 
tric load will consist of a mixture of motors 
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Figure 5A. Effect of governor action 


Angle shown is the electrical angle between 
the alternator of the accelerated engine and 
the other three alternators 

A—Case 3; no governor 
B—Case 4; governor operating 
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_ Figure 5B. Speed changes, case 4 


A—Speed of alternator of accelerated engine 
B—Speed of other three alternators 


_ C—Speed A + drive slip=input speed x 


no-load ratio 
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and static loads. However, the results 
obtained are considered to give a reason- 
ably accurate idea of the effect of electric 
load. 


Transmission Characteristics 


In most of the cases studied, the vari- 
able-ratio transmission was considered to 
have a slip proportional to load such that 
full-load output causes a slip of one per 
cent. This value was obtained from in- 
formation supplied by designers of a 
typical transmission. The drive ratio is 
varied by moving a lever. The no-load 
ratio of the drive is determined by the 
position of this lever. Depending upon 
the position of this lever with respect to 
neutral, the drive will operate either in 
underdrive (output speed less than input 
speed) or in overdrive. 


Governor Characteristics 


The rate at which the governor changes 
the drive ratio is assumed to be propor- 
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Figure 6A. Effect of increasing governor — 


response 


Angle shown is the electrical angle between 
the alternator of the accelerated engine and 
the other three alternators 
A—Case 4; governor response =0.0025 
(ratio change per second) per rpm error 
B—Case 5; governor response =0.005 
(ratio change per second) per rpm error 
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Figure 6B. Speed changes, case 5 
A—Speed of alternator of accelerated engine 
B—Speed of other three alternators 
C—Speed A + drive slip=input speed x 

no-load ratio 
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tional to the alternator speed error. 
This error is the difference between the 
alternator speed and the reference speed, 
as determined by the governor setting, 
droop circuit adjustment, and the in- 
stantaneous value of electric load on the 
governor. 

The indicated error is the sum of the 
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Figure 7A. Effect of electric load 


Angle shown is the electrical angle between 
the alternator of the accelerated engine and 
the other three alternators 

A—Case 5; no electric load 
B—Case 6; electric load=67 per cent per 
generator 
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Figure 7B. Seed changes, case 6 


A—Speed of alternator of accelerated engine 
B—Speed of other three alternators 
C—Speed A + drive slip= input speed X ey 
no-load ratio 
D—Speed called for by governor droop circuit 
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Figure 7C. Torques on generator, case 6 


A—Electrical torque on generator of accel- 
erated engine 
B—Mechanical torque on shaft of same gen- 
erator 
C—Net torque on same generator 


actual error indicated by the tachometer 
circuit and the apparent error indicated 
by the droop circuit. Such an apparent 
error occurs whenever the alternator 
power output increases (or decreases) as 
a result of transient conditions. Thus, an 
overload due to acceleration of an alter- 
nator causes the droop Circuit to call for a 
lower speed and thus increases the signal 
to the governor in the direction of restor- 
ing correct speed. The correct speed in 
each case is considered to be the proper 
speed for the particular electric load under 
balanced steady conditions, as determined 
by the governor setting and droop-circuit 
adjustment. . 

In practice, there probably will be a 
maximum rate at which the governor can 
change the drive ratio, but it is assumed 
that the governor is so designed that this 
is reached only for speed errors outside 


the range encountered in the cases studied. , 
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Figure 7D. Bus voltage, case 6 


In each case, the governor is assumed 
to have a definite constant value of re- 
sponse in (drive-ratio change per second) 
per rpm of indicated error. The value 
selected is not the same in every case, 
and so the effect of changes in this value 
can be ascertained. 

The drive ratio is the output speed 
divided by the input speed. 

For the cases studied, there is a three- 
to-one gear ratio between engine shaft 
and accessory drive shaft. At an engine 
rpm of 900 the input speed is 2,700 rpm, 
so that for an output speed of 6,000 the 
ratio is 2.22. For this condition a rate of 
ratio change of 0.005 per second corre- 
sponds to a rate of alternator speed change 
of 13.5 rpm per second. 

The governor is assumed to have no 
time lags in attaining the assumed re- 
sponse values. Actually there will be 
some time delay between the appearance 
of a speed error and the start of movement 
of the transmission ratio-control lever by 
the governor. Some idea of the effect of 
delays can be obtained by comparison of 
cases involving no delay and those includ- 
ing no governor action. These indicate 
that some delay is permissible and indi- 
cate approxifnately its allowable magni- 
tude. 


Cases Studied 
The cases studied are outlined in Table 


I. A review of the results of the cal- 
culations for these cases form the basis 


of the conclusions given in this report. 

The constants selected for the calcula- 
tions are typical of a system for a large 
airplane using a-c power distribution. 
These constants are listed in Appendix 
III. Table II illustrates the manner in 
which the conclusions were obtained by 
comparing various results listed in Table 


Sufficient cases have not been studied 
to be sure that the most severe conditions 
have been investigated; however, number 
6 is considered to be fairly representative 
of a very severe case. This is the case of 
accelerating one engine at the maximum 
rate when operating at low speed, con- 
nected to a loaded alternator which is in 
parallel with three other loaded alter- 
nators. 


Analysis of Results 


The results of the cases studied have 
been plotted on Figures 2 to 8. These 
results may be analyzed by comparing 
various cases as outlined in Table IT. 

On several of the figures (Figure 2 for 
example) the electrical angle between 
generators is plotted. When the machines 
are operating at equal loads and excita- 
tions, as would be the case for normal 
operation, this angle is zero. That is, the 
rotors of the machines rotate at exactly 
the same speed and pass by a given point . 
in each generator stator at exactly the 
same instant. If one generator is ac- 
celerated, its poles will pass any given 
point in the stator ahead of the corre- 
sponding poles in the other generators, so 
that the angle between the accelerated 
machine and the other machines is said 
to be increased from zero to a positive 
value. As this angle increases, the ac- 
celerated alternator delivers more load 
and may even furnish power to the other 
generators. The power transferred be- 
tween generators tends to slow down the 
alternator of the accelerated engine and 
to speed up the other alternators, and thus 
resists the increase in angle. 

Since the power transferred is only a 
very smnall fraction of the rating of the air- 
plane engines, it will have practically no 
effect on the speed of the engines. How- 
ever, it will cause changes in the slip in 
the transmissions, and it will cause the — 
governor droop circuits to function in a 
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Figure 8. Generator speed, case 7 


Speed returns to normal even if engine ac- 
celeration is sustained 


direction to help maintain synchronism. 
The synchronizing torques also may cause 
the slower alternators to free-wheel at a 
speed above their drive output speed, 
thus tending to minimize alternator speed 
difference and keep the angle between 
generators within safe limits. Hence, the 
synchronizing torques between genera- 
tors are very helpful in preventing loss of 
synchronism. 

The electrical characteristics of the gen- 
erators under transient conditions are 
such that the synchronizing torque in- 
creases with angle until an angle of about 
130 degrees is reached. At this angle, the 
torque is several times normal. Beyond 
this angle the torque falls off rapidly, so 
that the machine is very likely to pull out 
of step if the angle exceeds 130 electrical 
degrees. 

The angle for maximum transient 
torque is greater than 90 degrees because 


Table Il. Schedule of Comparative Results 


Compare With 


Slip in drive..... Case 1 (noslip)...Case 2 (1% slip) 
Applied accel- 

eration.....2.)./ Case 2 (6,450 

rpm per sec- 

ond accelera- 

tion applied : 

to alternator)..Case 3 (14,300 

rpm per sec- 

ond accelera- 

tion applied 

to alternator) 


AI OTE seh lls: cr'zvars Case 3 (no gov- 
ernor)s........Case 4 « (with 
governor) 
Governor re- 
sponse....... Case 4 (gover- 
7 nor response 
i —0.0025 per 
. second per 
rpmerror)..... Case 5 (gover- | 
nor response 
—0.005 per 
second per 
c: Se 2 rpm error) 
4 Busload....... . »,.Case5 (noload)..Case 6 (67% 
Ey load per gen- 
Et? : erator) 
Nonparallel 
‘operation..... Case 5 (parallel 
operation)..... Case 7 (nonpar- 
allel) 
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One generator pulling 
ahead of three others. 
Impedance load on 
system, 0.75 power 
factor, 2.5 times rating 
of one generator 
Figures on curves are 
per-unit values of 
armature flux linkages 
behind direct-axis 
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Figure 9. Relations between generator terminal voltage, flux linkages, and angles 


of the effect of flux trapped by the field 
winding. Typical transient torque—angle 
characteristics are given by Figure 10. 

In Figure 2 (case 1) the angle between 
machines does not exceed 100 degrees 
and returns toward zero after about 0.10 
second. Hence synchronism is main- 
tained. Since there is no governor in this 
case, the frequency, of course, continues 
to increase as long as the engine acceler- 
ates. Free wheeling permits the other 
three generators to be accelerated by 
electric power from the alternator of the 
accelerated engine. 

Figure 3 shows the effect of slip in the 
drive. On curve B (case 2) the. angle 
does not increase so rapidly nor reach so 
high a value as for curve A (case 1), so 
that there is less tendency to pull out and 
more time for governor action in this case 
than in the previous case. This shows 
that slip in the drive is helpful. See 
Table II. 

Figure 4 shows the effect of increasing 
the acceleration applied to the alternator. 
On curve B (case 3) the angle increases 
rapidly beyond 130 degrees so that the 
generator can be seen to be pulling out of 
step as a result of the acceleration of the 
engine. It may be noted (Table I) that 
the engine acceleration is the same as for 
the previous case (curve A), but the drive 
ratio is higher, resulting in a higher ac- 
celeration of the alternator. In case 3 
(curve B), the free wheeling and drive slip 
are unable to prevent pull-out. 

In Figure 5A (case 4) the angle does not 
exceed 110 degrees and returns toward 
zero, so that the action of the governor, 
which was not present in the previous 
case, may be seen to be responsible for 
maintaining synchronism. (Table I 
shows that the initial conditions for this 
and the previous case are the same.) 

_ In Figure 5B is shown the speed changes 
for case 4. The speed of all machines is 
increased, the other three machines being 
accelerated (free wheeling) by the elec- 
trical synchronizing torque. The effect 
of the slip in the drive may be observed 
by comparing curves A and C of this 
figure. The frequency may be seen to be 


approaching a maximum of about 116 per © 
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cent at about 0.2 second, after which it 
will return toward normal. The fre- 
quency will return toward normal even if 
the acceleration is maintained. 

Figure 6A shows the effect of increasing 
governor response. It will be observed 


_ that the increased governor response of 


curve B (case 5) reduces the maximum 
angle reached, y 

It is evident that, when accelerations 
are less than the maximum possible, there 
will be more time for the governor to make 
corrections, so that a governor may have 
appreciable time lag and less than the 
maximum required response, if the ac- 
celeration does not attain its maximum 
value immediately. It is expected that in 
practice accelerations will not reach their 
maximum values instantly, so that the 
calculations may be conservative even 
though an actual governor will not attain 
its maximum response instantly. More 
complete data must be obtained before 
the net effect of delays in attaining maxi- 
mum acceleration response and maximum 
governor response can be determined.. 

Figure 6B shows the speed changes for 
case 5. By comparison of this figure with 
Figure 5B (case 4) it will be seen that the 
greater governor response of case 5 re- 
duces the change in frequency resulting 
from the engine acceleration. The fre- 
quency will return to normal sooner than 
in case 4, 

Figure 7A shows the effect of electric 
load. This figure shows that the maxi- 
mum angle is increased by the addition of 
electric load to the system. On curve B 
(case 6) the alternator does not pull out 
of step. However, the maximum angle 
reached in this case is quite large, (100 
degrees), so that the generator probably 
would pull out if the governor response 
‘were appreciably less. Hence the re- 
sponse for this case (0.005 per second per 
rpm error) is just about sufficient to main- 
tain synchronism in this severe case. 

Figure 7B shows the speed changes for 
this case. The effect of the governor 


droop circuit is clearly shown by curve D, 
which shows the speed called for by this — 
circuit as a result of the electric overload 
on the generator during the disturbance. 

ELECTRICAL ENGINEERING 


1 U 


a Se 


‘ 


er 


fi 
» 


£25-se 


) 


A | IN 


ELECTRICAL TORQUE — 
PER UNIT (DECELERATING 
ine) 


60 
ANGLE BETWEEN GENERATORS — ELECTRICAL DEGREES 


90 120 150 


Figure 10. - Relations between generator 
angles and flux linkages and the electrical 
torque on one generator 


One generator pulling ahead of three others 
Impedance load on system, 0.75 power fac- 
tor, 2.5 times rating of one generator 
Torque values are for generator which is being 
pulled away from others 
Figures on curves are per-unit values of arma- 
ture flux linkages behind direct-axis transient 
reactance of one generator, value for the other 
generators being unity 
Torque values given on curves do not include 
torques due to amortisseur windings 


The signal to the governor introduced by 
this circuit is seen to be greater than the 
actual speed change of the generator. 
The selected per-cent droop (3.75 per 
cent) is less than the value (five per cent) 
specified by the Army, so that droop cir- 
cuit actually used may be even more ef- 
fective if time delays do not hamper its 
action seriously. The initial speed is 
97.5 per cent, because the initial load on 
the generators causes the droop circuit to 
establish a speed lower than the no-load 
speed, which was taken as 100 per cent. 

The maximum speed change is less in 
case 6 (Figure 7B) than in the previous 
case, because the electric load tends to 
prevent overspeeding. 

Figure 7C shows the torques acting on 
the alternator of the accelerated engine. 
‘The electrical torque (curve A) is seen to 


reach a value of over four times normal, 


due to the angular displacement. This 
opposes the mechanical torque (curve B) 
exerted by the drive, so that the net ac- 
celerating torque (curve C) is relatively 
small and results in only a relatively small 
frequency error. 

Figure 7D shows the bus voltage for 
this same case (case 6). It will be noted 
that, when four generators are operating 
jn parallel, one generator may undergo a 
severe disturbance without causing more 
than about a ten-per-cent dip in the sys- 
‘tem voltage. 

Figure 8 illustrates the performance 
during nonparallel operation, when the 
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engine acceleration and governor charac- 
teristics are the same as for ‘the preceding 
two cases. It will be noted that the 
maximum speed error is greater with non- 
parallel operation, because there is no 
synchronizing torque from other genera- 
tors to minimize overspeeding. The fre- 
quency increases to about 112 per cent, 
after which it returns toward normal. 


Conclusions 


1. A free-wheeling device in the output 
shaft of each variable-ratio transmission is 
very helpful for maintaining parallel opera- 
tion during periods of engine acceleration. 
Under favorable conditions such devices 
perinit synchronism to be maintained with- 
out any governor action whatever. 

As most accelerations are expected to be 
moderate and of short duration, they nor- 
mally will produce only momentary unbal- 
ances in load division among generators, 
which will be corrected by governor action 
and by the cessation of the accelerations. 
When free wheeling is employed, the genera- 
tors usually will resynchronize themselves 
following a disturbance which causes pullout 
to occur. 


¥ 
2. Evenasmall amount of slip (say one per 
cent at full‘load) in the transmission is help- 
ful for maintaining sychronism, during tran- 
sients due to engine acceleration. 


3. If the acceleration which appears at the 
alternator is increased, it becomes more diffi- 


EXCITER RESPONSE -PER 
UNIT VOLTAGE / SECOND 


EXCITER VOLTAGE -PER UNIT 


Figure 12. Exciter response—per-unit voltage 
per second’ 


Exciter voltage is expressed in per unit of the 
value required for no-load air-gap rated- 
Nene excitation of the alternator 
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Figure 11. Relations between generator 
angles and flux linkages and the field current of 
one generator 


One generator pulling ahead of three others 
Impedance, load on system, 0.75 power factor, 
9.5 times rating of one generator. Field-current 
values are for generator which is being pulled 
away from others 
Figures on curves are per-unit values of arma- 
ture flux linkages behind direct-axis transient 
reactance of one generator, value for the 
other generators being unity 


cult to maintain synchronism. For a given 
amount of engine acceleration, the alterna- 
tor acceleration is greatest when the trans- 
mission is at maximum overdrive ratio. 


4. For the maximum accelerations con- . 


sidered, the effects of free wheeling and drive 
slip are not sufficient to maintain synchro- 
nism, so that reliance on governor action is 
necessary. ; 


5. The effect of electric load on the bus is 
to increase the required governor response 
to maintain synchronism during periods of 
engine acceleration. This is true, because 
the load reduces the transient electrical 
synchronizing torque between generators. 


6. Parallel operation tends to cause the 
frequency to be maintained within closer 


limits when one engine is accelerated, than © 


would be the case for the same acceleration 
and governor response with nonparallel 
operation. 


7. The rate of increase of acceleration is 
important in establishing governor require- 
ments, as well as the maximum value of ac- 


celeration. 


8. Time lag in attaining governor response 
should be kept to a minimum. 


9. The governor droop circuit (which | 
causes the alternator speed to droop with 


increased load) has a very beneficial effect 
in maintaining synchronism. 


10. For the most severe case studied 


(case 6) the governor should attain its thaxi- 
mum required rate of ratio change in about 
0.03 second to maintain synchronism. This 
maximum rate of ratio change is 5.3 per 
second for the assumed maximum engine 


acceleration of 2,150 rpm per second. These 


calculations indicate that to attain this rate 
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of ratio change in 0.03 second would require 
a governor response of about 0.005 expressed 
in (drive-ratio change per second) per rpm 
of indicated alternator-speed error. The 
maximum indicated alternator-speed error 
includes about three per cent (180 rpm) 
actual error, and 14 per cent apparent error, 
due to the governor droop circuit. 


11. The method of calculation used is 
adaptable to studying a wide variety of 
cases. 


When test data on system performance are 
available, the method may be used to assist 
in analyzing test results. 


Appendix |. Method of Cal- 
culation 


The calculations of electrical angle and 
other quantities versus time were made by a 
step-by-step process. At each value of time 
the rates of change of angles, speeds, gen- 
erator flux linkages, transmission ratios, and 
exciter voltages were determined. These 
rates of change were assumed to remain con- 
stant for a short interval of time and the 
increments in these various quantities thus 
determined. By adding these increments to 
the original values, the angles, speeds, gen- 
erator flux linkages, transmission ratios, and 
exciter voltages after the time interval were 
calculated. By making use of these new 
values and the constants of the system, rates 
of change for the next interval of time were 
determined. The process was repeated 
continuously, beginning with the time of 
first appearance of engine acceleration and 
continuing until the behavior of the system 
was ascertained. 

In determining the rates of change of the 
_ quantities mentioned, certain other quanti- 
ties, such as terminal voltage and torques, 
were calculated and plotted. The rates of 
change were determined using the constants 
given by Appendix III. The calculations 
for these rates were made on the basis of 
the assumptions listed in Appendix II. 

_ The time intervals employed in making 
calculations in all cases were only 0.005 

second or less. The interval used was deter- 
mined by repeating calculations for one case 
with successively smaller intervals until fur- 
ther reduction in the interval produced sub- 
stantially no difference in the result ob- 
tained. 

. It was found convenient to plot the cal- 
culated relations between terminal voltage, 
electrical angle, electrical torques (except 

‘ amortisseur torque), generator flux linkages, 
and generator field currents, prior to making 


the step-by-step calculations, as these rela- 
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tions were independent of time. The calcu- 
lations for these relations were aided by use 
of the a-c network analyzer. Typical results 
are given by Figures 9, 10, and 11. 


Appendix Il. Assumptions 


1. The effect of magnetic saturation is 
neglected. This is considered justifiable, 
because the flux-linkage changes involved 
are relatively small. Methods for including 
this effect are available for cases requiring 
them. 


2. ~The effect of amortisseur windings on 
generator armature currents is neglected. 
Preliminary calculations showed this effect 
to be small. 


8. ° Torque due to amortisseur windings is 
assumed to vary directly with the rate of 
change of electrical angle with respect to 
terminal voltage, to be unaffected by rotor 
angular position, and to vary directly as the 
square of terminal voltage. Preliminary cal- 
culations indicated that this assumption is 
reasonably correct for the range of speed 
differences involved. 


4. Voltages due to rates of change of direct- 
and quadrature-axis armature flux linkages 
areneglected. This assumption is justifiable, 
because these voltages are small compared 
to those resulting from rotation. 


5. Generator friction, windage, core loss, 
and exciter torque are neglected. 


6. Deviations in speed up to about ten 
per cent are assumed to have no effect on 
machine reactances er the ratio between 
power and torque. The effect of speed varia- 
tions on terminal voltage is considered, how- 
ever. 


7. Alternators, voltage regulators, and 
governors*are assumed to be identical so that 
several machines operating in parallel may 
be lumped into one, provided their engine 
speeds do not differ. 


8. The rate at which the governor changes 
the drive ratio is assumed to be proportional 
to the alternator-speed error, within the 
range of speed changes involved. 


9. Voltage-regulator action for small volt- 
age errors (up to three per cent) is neglected. 
For greater voltage disturbances, the regu- 
lators are assumed to act, but to delay 
exciter response for 0.02 second. The ef- 
fect of reactive cross-current compensation 
is neglected. This effect will be small if the 
regulators and their compensating circuits 
are adjusted properly. 


‘ 
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10. Exciter response is assumed to be in 
accordance with Figure 12, which was ob- 
tained from typical exciter design data. 


11. Exciter voltage changes caused by 
variations in generator speed are neglected. 


12. Impedance between generators is as- 
sumed to be negligibly small. 


13. The speed of the driving engine is as- 
sumed to be unaffected by the alternator. 


Appendix Ill. Walues of System 
Constants 


The selected values of system constants 
used for the examples studied were as 
follows: 


Engine Characteristics 


Speed wankeve tess ent eee 900-2,700 rpm 
Accessory-shaft gear ratio......... 3:1 
Accessory-shaft speed range....... 2,700-8,100 rpm 


Alternator Constants 

Rating: 

40 kva, 30 kw, 6,000 rpm, 208 wye/120 volts, three 
phase, 400 cycles 

Open-circuit field time con- 


SEAIE Sco wise! ie ie tateictoeeete 0.10 second 
Amortisseur damping co- 
efficient’) einai eee 7.0 (per-unit torque) + 
~~ (per-unit slip) 
Enertia constant, ff. 3.52.00. 0.21 second . 


.0.16 per unit 
.1.04 per unit 
.0.58 per unit 
.0.03 per unit 


Transient reactance, xq’... 
Synchronous reactance, xd. 
Quadrature reactance, %q... 
Armature resistance...... 


Exciter Characteristics 
RSPOLusel chs Foc Me sine ok escent aenteaie kay Figure 12 


Transmission Constants 


Slip (when present) ...0.010 per unit at 45-horse- 
power mechanical torque 
(6,000 rpm) 

Input speed range..... 2,700-8,100 rpm 

Output speed rating. ..6,000 rpm 


Governer Characteristics 


Speed droop (when ; & 
present) ).c. oc. see as 0.0375 per unit at 30 kw 
electrical torque (6,000 

rpm) 

Response iei.d soc eres s Up to 0.005 drive-ratio 
change per second per rpm 
error 
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‘ticularly fuses. 


A Current-Limiting Fuse for Aircraft 
Applications 


A. H. POWELL 


ASSOCIATE AIEE 


Synopsis: Although many fuses are available 
for aircraft applications, it has become in- 
creasingly evident that the trend to large 
aircraft electric systems necessitates a review 
of existing fuse devices, particularly with 
regard to their interrupting ability. Sucha 
survey indicates many applications for an 
improved interrupting device. A new cur- 
rent-limiting fuse has been designed to meet 
the requirements. This paper describes the 
device and presents test data to indicate its 
suitability. 


UCH has been said about electric 
systems in aircraft including the 
history af their growth—voltage, available 
current, frequency, design, protection— 
as well as predictions of systems to 
come.!2 Articles, discussions, and lec- 
tures have indicated a trend that will re- 
quire improved protective devices, par- 
The fuse is a very widely 
used overcurrent protective device in air- 
craft electric systems today, because it 
provides maximum benefits for a mini- 
mum weight, space, and cost. Fuses 
which have proved satisfactory for pres- 
ent-day aircraft, however, should not be 
considered suitable for larger aircraft of 
the future. The definite trend to larger 
aircraft has resulted in three fundamental 
changes in the electric system: 


1. There is an increasing number of opera- 
tions being performed electrically, requiring 
larger amounts of available generated power. 
2. Short circuits caused by battle damage 
in military airplanes or normal failures of 
connected equipment must be removed 
rapidly and satisfactorily to prevent system 
disturbances. 

3. The ‘circuits have become more com- 
plicated, requiring accurate, consistent, and 
correct fuse or protective-device operation. 


The following general specifications for 
the required fuse and support are there- 
fore proposed: 

1. Adequate interrupting capacity. 
9. Accurate and consistent time-current 
characteristics. 


3. One-half cycle or less of arcing time. 


4. Uniform contact resistance. 
5. Vibration and shock resistance. 


6. The foregoing characteristics to be af- 
fected only slightly by altitude up to 40,000 
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feet or ambient temperatures of —70 to 
+60 degrees centigrade. 


7. Small size, compactness, light weight, 
and easy replacement. ; 


Admittedly, a lot is required of a rela- 
tively simple device. Nevertheless, to 
meet these specifications, a new current- 
limiting fuse has been designed par- 
ticularly for aircraft use. This paper dis- 
cusses this fuse and presents information 
regarding applications. 


Construction and Operation 


For several years there has been avail- 
able for central-station and industrial 
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Figure 1. Current-limiting characteristics 
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Figure 2. Wave forms of typical oscillogram 
of current-limiting fuse operation ona 60-cycle 
circuit ; 
Short circuit starts at a, fuse melts at b, and 
: arcing and interrupting complete at ¢ 
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users a current-limiting power fuse.* This 
fuse, consisting essentially of a pure silver- 
wire element in an interrupting medium 
in the form of granular quartz, is unique 
in the way it operates on short circuits. 
The fuse limits the magnitude of the 
short-circuit current, under most condi- 
tions, to a value below that which would 
be produced in a direct short circuit. 
This action is summarized by the curves 
in Figure 2. 

It was decided that this current- 
limiting action would be extremely de- 
sirable in aircraft electric systems, and 
therefore a fuse was designed, using this 
basic principle, which would meet the 
other specifications, particularly as to size, 
operating conditions, and vibration. The 
results are shown in Figure 3 and Figure 4. 

The device is built at present in two 
frame sizes, one for a fuse of 30-ampere 
maximum rating and the other for a fuse 
of 60-ampere maximum rating. This di- 
vision of ratings was arrived at after 


Figure 3. The new current-limiting fuse for 
aircraft applications 


Thirty amperes, 208 wye/120 volts, 400 
cycles. Fuse unit partially removed from holder 


B. Latch bar open and fuse being removed 


Figure 4. The new current-limiting fuse for 
aircraft applications 
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_ Sixty amperes, 208 wye/120 volts, 400 cycles’ 
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Figure 5. Melting-time-current curves for 
new current-limiting aircraft fuse 
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Figure 6. Test-circuit diagram 


Figure 7. First sample fuses for preliminary 
tests, following interruption 


Upper unit, silver wire; quartz filler. Lower 
unit, copper wire, air filler 
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A. Copper wire, air filler 


Available current, 3,000 amperes; melting 
time, 0.00119 second; arcing time, 0.00059 
second (Test 2, Table II) 
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B. Silver wire, quartz filler 


Available current, 4,500 amperes; melting 
time, 0.00059 second; arcing time, 0.00030 
second (Test 6, Table Il) 


Figure 8. Oscillograms for test samples shown in Figure 7 


Tests made at 120 volts, 420 cycles 


careful consideration of probable load 
requirements and design limitations of 
the maximum continuous current which 
could be carried safely by the terminals, 
contacts, and the fuse unit itself. 


Fuse UNITS 


The two fuse units are similar in con- 
struction, each consisting of two molded 
end pieces with three blade inserts for 
the contacts, three Pyrex glass tubes, 
silver-wire elements, and the special 
granular-quartz filler. The molded parts 
are made of a compound that will with- 
stand vibration, shock, and the expected 
extremes of temperature. The blades 
which mate with contacts in the siipports 
are silver-plated. The Pyrex tubes fit 
into counterbores in the molded pieces 
and are cemented in place during as- 
sembly. The fusible elements pass 
through small holes in the blades and are 
soldered to them with a lead-silver alloy 
which will not be affected by the operat- 
ing temperature of the fuse. A brightly 
colored paint is applied to the inside of 
the glass tubes on the side towards the 
top of the fuse. The- paint will be 
changed in color by the heat from the 
melting of the fuse element to indicate 
the blown condition of the fuse. The 
filler material is added through small 
holes in the fuse ends, after the tubes and 
elements are in place, and the holes then 
are sealed with cement. The design de- 
scribed thus provides a three-pole fuse 
assembly which has several desirable 
features: 


1. When this fuse is used with proposed 
three-phase electric systems, the fuse units 
in all phases are replaced simultaneously, 
assuring that a fuse which might not have 
melted but was damaged is replaced. 


2. There is no chance of one phase being 
accidently left open. 


3. The phases are in separate isolated com- 
partments, entirely preventing phase-to- 
phase short circuits within the device during 
the interruption. ; 
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The fuse element is made of pure silver 
wite with a reduced center section to 
limit the length which melts during inter- 
ruption. There are, of course, many ma- 
terials which could be used for the ele- 
ment, but silver was-selected as the most 
suitable after careful investigation.  Sil- 
ver has a low specific resistance; thus a 
minimum cross section ef wire will carry 
a given current, and there is a minimum 
amount of material to be dissipated dur- 
ing interruption. Furthermore, its melt- 
ing and vaporizing action has proved more 
satisfactory in fuse operation than that of 
copper, which was also considered. Re- 
sistance to oxidation and corrosion are 
other characteristics in which silver is 
superior. 

In the fuses for aircraft applications 
which are being considered in this paper, 
it is essential that ambient temperature 
have very little effect on the fuse time— 
current characteristics, for fuses which 
must co-ordinate may be in locations 
where ambient temperatures differ by 
100 degrees centigrade. Thus, this is an-— 
other reason why a high-melting-point 
element is superior to a low-temperature 
material such as zine. / 

Many factors in the application of a 


Figure 9. Sample fuses for second set of 
preliminary tests, after interruption 


Upper unit rated 30 amperes; lower unit o 
rated 60 amperes a 
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fuse dictate that it normally should be 
employed only as a short circuit rather 
than an overload protective device. 
This is discussed more fully later in the 
paper, but to meet this condition a fuse 
with ‘‘fast’’ characteristics is desirable, 
and this condition is obtained with the 
current-limiting fuse using a silver-wire 
element. Figure 5 shows typical time— 
current curves for 30- and 60-ampere air- 
craft fuse units. 


FUSE SUPPORTS 


The fuse supports shown in Figures 3 
and 4 are similar in that two molded end 
pieces are fastened to an insulated base 
to form the support for the terminals and 
contacts. Beryllium-—copper spring con- 
tacts, silver-plated, are used in the 30- 
ampere holder in order to provide uniform 
contact resistance. The fuse unit is 
latched into the fuse support, to prevent 
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A. Thirty-ampere fuse 


Available current, 3,149 amperes; peak cur- 
rent, 1,640 amperes; melting time, 0.0067 


second; arcing time, 0.0015 second (Test 5, 
Table III 
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-B. Sixty-ampere fuse 


Available current, 3,149 amperes; peak cur- 

rent, 2,640 amperes; melting time, 0.013 

second; arcing time, 0.0023 second (Test 6, 
- Table III 


Figure 10. Oscillograms of d-c short-circuit 


tests made at 135 volts 
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loosening from vibration, by having the 
blades on one end of the fuse unit as- 
sembled under a pin at one end of the 
support, while a spring backed catch at 
the opposite end of the fuse support locks 
over a projection on the other end of the 
fuse unit. Thus the fuse unit operates 
similar to the blade of a disconnecting 
switch and may be readily removed from 
the support when in the “‘open”’ position. 
The catch must be released before the 
fuse unit can be moved to the ‘“‘open’’ 
position. 

The 60-ampere support differs from 
the 30-ampere design, in that silver- 
plated copper contacts, backed by steel 
compression springs, are used. Further- 
more, a hinged latching bar is arranged to 
swing into closed position after the fuse 
is inserted. The closing of the latching 
bar puts added pressure on the contacts, 
thus assuring uniform ‘contact resistance, 
and holds the fuse in place against vibra- 
tion and acceleration. The latching bar 
is held in place by a catch which is oper- 
ated in the same manner as the catch de- 
scribed for the 30-ampere holder. 

The over-all dimensions and weights of 
the fuse units and holders, given in Table 
I, indicate that the device is small and 
lightweight. 


Tests 


The current-limiting aircraft fuse was 
developed primarily for use on relatively 
high-voltage a-c electric systems. Spe- 
cifically, the anticipated application was 
on a 208-wye/120-volt three-phase 400- 
cycle system. Therefore, the majority 
of the tests were made using this type of 
circuit. To check for operation of the 
fuses under other conditions, short-circuit 
tests also were made on 135-volt’ d-c cir- 
cuits, and 120-volt 60-cycle a-c circuits. 

Approximately 350 short-circuit tests 
were made during the development of the 
new fuse. Except for final check tests 
with a three-phase circuit, all tests were 
made with a’single-phase 120-volt circuit, 
arranged as indicated in Figure 6, with a 
frequency of 420 cycles, which was the 
nearest available to 400 cycles. The 
initial series of tests was made using crude 
sample fuses to determine length of ele- 
ment, filler material, and other design 
limitations. Two of these samples after 
interruption are shown in Figure 7, and 
oscillograms for the two tests, Figure 8, 
indicate clearly the short arcing time 
obtained by using a suitable filler ma- 
terial. Table IIA lists the results of some 
of the preliminary tests made for the pur- 
pose of comparing the interrupting char- 
acteristics of silver and copper element 
in air and in quartz filler. Table IIB lists 
results of tests which demonstrate the 
current-limiting action of the fuses. 
Note that tests were made at currents up 
to 5,600 amperes and 40,000 feet altitude 
using a suitable pressure chamber. The 
arcing time was generally long and er- 
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A. Twenty-ampere fuse 


Available current, 3,100 amperes; melting 


time, 0.00071 second; arcing time, 0.0003 
second (Test 2, Table IV) 


B. Fifty-ampere fuse 
Available current, 3,100 amperes; melting 
time, 0.0019 second; arcing time, 0.0003 
second (Test 4, Table IV) 


Figure 11. Oscillograms of final three-phase 


interrupting tests at 208 wye/120 volts, 420 _ ni 


cycles 


ratic with the air filler, but consistently 
short with the quartz filler, Thus the 
current-limiting fuse will meet the specifi- 
cations for adequate interrupting ca- 
pacity and short arcing time. 

Following the preliminary tests, a sec- 
ond series was made using samples with 
smaller-diameter tubes and elements de- 


signed in accordance with the results of . 


the first series of tests. Typical samples 
for these tests are shown in Figure 9. — 
The results were similar to the first series 
of tests and confirmed the suitability of 
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the design. Tests also were made using 


the second set of samples, Figure 9, ona i 
The results were 


135-volt d-c circuit. 


very satisfactory. Figure 10 shows typi- 


cal oscillograms of the tests, and again the 
very short duration of arcing should be — 
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Table |. Dimensions and Weights of Fuse 
Units and Holders 
Inches 
Weight 
Device Length Width Height (Ounces) 


30-ampere sup- 


DPOrtiaierelstersoen 23/4. 60.11 /i6-..1 t/a. os 1.9 
5-30-ampere 

fusetinit..i7... For 30-ampere support....1.1 
60-ampere sup- 

porte .s. Ripe ies Bisa eel sete l2/r6~ oO) 
40-60-ampere 

fixsse unit....... 4. For 60-ampere support....1.6 


noted. Table III lists some of the d-c 
test results. 

Before final short-circuit tests were 
made, many long-time melting tests were 
requited in order to determine the exact 
size of fusible-element wire to obtain the 
required continuous-current ratings. Two 
factors govern this determination: 


1. The temperature rise of the fuse while 
carrying the full current. 


2. The melting current at some relatively 
long time, five minutes for example. 


It was found that satisfactory results were 
obtained when the five-minute melting 
current was about twice the normal full 
load-current rating of the fuse. A series 
of tests was then made to determine the 
five-minute melting current of a range of 

_ wire sizes (both one and two wires per fuse 
tube) and the final wire sizes were de- 
termined and checked. 


The lower ends (short-time) of the 


time—current curves were determined 
from the final short-circuit tests. The 
various points were combined to form 
the completed curves which, as shown in 
Figure 5, indicate a fuse with “fast” 
characteristics (a slight change in current 
above the minimum melting current will 


‘ 


produce very rapid melting). The lower 
end of the curve is a straight line with a 
two-to-one slope.4 Results of some of the 
final tests are listed in Table IV, and typt- 
cal oscillograms are shown in Figure 11. 

Vibration tests show conclusively that 
the particular filler material used has no 
detrimental effects on the elements. 
After 50 hours of vibration with a fre- 
quency of 10 to 55 cycles per second, no 
reduction in cross section of the element 
was observed. This may well be due to 
two factors in the design: 


1. The special size and shape of the grains 
of the filler material. 


2. The fact that the filler material is tightly 
packed in the fuse tubes. 


Application 


The subject of application of fuses in 
aircraft electric systems is too broad to 
be covered in this paper. However, a 
few suggestions as to the fundamental 
points are in order. 

Good fusing practice dictates that a 
fuse should be used for short-circuit pro- 


Table Ill. Short-Circuit Tests at 135 Volts 
Direct Current 

aa cae ae = 

Ne Ome to o 2 CM) 

5 0% ire} ey ey bo Me] ho) 
Bee PS ot 6 See ated ook ees 
og gel te] Ae) Teli OH.4 =g0 8s 
es BSa bea Asa Sie SH o 
eA BMS HOS * OS Pipe ag2 
Li clO nek G480 296 0.003 ...0.0007 
Zeb 6c 40 . 480 480....0.042 ...0.0022 
Sa tare a Orcnree 11 Oe Os « 870....0.0055. ..0.0009 
45%,,':50.. 2, 1,67 Set S802. ,..05022- 5 2000022 
§....30......3,149... .1,640....0 0067. «0.0015 
6....60....3,149.. .2,640... .0.013 ...0.0023 


# All tests made at 500 feet altitude. 
* Actual maximum peak current permitted by fuse. 


Table Il. Preliminary Interruption Tests at 120 Volts, 420 Cycles, Single-Phase 


= ———————— 


A. To Compare Effect of Filler Materials 


bt Meltin, Arci 
oe Test Fuse Element * Available Altitude Time. Time 
Number Rating Material Filler Current (Feet) (Second) (Second) 
1 a NEI aL a retest Copper...... AIS carat eye. ths SAO". Dee cates SU OsOLO NE a eue a 0.00089. . 0.00040 
Diterushsers Ae DAD Bicone Copper he Sieh Aarti. baie 3,000 - 40,000 OLOOML OL 28 “0.00059 
a es pe eee: Sohn ‘Silvers cesvertee Ouartzigs a. 4,500 cL O00). 0.00059...... 0.00030 
ten oe i ep Copper...2n - Onartzeeemir: 3,400). cS. 240,000) 05. a. 0.00062. 40. 0.00030 
Bivere sarnehe's OKRSAB canste Silvers. sci Quartz sha he LIZ Dek oe 40,000 OWTZ8 aes ees 0.00035 
Baio Indicate Current-Limiting Action. Silver Wire, Quartz Filler 
~ wih 
Closing Melti i 
Test Fuse ** Available #Peak Angle | Altitude > naan rae 
_. Number Rating Current Current (Degrees) (Feet) (Second) (Second) 
2 ~ 
Oiite Riders D2 cd cteteratel sce 6380 ce A QOO rs syevnte.t:s Bie 6 beaters 1,000 wee tee 0.00059...... 0.00030 
Thontoumon d 35 Pearce Sictee tae 5,940 505 0c ZOO ee mone COR) .terte vais 40.000 ae ce. OFO00507 a. cure 0.00030 
3 PES tera Be Be hee re ne Cosa a Ma NT OOG eraNeaty oh TO pe aes L OOOLtmt=s 0.00094..... -.0.00035 
“(US Se sen dep piocdoensn ,180 45800 3 cect as SOR Cae eraci +O 000. ate a ae 0.00055. 422. < 0.00030 


* Available current is maximum rms current which the circuit can produce in the absence of the fuse, cal 
: , “J 


culated from the rms symmetrical current available and corrected for the actual closing angle. 


** Available current is maximum peak current which the circuit can produce in the absence of the fuse 
a 


calculated from the rms symmetrical current available and corrected for the actual closing angle 


# Peak current is the maximum instantaneous current permitted by the fuse. 
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tection, not overload protection. There 
are other devices, such as automatic 
motor protectors® and temperature re- 
lays, which provide satistactory overload 
protection. However, in aircraft systems 
it is essential that the circuits remain 
operable at all times, except when they 
are damaged, in which case the fuse must 
operate to disconnect that part of the 
system. The current-limiting fuse which 
has been described is ideally suited for 
circuit protection, for its current-carrying 
ability and time-current characteristics 
are similar to those of the conductor and 
are not appreciably affected by differ- 
ences in ambient temperatures. 

Thermal damage to a fuse element also 
must be considered when one is applying 
a fuse. Sufficient tests have been made 
to indicate that a change takes place in 
any element material when it is heated 
nearly to its melting temperature and 
then cooled. To make sure that a fuse is 
not damaged, it is a safe practice to select 
a fuse for a given circuit so that the fuse 
will not have to pass more than 75 per 
cent of the melting current shown on the 
time-current curve for the length of time 
involved. For example, in reference to 
the characteristics of the 30-ampere fuse 
given in Figure 5, if the circuit carries a 
temporary overload of 70 amperes, such - 
a current should not pass through the fuse 
for more than 0.9 second. 


Summary 


The short-circuit capacity of aircraft 
electric systems is increasing constantly so 
that many avaikable fuses are not satis- 
factory for the duty imposed on them. 
Furthermore, higher voltages are being 
used in order to transmit more power with 
smaller conductors. A fuse is an excellent 
short-circuit protecting device, but it must 
be properly built and correctly applied. 

To meet the present and anticipated 
future circuit growth, a new current- 
limiting fuse has been developed. This 
fuse, based on the well-known and time- 
tested design of high-voltage power fuses, 
meets the requirements of adeqtiate in- 
terrupting capacity, extremely short 
arcing time, vibration and shock re- 


Table IV. Final Interruption Tests. at 


208 Wye/120 Volts, 420 Cycles 


a 7 @ <3 o on ~~ ; 
by we sy a gw v o iy 
2 g22 AGE EF g228 e208 
es BOG os 9 aco oo Bo 
aeS «qo 25 48302 2462 
1....10....3,100. . .1,000...0.0003 .-.0.0003 
2....20....3,100...1,000...0.00071.. .0.0003 
3....40....3,100...1,000...0.0012 ...0.0003 
4....50....3,100...1,000...0.0019. ...0.0003 
5....60....4,580.. .1,000...0.0018...0.0003 
6....60....2,990. . .1,000. . 


--0.0038 ...0.0004 


a Se a eae 
* Available current is the rms symmetrical current 
(average three phases) which the circuit can pro- 
duce in the absence of the fuse. / 


# Melting time is average of three phases. The 
variation in time was caused by the closi e 
the three phases. ‘s ‘ 4 get Sh 


Measurement of Railway-Motor 


Temperatures in Service 
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HE EVER-INCREASING applica- 
tion of Diesel-electric locomotives to 
the many diversified traffic requirements 


_ of the railway systems over the nation is 


an acknowledgment of the versatility and 
effectiveness of this type of motive power. 
It brings to the steam road the high avail- 
ability of the Diesel engine, the practical 
adaptation of which to railway-traction 
requirements is made possible through the 
electric transmission. The electric gen- 
erator coupled to the Diesel engine en- 
ables the essentially constant torque and 
speed output of the prime mover to be 
cogverted to the widely variable range of 
torque and speed required for traction by 
means of electric motors geared to the lo- 
comotive drivers, Thissame transmission 
is used again when electric braking is ap- 
plied to reduce or hold train speed. 

The application of the Diesel-electric 
locomotive is‘then actually based on the 
speed-tractive-effert or braking charac- 
teristics of the transmission, the size of 
which for a given duty is dictated by eco- 
nomic considerations and the greater 
over-all advantages of utilizing to full 
extent an optimum standardized equip- 
ment of given continuous rating. How- 
ever, tractive effort far in excess of con- 
tinuous rating can be exerted by the 
smoothly applied motor torque to drivers 
with all the locomotive weight available 
for adhesion, and this capacity for over- 
load is limited only by the heating of the 
windings. : 

Temperature of windings therefore is a 
prime consideration in the application of 
Diesel motive power wherever loads ex- 
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ceeding the continuous rating are en- 
countered to see that the maximum per- 
missible limits are not exceeded or main- 
tained over a period of time to shorten un- 
duly the insulation life. To this end, the 
silent movement of an ammeter needle 
over its scale is, psychologically to the 
man trained in steam operation, a poor 
exchange for the attention-compelling 
blast of a laboring steam-locomotive ex- 
haust as an indication of exerted effort. 
There issan unquestioned finality when a 
steam locomotive stalls with its load that 
finds no adequate equivalent in the elec- 
tric drive. The steady unemphasized beat 
of the Diesel exhaust continues, irrespec- 
tive of the overload coupled to the loco- 
motive which it moves with an apparent 
effortless ease with no sensible external 
impression of the winding’s rising tem- 
perature or its proximity to the limit, 
until smoke and smell of burning insula- 
tion announce the damage to equipment. 

The Diesel-electric locomotive does not 
know when to quit; nevertheless its abil- 
ity to handle overloads is dependent 
upon the thermal capacity of the electric 
apparatus so that the duration, for which 
a given overload may be maintained with 
safety, is determined by the temperature 
of the windings preceding its application. 
Where ruling grades or speed of operation 
limit train weights, the load is generally 
below the continuous rating of the equip- 
ment, so that low winding temperatures 
provide a useful margin of overload ca- 
pacity. This is an advantageous attri- 
bute of the electric drive in railway opera- 
tion when it is cofrectly utilized. 

It is essential to know motor tempera- 
tures just before a given overload to be 
able to determine the permissible dura- 
tion for such duty. Temperature meas- 
urements taken in the intended service 
will be a check on the assumptions made 
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sistances, high altitude and wide-range 
temperature operation, and small size 
and weight. 


Tests demonstrated that the new fuse 
willinterrupt dependably more than 4,000 
amperes at 120 volts, 400 cycles, single- 
phase alternating current or at 120 volts 
direct current, with an arcing time of less 


than one-quarter cycle on the a-c circuit. 


To obtain satisfactory operation of air- 
craft fuses, they should be used for short- 
circuit protection, not overload protec- 
tion, and selected so that they will not b 
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during application study. It is often dif- 
ficult to make proper assumptions of 
variables when making such studies for 
a difficult service. When steam helpers 
are required to move heavy trains over 
long grades, it is necessary at times to 
reduce Diesel-engine speed and power 
input to the motors in order to accom- 
modate differences between the speed— 
tractive-effort characteristics of the steam 
and Diesel locomotives. If traction- 
motor blowers are belt-driven, the volume 
of ventilating air then is decreased, so 
that even operation at the continuous rat- 
ing may be questioned. Temperature 
measurements are useful to obtain data 
and checks on such operation. 

The use of cut-and-try overload appli- 
cation methods in service on narrow mar- 
gins without knowledge of apparatus tem- 
perature is an uncertain undertaking the 
inadequacy of which may not be immedi- 
atelv evident, but will show up in time 
by increased maintenance cost and fre- 
quent motor or generator failures. Se- 
vere overheating in a single instance may 
be sufficient to shrink wedges and relax 
bands, without causing immediate failure, 
but subsequent movement of the wind- 
ing under influence of vibration will 
cause the insulation to wear through and 
fail by short circuit or ground even be- 
fore complete deterioration of insulation 
is achieved. 

Various means have been developed in 
the past to give a continual indication of 
motor temperature, but none have been 
favored by general use. Until such time 
as temperature-indicating instruments are 
developed for railway use reliable enough 
to warrant general application, the meas- 
ure of motor temperatures by the resist- 
ance method is the most reliable and ac- 
curate means available today. It is a 
recognized and familiar means of tem- 
perature determination by electric-ap- 
paratus manufacturers and is common 
on their test floors where the personnel 
is trained and skilled in its use. 

This same method has been developed 
for the railway field by a series of evolu- 
tionary experiences until the technique . 
and required skill have been reduced to a 
point where measurements can be made 
under these adverse conditions by an op- 
erator and the help of men unskilled in 
laboratory or test-floor methods. The 
results equal and sometimes surpass. in 
speed, accuracy, and uniformity those ob-_ 
tained under more favorable conditions 
on the test floor, and it becomes a prac- 
tical tool for general field use where ques- 
tions pertaining to motor temperatures — 
have a bearing on railway operation. 


Method 


The method selected for determination 
of average motor winding temperature is 
dependent upon the known change in 
electrical resistance of a copper conductor 
with temperature and is expressed by the 
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relation T= (R/r) (234.5+#) — 234.5. The 
initial or cold resistance, 7, of each com- 
ponent winding in question is measured 
after the motors have stood without 
power long enough to allow all motor 
parts to cool to a uniform ambient tem- 
perature, ¢, which is measured directly 
with mercury thermometers placed upon 
the motor parts and checked with each 
other and surrounding ambient tem- 
perature. The hot winding resistance, R, 
is measured at prearranged stops on the 
main line with the train and at the point 


Figure 1. Instruments and special equipment 
required for measurement of railway-motor 
temperatures in service 


Used to obtain operating data 
A—Thermocouple selector switch 
B—Hand tachometer 
C—Hand pyrometer 
D—NMotor-field-resistance selector switches 
opened and closed 
E—Padlocks 
F—U-tube manometer 
G—Static pressure tube 
H—Armature-resistance contact yoke with 
flexible cable 
I—Signal bell 
J—Thermocouples 
K—Flashlight 
L—Thermocouple potentiometer 
M—Special vibration-proof 
double bridge 
N—One-thousand-volt voltmeter 
O—Special vibration-proof recording-chart 
ammeter and voltmeter 
P—Millivoltmeter 
Q—One-thousand-ampere shunt 
R—Millivolt leads calibrated with shunt and 


self-balancing 


meter 
S—Centigrade mercury thermometer 

T—Stop watch 

_ U—Clip board 


¥ 
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where the temperature of the motors in 
the actual service is questioned. The 
temperature, 7, is then readily evaluated 
from the corresponding cold resistance, 
vy, at temperature, f. 

It is necessary to remove power from 
the motors and bring the train to a stop 
before these resistances can be measured. 
During this interval the motors are cool- 
ing, and the temperature of the winding 
as determined is for the instant of time 
when the resistance is obtained. This 
temperature is lower than the actual 
temperature of the winding at the in- 
stant when power was removed by the 
amount of cooling taking place during 
this elapsed time. However, by continu- 


ing to measure the resistance of the wind- . 


ing, as it cools with respect to a time 
started at the instant of power removal, 
it is possible to plot these values and 
draw a cooling curve through the related 
points. By extending this curve back to 
zero time, the most probable actual 
temperature of each winding is deter- 
mined at the instant of power off and is 
well within the limits of accuracy for all 
practical purposes.! 

Although temperature is the primary 


consideration determining motor life, it is. 


expedient to plot the data in terms of tem- 
perature rise so that performance can be 
compared between successive tests under 
different conditions. | Measurements, 
therefore, must be made of the ambient 
temperature during the test of the trac- 
tion-motor ventilating air, as well as of 
the air surrounding the locomotive. The 
volume of ventilating air delivered to each 
motor being tested also must be deter- 
mined, as well as the power input to the 
motors, so that rms current values can be 
calculated for the train tonnages hauled. 

The success of the method outlined is 
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dependent upon practical means for mak- 
ing the necessary measurements and 
upon a test crew organized and equipped 
to make these measurements without 
causing serious loss of time to the sched- 
uled run of the train. 


Instruments 


The instruments and their connections 
are shown in Figures 1 and 2. 


THE RESISTANCE BRIDGE 


The traction motors in common use 
with Diesel-electric road locomotives are 
ef the series type having armature, com- 
mutating, and series exciting fields of low 
resistance. The Kelvin double-resistance 
bridge circuit is ideal for the measurement 
of these low-resistance values. A vibra- 
tion-proof galvanometer or its equivalent 
is required to obtain a balance on the 
bridge. This element of vibration re- 
quires careful attention in the selection 
and preparation of the instrument, as it is 
advantageous to keep the locomotive 
Diesel power plant running at idling speed 
during the stop for resistance measure- 
ment so that a quick train start can be 
made at the conclusion of measurements, 
and to keep the air compressors in opera- 
tion to recharge the air-brake system after 
bringing the train toastop. Even though 


the one power plant close to the instru- 


ment is shut down, enough vibration will 
come through from the remainifig engines, 
through the couplers between units, to 
cause erratic behavior of the standard gal- 
vanometer when one is attempting to ob- 
tain a balance of the bridge. 

A vibration-proof self-balancing port- 
able instrument was constructed for this 
special purpose by the Erie works labora- 
tory of the General Electric Company for 
the engineering department to be used in 
checking railway-motor application and 
has demonstrated ability in actual service 
to obtain data with speed, uniformity, 
and accuracy surpassing that obtained by 
previously used methods. 


CONNECTIONS TO Motor FIELDS 


The motor field windings are connected 
to the instrument with temporary wir-. 
ing and suitable switches, so that resist- 
ance measurements can be made quickly. 
The instrument station should be located 
in the cab as close to the motors as pos- 
sible so as to hold the interconnecting 


leads to a minimum. _A pair of leads, an 
current and a voltage lead, is run to each 


terminal point of the winding and should 
be securely connected or soldered. The 


series field winding and one end of the 


commutating winding can be connected 


_to the end of the motor cable in the junc- 


tion box where they are joined with the 
locomotive power cable. They must con- 


nect to the motor end of the terminal to 
avoid the terminal contact resistance. 
The connection of the other end of the _ 
commutating winding can be made in- 
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side the motor where it joins the brush 


holder. These two instrument leads 
should be brought out of the frame with- 
out interfering with the motor inspection 
cover as it will have to be removed for 
armature-resistance readings and then 
quickly replaced. A hole may be drilled 
through a noncritical section of the frame 
to let these leads through, to be closed at 
the conclusion of the test. These leads 
should be run and secured alongside one 
of the main motor cable, as far as the 
junction box under the locomotive floor, 
where it can join the bundle of leads 
coming off the terminals and going to the 
instrument station. This bundle of in- 
strument leads should have additional 
protection where it passes through and 
bends over structural members to avoid 
damage to the insulation. 


CONNECTIONS TO MoToR ARMATURE 


The armature resistance is obtained by 
selecting a span of the armature winding 
to which connection is made by contacts 
spaced apart by the desired number of 
commutator segments and held in fixed 
relationship by a special yoke applied by 
hand pressure to the commutator through 
the motor inspection opening. 

This yoke has a locating lip to engage 
the undercut mica space between two ad- 
jacent commutator segments to align the 
contact points correctly on the segment at 
each end of the selected span of bars and 

_ prevent their coming in between two seg- 
ments to cause erratic measurements. 
The number of segments included in the 
span should be as large as the space be- 
tween brush holders permits without 
cramping the yoke, so as to obtain a maxi- 
mum value of resistance for measurement. 


The contacts are individually spring- _ 
Ss loaded and slide in parallel ways to ac- 


r leer pat Eoee a 
Jury 1945, Volume 64 


Seg iet 
WT Nhl 


commodate slight inequalities in the 
hand pressure applied to the yoke. 

Connection between contacts of the 
yoke and the instrument station is made 
through a multiple-wire flexible cable 
long enough to reach through a cab win- 
dow down to the motors in the locomo- 
tive truck. This equipment is coiled and 
carried in the cab between stopping points 
for measurements. 


RESISTANCE SELECTOR SWITCHES 


The switches are 600-volt four-pole 
double throw, with flexible jumpers con- 
nected around the hinge point of the 
blade. They should be completely en- 
closed with provision for padlocking the 


' switch in the open-circuit position. This 


is a safety precaution, as the instrument 
leads are connected with the high-voltage 
power circuit when the locomotive is in 
operation, and will serve to isolate the 
instruments and personnel from harm. 
It also permits wiring to be installed 
during layovers between runs, thereby 
keeping the locomotive available for serv- 
ice while preparation for the test 1s 
being made. It also permits removal of 


instruments after a test run until results 
‘are checked. The switches should be 
located within reach of the instrument 


table so that the bridge can be switched 
from one connection to another in prear- 
ranged sequence. 


COMMUNICATION SYSTEM 


A signal system is necessary between 
the man at the instrument station and the 
men in position at the motors when meas- 
urements are in progress because of their 
remote location and the magnitude of 
noise level with Diesel engines idling. A 
push button fixed at the instrument sta- 


tion and a simple electric bell properly ~ 
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protected against injury during handling 
are used for this purpose, interconnected 
with flexible leads long enough so that 
they can be lowered from the cab to a 
man on the road bed. The signal code 
used is as follows: 


One bell—make contact with yoke on arma- 
ture. 

Two bells—hold contact; measurement is in 
progress. 

Three bells—remove contact. 


An ammeter placed in the battery cir- 
cuit of the bridge indicates the instant a 
circuit is established through the arma- 
ture and informs the resistance bridge 
operator to proceed with measurement, 
while the man making the contact is in- 
formed to hold it by signaling two bells. 
A failure to establish contact with all four 
points on the commutator simultaneously 
is evidenced by failure of the ammeter to 
indicate if the current circuit is open or 
by an off-scale swing of the bridge if the 
voltage or drop circuit is open. In this 
case, the operator continues to call for 
contact by repeating the one-bell signal. 


ARRANGEMENT FOR POWER-INPUT 
MEASUREMENT 


The power input to the motors is meas- 
ured with a voltmeter and ammeter 
with respect to time, the interval of which 
is dependent upon the profile of the rail- 
road and the operation being studied. 
This is a laborious and tedious procedure 
which may be eliminated by installing 
chart-recording instruments to keep a 


_ graphic record of the test. Recording in- 


struments should be equipped with special 
marker pens, energized periodically by 
means of a Telechron-driven contact- 
making switch to put a reference mark on 
each graph. A push button also should 
be provided to enable operating the 
marker pens at will for special purposes, 


’ such as the passage of significant loca- 


tions. In addition, the chart must be 
clearly marked with notes to aid analysis 
after these tests are completed. . 

The recording instruments must be 
shockproof-mounted to obtain a smooth 
graphic record. The indicating volt- 
meter and ammeter should be retained for 
a periodic calibration check of the record- 
ing instrument. All instruments must be 
secured to the cab structure to prevent 
displacement when curves at high speed 
are being negotiated. 

The ammeter shunt must be connected 


to the motor power circuit on the low- _ 


voltage or grounded side of the circuit 
to minimize hazard to personnel. ~The 
leads between the indicating ammeter 


» 


f 


(Ws 


and shunt must be calibrated together 


with the shunt and recording instrument — 
before being installed in the locomotive. 


One side of the voltmeter always will be — 


on the high side of the power circuit and 


must be safeguarded. 


1. With fuses small enough to prevent fire aa 


in case of accidental short circuit. 
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Typical temperature—resistance 
curves for motors 1 and 2 


Figure 3. 


Resistance at 25 Degrees Centigrade 
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2. With a cutout switch in the event it is 
necessary to remove or make adjustments to 
the voltmeters. 


A small rotary inverter operating on 32 
volts direct current provides alternating 
current at 110 volts, 60 cycles, from 16 
cells of the locomotive storage battery to 
operate the self-balancing bridge, the 
recording instrument, and the Telechron 
timer for the marker pens. The circuit 
between the storage battery and the in- 
verter should be protected with fuses. 


INSTALLATION OF THERMOCOUPLES 


Thermocouples made up from copper 
and copnic wire serve to measure the 
temperatures at remote locations inac- 
cessible while under way, such as the roof 
and road-bed ambient temperature, trac- 
tion-motor-armature and axle-bearing, 
Ther- 
mocouples are connected to a selector 
switch which becomes the cold junction 
and should be equipped with a ther- 
mometer so that the measuring potenti- 
ometer connected with it can be corrected 
for variations in temperature of the selec- 
tor switch which may fluctuate with cab 
temperature. 

The potentiometer may be set up in 


: shockproof mountings so that the gal- 


vanometer can be balanced, or it may be 


connected with the balancing element of 


the special resistance bridge which is un- 


_ affected by vibration. This is feasible as 


thermocouple readings usually are taken 


while under way in between test stops. 


The roof-air-temperature thermocouple 
fastened to a length of spring wire should 
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care must be taken that it stay within the 
clearance diagram when operating in an 
electrified zone to avoid contact with the 
high-voltage overhead system. The road- 
bed-temperature thermocouple is secured 
to a step bracket on the pilot or other 
structure entering air near the track level. 
Thermocouples reading frame or bearing 
temperatures must be kept out of the 
wind stream by protecting the junction 
end from its influence. They must be 
secured in tight contact with the member 
to be measured. Thermocouples for 
roller-bearing temperatures should be 
clamped between the outer race of bearing 
cap if opportunity permits; otherwise, a 
spring wire with the thermocouple junc- 


tion soldered to its end may be inserted 


through the grease pipe to make contact 
with the bearing or the bearing cap metal 
in contact with the bearing. 


MEASUREMENT OF COMMUTATOR 
TEMPERATURES 


Commutator temperatures are meas- 
ured with a contact-type hand pyrome- 


Figure 4. Position of personnel when taking 
temperature measurements 


A—Roof-air-temperature thermocouple 
B —Road-bed-air-temperature thermocouple 
C—Windshield air thermometer 
D—Traction-motor blower air-in thermometer 
E—Pinion-end armature-bearing-temperature 
thermocouple 
F—Commutator-end armature-bearing-temper- 
ature thermocouple 
G—Axle-bearing-temperature thermocouple 
H—Number-1-motor field-resistance leads 
| —Number-2-motor field-resistance leads 
J—Armature-resistance yoke 
K—Commutator-temperature pyrometer 
L—Number-1-motor field-resistance selector 
switch 
M—Number-2-motor field-resistance selector 
switch 
N—Avrmature-resistance switch 
O—Thermocouple selector switch 
P—Thermocouple potentiometer 
Q—Vibration-proof double bridge 
R—Recording voltmeter 
S—Recording ammeter 


T—Signal bell 


yee, mle 
N ace CP le = 
oso EXC} |}Exc) S o 

——_ a $3 


Ere) 


mre Ale: 


, 
7 iB 


hy 
Nees ee /1 
ns aoa \ 


War OG: 
aS 


—— 
OO 
, 
/ 


_ Teker—Measurement of Temperatures ° 


ter. This is an open-junction thermo- 
couple instrument with inherent ambient 
compensated millivoltmeter reading di- 
rectly in degrees centigrade. 


Measurement Procedure 


MBASURING COLD RESISTANCE 


The cold-resistance value of the motor 
windings is a first consideration after in- 
struments and wiring are installed as it is 
basis for subsequent temperature deter- 
mination. To permit all windings to cool 
off to a uniform temperature and to 
equalize with that of the entire motor 
may require 12 to 24 hours and will pre- 
sent a real problem unless the layover be- 
tween runs is of sufficient duration for this 
purpose. Arrangement should be made to 
cut out the motors selected for measure- 
ment and to keep the blowers running be- 
fore the train arrives at the terminal, 
when they are no longer required. This 
may gain two or three hours of cooling 
time. If electrically driven blowers are’ 
used, they should be kept running with 
the motors or power plant cut out. 

As soon as the locomotive is spotted in 
a final position for~ servicing, mercury 
thermometers can be applied to the 
frames, field coils, pole tips, armature 
core, and commutator risers. It is well 
to caution against the application of putty 
directly on the brush surface of the com- 
mutator, as it may present some dif- 
ficulty in cleaning without at the same 
time destroying the commutating film, 
thereby altering conditions for subsequent 
tests. Comparative ambient temperature 
may be obtained by placing a thermom- 
eter on the track: rail head with putty 
over the bulb, or by placing a thermom- 
eter in a small can filled with oil so as 
to stabilize fluctuation in air temperature 
when large doors are opened in the loco- 
motive service shop or roundhouse, or - 
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when the wind is variable when the 
locomotive is standing in a railroad 
yard. Cold-resistance measurements can 
be started as soon as comparative observa- 
tions of thermometers show reasonable 
agreement. Record the date, time, tem- 
peratures, with resistance values, and 
check at intervals. 

When armature cold resistance is being 
measured, the armature yoke should be 
applied on several alternative segment 
positions available, and, after the arma- 
ture thermometers are removed, the lo- 
comotive may be moved sufficiently to 
present different sections of the commu- 
tator, the measurements on which should 
check reasonably with one another. Ifa 
wide variation is detected, the reason for 
it should be ascertained and corrected. 
The section showing disagreement may be 
explored by making bar-to-bar measure- 
ments to see if a high-resistance fault ex- 
ists in the armature windings or its con- 
nection to the commutator risers. Motors 
will operate without any visible sign of 
distress on the commutator and yet may 
have appreciable variation in bar-to-bar 
resistance; although this is permissible 
for operation, it would not be acceptable 
for a temperature test, as the data ob- 
tained may be erratic if the train happens 
to stop with this fault in the accessible 
section of the commutator for the tem- 
perature measurement. It may prove a 
wise precaution to bar-to-bar-test the 
armatures of the motors before selecting 
them for temperature tests, as a visual 
inspection will only detect faults which 
have progressed to an advanced stage. 

Cold-resistance readings again should 
be measured at the conclusion of all test- 
ing and checked with the initial readings 
to ascertain that no changes had occurred 
during the testing period. For this pur- 
pose, resistance values should be evalu- 
ated at 25 degrees centigrade as a common 
basic temperature for comparison. 


TEMPERATURE-RESISTANCE CURVES 


The work of reading temperatures will 
be facilitated greatly by drawing tem- 
perature-resistance curves for each wind- 
ing in each motor being tested (Figure 3). 


readings should be taken at idling, one- 
half and full speed of the blower, and at 
the same time the speed of the engine 
should be measured. When tests are con- 
cluded, engine and blower speed again 
should be measured to see that conditions 
remained the same during the testing 
period. Record date, time, speed, tem- 
perature of air at blower intake, and baro- 
metric pressure, if the data are to be used 
for comparative reference. 

A similar procedure for electrically 
driven blowers should be followed, except 
that speed would be dependent upon 
blower voltage instead of engine speed 
as with the belt-driven blower. 

The volume of air to the motors is 
determined from a pressure-volume curve 
usually available for the type of motor 
being tested. If one is not available, it 
can be prepared by blowing a similar 
motor through a calibrated pipe to deter- 
mine the volume delivered for corre- 
sponding pressures in the commutator 
chamber as outlined by blower manufac- 
turer’s testing code. 
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TIME — MINUTES 
Figure 5. Typical cooling curves 
Total train weight 1,224 tons (13 cars + 
locomotive) rms current 449 amperes for 67 
minutes or total distance of 81 miles 
O=motor 1 X=motor 2 
Rises Based on 42 Degrees Centigrade 
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MAKING THE SERVICE TEMPERATURE 
MEASUREMENTS 


Before the test run is made the locomo- 
tive should be moved from over the serv- 
ice pit onto a section of track similar to 
the main-line road bed. Assign the test 
crew to their stations, and outline the 
testing procedure and the duties for each 
station. The entire sequence of the test 
should next be rehearsed, including the 
making of measurements, and the entire 
operation timed from start to finish. This 
practice will prove invaluable to the men 
by relieving tension and instilling confi- 
dence and teamwork in preparation for 
the actual measurements on the main line. 

The following program of events is 
performed in sequence (Figure 4): 


1. Just before the arrival at the designated 
stop for heating measurements, a prear- 
ranged signal from the head end is given 
when power is no longer required to make 
the stopping point. Padlocks are removed 
from the switches, and all equipment is 
made ready. 


2. As soon as power is shut off at the head 
end and the engines come to idling speed, 
a stop watch is started at the instrument, 
station, and the electric-driven blower or 
the Diesel engine belted to the blower, as 
the case may be, is shut down completely. 


3. As soon as the train comes to a stop, it 
is made safe (removal of reverser handle or 
other means to lock power off) by a man at 
the head end who then leaves the cab and 
takes a position on the road bed at the truck 
while two other men, one for each motor, 
climb under the locomotive and remove the 
motor inspection covers. 


4. While step 3 is taking place, the two 
men at the instrument station unwind cables 
and pass the armature yoke, signal bell, 
and pyrometer down to the man on the road 
bed adjacent to the truck, who retains the 
bell and gives the resistance yoke to one 
man at the motors and the pyrometer to 
the other. 


5. Resistance measurements are made in | 
the following order by two men at the 
instrument station: 


(a). Motor 1 commutating field, then exciting 
field, followed by the field measurements on motor 2. 


Figure 6 (below). Average armature-cooling 
curves obtained from heat-run data 
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(b). Signal for armature contact to be made and 
held on armature 1 while commutator 2 tempera- 
ture is measured. Signal as soon as resistance is 
obtained, and the man on the road bed will pass 
the yoke from motor 1 to motor 2 and the pyrometer 
from motor 2 to motor 1 and make a record of com- 
mutator temperature. As soon as contact is estab- 
lished on armature 2, the instrument station will 
acknowledge by signal to hold contact while resist- 
ance is measured, after which the concluding signal 
is given. Meanwhile record is made of commutator 
1 temperature. 


(c). The fields of motors 1 and 2 again are measured 
while the yoke and pyrometer are exchanged by the 
man on the track in readiness for repeating arma- 
ture and commutator temperatures. At least three 
readings on fields and armatures of each motor 
should be obtained in six minutes time from the 
instant the power is off, which may be broken down 
into an average of two minutes to make the stop 
and get the first armature contact and four minutes 
for all subsequent measurements. As each resist- 
ance value is called off by the instrument operator, 
the other man notes the time and enters the value 
on a prepared data sheet. 


6. Assoon as measurements are concluded, 
the cables are pulled into the cab, motor 
covers are replaced, and both men climb 
from under the locomotive; when all is 
clear the shutdown engine or blower is 
started and the run is resumed. 


7. The commutator temperatures which 
were recorded by the men on the track are 
transferred to the data sheet at the time 
values corresponding with the opposite 
motor’s armature-resistance values. 


8. During the run, and especially for a 
period of time preceding a stop for wind- 
ing-temperature measurements, readings are 
taken and recorded in the log of air tempera- 
ture on the roof and road bed, and at trac- 
tion-motor blower intake. Readings also 
are made periodically of motor-frame, air- 
out, and bearing temperatures. The chart- 
recording instruments are inspected to see 
if they are inking, and calibration is checked 
with readings on the indicating instruments. 
At the head end of the locomotive, wind- 
shield temperature, speed, location on the 
railroad, and controller notch position are 
recorded with respect to time so that they 


may be related to the readings in the test 
log. 


For the purpose of obtaining these read- 
ings, the test crew is reassigned to second- 
ary duties, so that there is a division of 
labor, but co-ordination of all data at one 
point is insured. The make-up of the 
train in tons and number of cars for each 
test run should be recorded with the 
train identification and direction of travel. 


Determination of Operating 
Temperature 


- THe CooLinGc CURVE 


The resistance value can be read off 
directly as temperature from the resist- 


_ atice-temperature curve and by sub- 


tracting the motor-blower air-in tempera- 


_. ture the rise of the winding is obtained, 


corresponding with the time of measure- 


ment. These values of rise are plotted 


with respect to time, and a smooth expo- 
nential curve is drawn through related 


_ points to zero time, and the intercept with 
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the temperature axis is the most probable 
temperature rise of the corresponding 
winding at the instant of power removal 
(Figure 5). The importance of getting 
the first readings as soon as_ possible 
after power off becomes evident for 
it minimizes the extent of extrapolation 
of the curve. 

The cooling-curve technique also is 
applied to the hand-pyrometer com- 
mutator-temperature readings to arrive 
at the probable rise just before power off. 


Tue USE OF AVERAGE COOLING CURVES 


Occasionally, circumstances will pre- 
vent immediate measurement of arma- 
ture resistance and a prolonged cooling 
period will result before the first reading 
is obtained. The extrapolation of these 
delayed data to zero time is aided by 
the use of average armature-cooling 
curves (Figure 6). These curves are 
prepared from factory test data on the 
same type of motor for several different 
conditions of power input and are ex- 
pressed in terms of per-cent temperature 
rise with respect to time. Generally, 
heavy loads of short duration have 
steeper cooling-curve shapes than con- 
tinuous runs. This is caused by the 
steep temperature gradient between the 
copper and the iron core which lags 
behind during the short heating-up 
period, whereas during a continuous 
run their temperature becomes more 
nearly equalized. 

The proper cooling shape is selected 
by evaluating the power input for the 
period preceding the shutdown in service 
and identifying it with a corresponding 
curve shape, or by interpolating between 
the two curves coming closest. From 
this curve is read, for the elapsed cooling 
time at ‘which the first service reading 
was taken, the percentage value of the 
actual measured temperature rise, from 
which is prorated the 100 per cent value 
at zero time. 


DETERMINATION OF RMS CURRENT 


The rms. current value is obtained 
from the chart made by the recording 
ammeter by dividing the graph into 
intervals of time, and the average 
current value for each interval is squared 
and multiplied by that time interval. 
The sum of these products is divided 
by the total time, to get the average 
current squared for the run. The square 
root of this value is the rms current 
value for the test. 


ADAPTATION OF METHOD TO 
VARYING CONDITIONS 


It is not always practical to obtain 
the full desired train tonnage without 
delaying the test, or during the test run 
it may be desired to check performance 
with one power plant hypothetically 
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broken down. These situations can be 
approximated by purposely reducing 
the locomotive power by multiples of 
the number of motors until the desired 
prorated train tons per motor is obtained. 
The temperature measurements then are 
made under this artificial condition. For 
example, if two out of eight motors are 
cut out of a locomotive in an 18-car 
test train having a combined weight of 
1,680 tons, the load per motor will be 
increased from 210 to 280 tons. The 
heating of the motors then would be 
equivalent to that of a 25-car train of 
2,240 tons total weight. 

The method, procedure, and equipment 
also are applicable to measurements of 
generator temperature which can be 
made in a multiple-unit locomotive by 
shutting down the one power plant for 
a few minutes to obtain measurements 
without the necessity of stopping the 
train. 

The recording-chart instrument with 
calibrated instruments affords data on en- 
gine horse-power output by reference to 
a generator characteristic for the gener- 
ator efficiency values over the operating 
range from which the horsepower input to 
the generator can be calculated. 


Conclusion 


Temperature of locomotive electric 
apparatus is more than a question for 
academic consideration; it is an active 
economic factor, never at rest and con- 
tinually exerting its influence with time 
on the life of the equipment. The 
penalties of rash application or abusive 
operation are inescapable. 

The effect of elevated temperatures 
on organic insulation materials follows 
the approximate rule of half the life 
for each 8-12-degree-centigrade increase 
in temperature.2 The indisputable and 
direct approach to correct utilization 
or application of motive power is with 
a full knowledge of electric-apparatus 
temperature. The testing facilities and 
method outlined provide these necessary 
data for railroad operating and motive- 
power departments, as well as engineering 


information of application and design 


value. It is a means whereby a railroad 
can take the measure of its tough spots 
and with which the engineer can correct 
his shots. . 
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A 208Y/120-Volt 120-Ampere Three- 
Pole 400-Cycle Electrically Operated 
Aircraft Circuit Breaker 


C. H. TITUS 


ASSOCIATE AIEE 


Synopsis: With the selection of the 
208Y/120-volt three-phase 400-cycle a-c 
system by the Army Air Forces for large air- 
craft, there has arisen the need for appropri- 
ateswitchgear. In order to be applicable to 
the electric systems of such planes, switch- 
gear must be able to perform its normal and 
emergency functions under the encountered 
conditions of temperature, pressure, hu- 
midity, vibration, and acceleration. This 
paper describes a 120-ampere remotely con- 
trolled electrically operated air circuit 
breaker designed for use as a bus sectionaliz- 
ing, ring tie, or generator breaker on the 
400-cycle grounded-neutral system. The 
interrupting rating of this breaker is 3,800 
amperes at all pressures from sea level to 
50,000 feet altitude. The closing solenoid 
and shunt trip coils have been designed to 
operate over a wide range of ambient tem- 
perature and control voltage. Weight and 
size, being primary considerations in air- 
craft equipment, have been held to a 
minimum. 


O MEET the demands of increased 
electric loads in aircraft, the Army 
Air Forces has selected the 208Y/120- 
volt three-phase 400-cycle grounded-neu- 
tral a-c system as applicable to large air- 
craft.1 Supplementing this system will be 
found a 24-volt d-c source for control 
power and some small loads. T here are 
many reasoris why an a-c system of this 
voltage and frequency has been selected 
for large aircraft. However, it is beyond 
the scope of this paper to treat them. A 
complete study of the factors entering 
into the selection of electric systems for 
aircraft has been presented in another 
paper.’ 
Heretofore, only small amounts of 400- 
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cycle power, by comparison, have been 
used on aircraft. Equipment for the 
generation, distribution, and utilization 
of large amounts of 400-cycle power has 
been recently developed or may be still 
undergoing development. The weight 
and size of this equipment, it is specified, 
must be held to a minimum. Circuit 
breakers must be able to perform their 
normal and emergency functions under 
these conditions: 


1. Altitude—from sea level to 50,000 feet, 
or a pressure range of from 14.7 to 1.68 
pounds per square inch. 


2. Temperature — ambient - temperature 
range from 60 to —70 degrees centigrade 
at sea level and from —40 to —65 degrees 
centigrade at 50,000 feet altitude. 


3. Humidity—a relative humidity of from 
0.5 to 100 per cent. 

4. Vibration and acceleration—an ampli- 
tude of 0.030 inch at all frequencies from 
10 to 50 cycles per second. 


An air circuit breaker, custom built 
for aircraft to operate under these condi- 
tions, has been developed for the 400- 
cycle systems Figure 1 shows several 
views of this breaker designed for use as a 
bus sectionalizing, ring tie, or generator 
The weight of this breaker is 
five pounds and the over-all size is 71/4 
inches high, 41/s inches wide, and 417/35 
inches deep. All parts are enclosed with- 
in a dust-resisting molded phenolic case 
on the back of which are the line, load, 


auxiliary-switch, and control-circuit ter- 


minals. The breaker may be mounted 
with these terminals either toward or 


_ away from the panel. In either position, 


the terminals are covered with insulating 
barriers. 

Throughout the breaker, parts have 
been plated in accordance with accepted 
aircraft standards to prevent corrosion. 
Precautions have been taken to prevent 
moisture absorption and fungus growth 
by applying protective finishes to non- 
metallic parts. atten t 

In the development of a circuit breaker, 
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it is the requirements of the interrupter in 
terms of pressure, wipe, separation, and 
acceleration of the contact tips which de- 
termine the design of the operating mecha- 
nism and in turn the design of any. clos- 
ing and tripping devices. The inter- 
rupter, therefore, will be described first. 


The Interrupter 


It is required that the interrupter and 
contacts of this breaker be able to do the 
following: 


1. Withstand vibration and acceleration 
as specified without physical damage or 
excessive heating. 


2. Close and interrupt maximum available 
short-circuit current in the 208Y/120-volt 
three-phase grounded-neutral 400-cycle sys- 
tem at any altitude from sea level to 50,000 
feet. 


3. Carry 120 amperes continuously, 165 
amperes for five minutes, and 245 amperes 
for five seconds without excessive tempera- 
ture rise. 


Before the interrupter and contact struc- 
ture for a circuit breaker can be designed 
there are two dependent variables to be 


Table |. Data for Representative Three- 
Phase Interrupting Tests Made at 230Y/133 
Volts, 420 Cycles 


——= 


—$—$———— 


Maximum Arc Duration in Milli- 
seconds at Pressures Equivalent 
to the Indicated Altitudes 


Breaker Current, 
Rms Amperes 1,000 Ft 20,000 Ft 50,000 Ft 
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evaluated, namely, the type of contact 
material and the arc-quencher construc- 


' tion to be used. 


Contact MATERIAL 


The contact material has a direct bear- 
ing on arc duration and the operating 
temperature, welding current, and de- 
terioration of the contacts. The in- 
fluence of the contact material on are 
duration is determined by: 


1. Melting temperature of contact ma- 
terial. 


2. Ionization potentials of the metal vapors 
derived from contact-material decompo- 
sition. 
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B—Rear left view 


3. Instantaneous temperature of contacts 
at time of parting. 


The following factors determine the 
contact operating temperature: 


1. Operating temperature of the member 
to which the contact itself is attached. 


2. Resistivity of the contact material. 


RMS CURRENT IN AMPERES 


° 0.04 
TIME IN SECONDS AFTER INITIATION OF SHORT CIRCUIT 


0.08 0.12 
Figure 2. Short-circuit characteristics of 40- 
kva 208Y/120-volt three-phase 400-cycle 


aircraft alternator 


‘Curves represent envelope of 400-cycle 

symmetrical current. First peaks may be 

increased because of offset. Voltage regulator 
operating in exciter field 


A—Line-to-ground short circuit 
B—Three-phase short circuit 
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D—Front right view without covers 


C—Rear left view 
without covers 
showing load, line, 
and control-circuit 


terminals 


icc. Vile” 7a 
208Y /120-volt 120- 
ampere __ three-pole 
400-cycle __ electri- 
cally operated aircraft 
circuit_ breaker 


3. Resistance of the point of contact of 
the movable and _ stationary members. 
This is a function of the contact pressure 
and the formation of chemical compounds 
on the surface of the contacts. 


4. Composition and mass of material sur- 
rounding the contact structure. It is this 
material which determines the amount of 
heat energy removable from the contacts 
at any given operating temperature. 


The instantaneous value of current at 
which a given set of contacts will weld is 
determined by: 


1. Physical properties of contact material, _ 


namely, composition, melting temperature, 
thermal conductivity, and hardness. 


2. Contact temperature, that is the 
transient temperature attained for any 
given value of current. 


3. The instantaneous pressure present for 
any given operating current. 


The following determine the deteriora- 
tion of the contacts when interrupting 
both normal and short-circuit currents: 

1. Magnitudes of the are current. 


2. Arc duration. 


3. Melting temperature of contact ma- 


terial. 
4. Hardness of the contact material, 


5. Presence of* gas-producing substances 
included in contact composition. 
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In order to determine the type of con- 
tact material which best meets the re- 
quirements of low operating temperature, 
high welding current, short arc duration, 
and minimum contact deterioration, 
approximately 1,100 tests were made 
using 14 types of contact material. 
These tests were made at ten per cent 
above the rated voltage and at pressures 
equivalent to altitudes ranging from 1,000 
to 50,000 feet using 16 different types of 
are quenchers. The type of contact ma- 
terial selected as best fulfilling these re- 
quirements is a sintered mixture of silver 
and tungsten. 


ARC-QUENCHER DESIGN 


The design of the arc quencher has a 
direct bearing upon the magnitude of 
voltage and current which can be suc- 
cessfully interrupted, the arc duration for 
any combination of voltage and current, 
and the atmospheric conditions of hu- 
midity, temperature, and pressure under 
which the interrupter will function satis- 
factorily. The type of mechanism needed 
to operate the contacts and the size and 
weight of the arc quencher are dependent 
upon its design. 

Since the neutral of the 208Y/120-volt 
three-phase 400-cycle system is solidly 
erounded, it is unlikely that a sustained 
voltage of more than ten per cent in excess 
of 120 volts will appear across a given 
breaker pole. Consequently, 132 volts 
will be considered the rms operating volt- 
age of each arc quencher. 

The system is supplied by four 40-kva 
0.75-power-factor 400-cycle alternators. 
The short-circuit characteristics of the 
alternator, exciter, and voltage regulator 
combined are shown in Figure 2. In- 
spection of Figures 2 and 3 shows that the 
maximum fault current results from a 
single-phase line-to-ground fault. From 
Figure 3, it is evident that with any 
possible location of such a fault, the 
maximum short-circuit current which a 
single pole of any breaker may be called 
upon to interrupt is that contributed by 
three generators and the connected 
motors. Studies of the proposed system, 
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Figure 3. Proposed power circuit for 400- 
cycle aircraft system, using remotely con- 
trolled electrically operated circuit breakers 


G—208Y /120-volt 40-kva 0.75-power-factor 
400-cycle alternator 

A—Generator breaker 

B—Bus-sectionalizing breaker 

C—Ring-tie breaker 
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which take into account circuit imped- 
ances, indicate that the interrupting rat- 
ing of the breaker, 3,800 amperes, will 
not be exceeded. 

A test circuit was set up as shown in 
Figure 4 for determining, at first, the best 
type of arc quencher, and later, the over- 
all performance of the complete breaker 
under single-phase and three-phase fault 
conditions. Test currents ranging from 3 
amperes to 4,000 amperes for both single- 
and three-phase operation were obtain- 
able on a 230Y/133-volt 420-cycle sys- 
tem with a system power factor of ap- 
proximately 15 per cent. All interrupting 
tests were made in a chamber capable of 
being evacuated to an equivalent pressure 
less than that encountered at 50,000 feet 
altitude. 

Because the arcing time of most con- 
ventional 120-volt air circuit breakers in- 
creases. materially at the decreased at- 
mospheric pressures encountered at high 
altitude, it seemed necessary at first to use 
a compression-type interrupter. An 
interrupter of this type is capable of 
generating its own internal pressure. 
However, interrupting tests indicated 
that over the operating range of currents 
and pressures of this breaker, a converg- 
ing-slot-type arc quencher performs as 
well as the compression-type interrupter. 
The advantages of the lightweight, me- 
chanically simple, converging-slot-type 
arc quencher over the heavier, more com- 
plex, compression-type interrupter made 
it ideally suited to this type of aircraft 
application. _ 

Two views of this converging-slot-type 
arc quencher with the lower portion of one 
side removed are shown in Figure 5. A 
front right view of the breaker is shown 
in Figure 6 with the cover, one phase 
barrier, and half of the right-pole arc 
quencher removed. The movable and 
stationary contact members together 

_ with the magnet frame are so arranged 
that the arc stream and its terminals are 
driven toward the top of the breaker as 
it is shown in Figure 6. The contour of 
the inside of the are quencher has been 
made such that unnecessary extension of 
the arc is avoided.to obtain a maximum 
amount of cooling in a minimum amount 
of time. The deterioration of the arc 
quencher and the contacts is thereby 
minimized during interruption. 

Table I is a tabulation of data of 
representative three-phase interrupting 


short-time overload tests made at 165 
amperes and 245 amperes indicate that 
the thermal capacity of the breaker is 
adequate for use on this system. 


Operating Mechanism 


A latching-type solenoid-operated tog- 
gle mechanism is used to close the hinged 
contacts against a heavy opening spring. 
The contacts are opened by energizing 
the shunt trip coil, the plunger of which re- 
leases the latch and permits the opening 
spring to pull the contacts rapidly to the 
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BREAKER 


Figure 4. Test circuit used for interrupting 
tests 


Letters A-F indicate magnetic oscillograph 
vibrators: 


A—N oltage across pole 1 

B—Current, pole 1 

C—Voltage across pole 2 

D—Current, pole 2 

E—Voltage across pole 3 

F—Current, pole 3 
G—Allternator, 3,000 kva, 2,400 volts, three 

phase, 420 cycles 
T—Transformer, 600 kva, 2,400 delta—208Y 
volts (60-cycle rating) 
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open position. It is necessary that the 
contacts be parted as quickly as possible 
to minimize the over-all interrupting time. 

No means have been provided for clos- 
ing or opening the breaker manually, nor 
have any overload tripping devices been 
incorporated in the breaker. 

In Figure 9 is shown the relative size 
of the subassembly of the shunt trip de- 
vice and the closing solenoid. Because 


of the design of these two devices and the 
fact that the coils have only a short-time 
rating, the work output per unit of weight 
is high for both of them. 


The ratio of the 


Figure 6. Front right view of breaker 


One phase barrier and half of right-pole arc 
quencher removed showing the contact and 
arc-quencher construction 


A—Arc quencher 
B—Movable contact 
C—Stationary contact 


D—Mechanism 
E—Closing solenoid 
F—Shunt trip 


G—Cutoff switch for closing solenoid 


tests made at 230Y/133 volts, 420 cycles, 
and pressures equivalent to altitudes 
from 1,000 to 50,000 feet. The maximum 
-are duration in milliseconds is shown for 
various currents and altitudes. Oscillo- 
grams showing typical breaker operation 
__-when interrupting three-phase 420-cycle 
; short-circuit currents of approximately 
2,900 amperes and 3,600 amperes at cor- 
responding pressures equivalent to 50,000 
t feet and 20,000 feet altitude are shown in — 
: Figures 7 and 8, Continuous-current- 
- carrying tests made at 120 amperes and 


Figure 5. Top and side views of converging- 

slot-type arc quencher for 208Y/120-volt 

120-ampere three-pole 400-cycle aircraft 
_ circuit breaker 


Figure 7. Magnetic oscillogram of a three- 
phase interrupting test at 420 cycles and a 
pressure equivalent to 50,000 feet altitude 


Lower portion of one side removed 


A—Stationary contact 
B—Movable contact 
C—Are chute 

_ D—Masgnet frame © 
E—Leef spring 
F-Flexible braid 
G—Shield 


A—NVoltage across pole 1, 133 volts 
B—Current, pole 1, 2,860 rms amperes 
C—Voltage across pole 2, 133 volts 
D—Current, pole 2, 3,230 rms amperes © 
E—Voltage across pole 3, 133 volts 
F—Current, pole 3, 2,750 rms amperes 
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- before reclosing the breaker. 
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product of the force at the beginning of 
the stroke and the length of the stroke to 
the weight is 3.1 inch-pounds per pound 
for the closing solenoid and 3.3 inch- 
pounds per pound for the shunt trip 
device. This same ratio for a continu- 
ously rated commercial solenoid is 0.34 
inch-pounds per pound. Weighing only 
19 ountes, the closing solenoid develops 
more than 45 pounds at the point near 
the end of its stroke where the overtravel 
of the plunger begins. The shunt trip 
device weighs four ounces. 

The pull curve of the closing solenoid 
has been so shaped that even at as low a 
voltage as 18 volts, measured at the 
terminals of the battery, with 0.25 ohm 
in series with the coil to represent line 
resistance, the breaker closing time is 
0.027 second. Higher closing speed 
could be obtained at this low closing 
voltage only at the expense of increased 
weight of the closing solenoid. The 
minimum tripping voltage is 12 volts 
measured at the terminals of the battery 
with 0.25 ohm resistance in series with 
the shunt trip coil. 


Control Circuit 


A cutoff switch connected in series 
with the coil of the closing solenoid pre- 
vents it from overheating after the clos- 
ing impulse has been delivered to the 
mechanism. This switch is actuated by 
the solenoid plunger in the overtravel 
portion of its stroke after the mechanism 
has been fully closed. As long as the 
closing circuit is energized after the 
breaker has been closed, the cutoff switch, 
shown in Figure 10, is maintained in the 
open position by a holding coil. As this 
holding coil is continuously rated, it is 
possible to use either a momentary- or a 
maintaining-contact switch to control the 
closing of the breaker. When using the 
latter type of switch, the closing circuit 
must be de-energized after tripping and 
With this 
control scheme, it is impossible for the 
breaker to pump should it be closed 
against a fault with the closing circuit 
energized. . 

Included as an integral part of the 
breaker is a four-stage auxiliary switch. 
Each stage or set of contacts of this 
switch is a small snap-action vibration- 
proof contact mechanism. One stage is 
used as the auxiliary contact in series 
with the shunt trip to open its coil cir- 
cuit the instant the breaker primary con- 
tacts open. The other three sets of con- 


tacts may be arranged individually to be 


either normally open or normally closed 


and used with external relays for breaker 
control. The terminals of these contacts 
_ are brought out to the back of the breaker 


with the close, trip, and ground terminals 
as shown in Figure 1C. 

. The three control-circuit coils have a 
tropical treatment. Polyvinyl-chloride- 
insulated wire is used for all internal 


f 


Figure 8. Magnetic oscillogram of a three- 
phase interrupting test at 420 cycles and a 
pressure equivalent to 20,000 feet altitude 


A—Voltage across pole 1, 133 volts 
B—Current, pole 1, 3,510 rms amperes - 
C—Voltage across pole 2, 133 volts 
D—Current, pole 2, 3,940 rms amperes 
E—Voltage across pole 3, 133 volts 
F—Current, pole 3, 3,420 rms amperes 


Figure 9. Shunt-trip and closing-solenoid 
subassembly 


control-circuit connections to 
against corrosion. 


guard 


Operating Characteristics 


High tripping speed of the breaker is 
very important in that it helps materially 
to reduce the over-all interrupting time. 
High closing speed is desirable particu- 
larly when automatic means of syn- 
chronizing are used on the system. 

Oscillographic timing tests have been 
made in a 25-degree-centigrade ambient 
temperature to determine the speed of 
closing over a range of control voltage of 
from 18 to 28 volts and the speed of trip- 
ping over a range of from 12 to 28 volts. 
The operation of the breaker has been 
found to be satisfactory over these same 
voltage ranges while being subjected to 
vibration with an amplitude of 0.030 inch 
at all frequencies from 10 to 50 cycles per 
second. For all operation tests, both clos- 
ing and tripping, a 0.25-ohm resistor was 
connected in series with the ground 
terminal of the breaker control circuit to 
simulate line resistance in the plane. 

Although the resistance of the coils in- 
creases somewhat when the breaker is 
placed in an ambient temperature of 60 
degrees centigrade, the breaker closes 
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Figure 10. Control-circuit diagram, 208Y /120- 
volt 120-ampere three-pole 400-cycle elec- 
trically operated aircraft circuit breaker 


Nominal d-c control voltage 24 volts 
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Figure 11. Closing characteristic, 208Y/120- 


volt 120-ampere three-pole 400-cycle elec- 
trically operated aircraft circuit breaker 


[oka iclahee elec 
Be al hee relia eae 
a ea Ps 
Seamed 

i WN LER Ba a 
a) Teche ela 
at Toh el Ala) oleae 
RGN Ae 
eo te 
§ CECE LLL 
0.01 0.02 0.03 


TIME IN-SECONDS 
Figure 12. Opening characteristics, 208Y/ 
120-volt 120-ampere three-pole 400-cycle 
electrically operated aircraft circuit breaker 


A—Breaker primary contacts part 
B—Breaker primary contacts fully open 


satisfactorily at 18 volts and trips at 12 
volts, both voltages being the open-circuit 
control voltage. 

The closing characteristics, time from 


_ the instant the closing circuit is energized _ 


until the breaker primary contacts meet 
versus the open-circuit control voltage, 
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Oil Stresses in Impregnated-Paper 


Insulation 


conductor, and at the outer surface of the 
inner denser paper respectively; then we 
have 


Boe TB 
a log a 
4 (5) 
J. B, WHITEHEAD Be rd 
FELLOW AIEE bdee:c/2) 
and from equation 2 
ECENT EXPERIMENT on fully cable insulated throughout with either Ea Va» log (c/b) 
impregnated cable-type paper insula- low- or high-density paper. The higher ho Vo ; a log (b/a) (6) 
tion, has’ shown that under certain con- specific inductive capacity of the high- 
ditions use of a paper of low density results density paper shifts a greater proportion pine, (7) 
in a higher dielectric strength than does of the over-all voltage to the outer less Kay @ 
the use of a paper of higher density.1_ dense paper thereby reducing the stress 44,, 
It has also been shown that failure of such at the conductor surface. This reduction 
insulation usually begins in the oil chan- under certain conditions may cause the Vo:A 
nels between successive turns of paper critical oil-channel stress to fall below ee Ae log (b/a) 
tape. aoe that for the same cable insulated through- 
_The former result isin apparent con- out with low-density or high-density Vo 
flict with general experience that the paper. (8) 


denser a given substance or medium, the 
higher the dielectric strength. But the 
conflict is apparent only, for impregnated 
paper is not a homogeneous substance, 
and failure begins first in its weaker con- 
stituent, namely, the oil. High-density 
paper with its higher dielectric constant 


throws a higher stress into the oil chan-~ 


nels and the critical or breakdown stress 
is reached at a lower applied voltage than 
when low-density paper of lower dielectric 
constant is used. 

The following approximate analvsis 
indicates that under certain conditions in 
a single-conductor cable of circular cross 
section, the use of high-density paper next 


Over-All Average Stress at 
Conductor Surface 


Let a, b, and c be the radii of the con- 
ductor and of the outer surfaces of the 
denser and less dense papers respectively ; 
Ky» and K,, the measured dielectric 
constants of the two impregnated papers 
whenassembled separately as cable insula- 
tion, and V,, and V,, the division of the 
tot&l voltage, V,, between them. Then 
we have: 


Vaot Voc= Vo (1) 
Van Koc log (b/a) 


ae [= ] 
a| ——-log (c/b) +log (b/a) 
Koe 


In equation 8 EF, is a mean or average 
value of the electric stress at the conduc- 
tor surface. Its value is readily deter- 
mined from measured values of V, and of 
the dimensions a, b, and c, and of the spe- 
cific inductive capacity of each of the pa- 
pers wheri assembled separately as cable- 
type insulation. For an insight as to how 
the value of E, varies as the proportion 
of dense to lighter papers varies, we may 
consider two papers each five mils thick; 
paper A (specific gravity 0.74; K = 
3.78) and paper D (specific gravity 1.18; 
K = 4.91). Also in order to limit the 


the conductor and low-density paper out- eee (2) number of variables, let us consider the 
side should result in a higher over-all di- Voe Kan log (c/b) particular case in which the total thick- 
electric strength than that of the same _ ness of insulation is equal to the diameter 
Kne log (b/a) * 

Van = > (Vo Van) (3) 2a of the central conductor: thus ¢ = 3a; 
Paper 45-103, recommended by the AIEE com- Kav log (c/b) in Figure 1 the curve ‘E, shows how £ 
mittee on power transmission and distribution for ; « 7! 
publication in AIEE TRANSACTIONS. Manuscript A ma be log (b/a) varies for all values of b. We note that 
submitted February 3, 1945; made available for Sata. Vos BaP eine (eid) (4) for b = a (all A paper) and for b = 3a 


printing May 3, 1945. 


J. B. WurreHEAp is professor of electrical engineer- 
ing in the school of engineering, The Johns Hopkins 
University, Baltimore, Md. 


Also, let E, and E, be the mean values of 
the radial stresses at the surface of the 


a 


(all D paper), the values of E, are the 
same and at their greatest. Introduction 
of any small amount of D paper inside of 


7 


- 


are shown graphically in Figure 11. At 
the nominal control voltage, 24 volts, the 
closing time is 0.02 second. 

The opening characteristics, time from 


the instant the shunt trip is energized . 


until the breaker primary contacts part 
and until they are fully open versus the 


open-circuit control voltage, are shown 
in Figure 12. The time from the parting 
_ of the contacts until they reach the fully 


open position, 8.5 milliseconds, is inde- 
pendent of the control voltage. The arc- 


ing time at pressures equivalent to alti- 


tudes up to 50,000 feet and currents up to 
3,800 amperes rms, from Table I, never 
exceeds 6.2 milliseconds. The right-hand 
curve of Figure 12, contacts fully open, 
shows the interrupting time of the breaker 


--yersus control voltage at 50,000 feet 
altitude and rated interrupting current. 


Conclusions 


Designed primarily for the 208Y/120- 
volt 400-cycle a-c system selected by the 
Army Air Forces for large aircraft, this 
breaker in its application is the counter- 
part of industrial air circuit breakers. 

The outstanding features of this breaker 
are: 


1. Satisfactory and reliable operation 
under extreme conditions of temperature, 
pressure, humidity, vibration, and acceiera- 
tion normal to aircraft. 


2. Adequate interrupting capacity for the 
proposed 400-cycle aircraft system. 

3. Short closing and tripping times over 
a wide range of control voltage. 

4. Light weight and small space require- 
ments, 2° : 


5. Protection of parts against fungus 
growth and corrosion. 


Future increases in aircraft electric 
loads will undoubtedly call for more ex- 
tensive systems using breakers of higher 
continuous and short-circuit ratings. The 
experience gained in the design of this 
breaker indicates that these demands 
can be met without sacrificing any of the 
present features. va 
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Stresses in a graded cable, denser 


Figure 1. 
paper inside, range of b/a from 1 to 3 


Paper D, inside, specific gravity 1.18 
Paper A, outside, specific gravity 0.74 
95 per cent overlay, n=4 
E,—Average stress at conductor surface 
Eoa—Stress in oil channel of paper D at con- 
ductor surface 
E,p—Stress. in oil channel of inside layer of 
paper A 
E,—Average stress at surface of separation of 
the two papers 


A paper, that is, for values of 6 slightly 
above a, E, is sharply reduced and then 
increases approximately linearly to its 
maximum at b = c = 3a. 

Similarly, the average stress at the sur- 
face of separation of the two papers 
(equation 7) is plotted as curve E,. Its 
maximum value occurs at b = a (all A 
paper) and is the same as the maximum 
value of Eg. 

Figure 2 shows similar variations of the 
several stresses for values of b/a of from 
1 to 2, that is for insulation wall thickness 
equal to the radius of the conductor. 


Stress in Oil Channels 


\So far FE, and Ey are independent of 
the thickness and overlay of the paper 
tapes, except as these affect the measured 
values of Ky, and K p¢. 

But we have taken the stress in an oil 
channel at the conductor as a measure of 
dielectric strength, and so it remains to 
determine the value of this stress, E,,, in 

-terms of some measurable quantity, for 
example, —,. Efforts to derive the com- 
pletely accurate value for Ey,_ lead to diffi- 
cult and cumbersome expressions. We 
can proceed however, much more easily 
and with perhaps equal accuracy if we 
make two assumptions: 


(a). That the pattern of overlay of tapes 
repeats itself regularly through the insula- 
tion wall. 


(0). 
region of the oil channel and immediately 
overlaying paper tapes is radial and uniform. 


. Under the first assumption the insula- 
tion wall may be considered as made up of 


a number of coaxial cylindrical capacitors, 


each having the same radial thickness, 
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That the electric stress in the central 


the same number of paper layers, the same 
overlay of tapes, and the same width 
of oil channel; also, for any one type of 
paper the dielectric of each elementary 
capacitor will have the same value of 
specific inductive capacity; or in other 
words Ka, and K,, in the respective papers 
would have the same value if measured 
over any one or more of the characteristic 
elementary capacitors. 

Assumption b is warranted by the fact 
that the oil channel is usually from 10 to 
20 times as wide as it is thick (0.005 inch). 
We fix our attention on the central part 
of the channel where the stress is very 
nearly uniform and at its maximum value. 

With all dimensions of the single-con- 
ductor cable and the applied voltage 
given, these assumptions enable us to 
compute, to a close approximation the 
value of the voltage, V, across the inner- 
most characteristic capacitor, and further 
to derive the value of the stress in the in- 
nermost critical oil channel in terms of 
the average surface stress E, of equation 
8, as follows: 

The characteristic capacitor will have a 
number of layers, n, depending on the 
overlay, and any oil channel adjacent to 
the conductor will be in series radially 
with n — 1 paper tapes. Let us consider 
only that elementary portion of the inner- 
most capacitor for which an oil channel is 
next to the surface of the conductor. 
Then, if we make the not too violent gs- 
sumption that the stress in the central 
region of the channel is radial, we may 


2.5 ads 


Eoa,ALL A PAPER 


0.5 
1.0 


On 


2.0 


alo F 


Figure 2. Stresses in a graded cable, denser 
paper inside, range of b/a from 1 to 2 


See subcaption of Figure 1 


. Whitehead—I. mpregnated-Paper Lntalaiion 


compute the stress in the oil channel from 
the relations in a cylindrical capacitor 
with an inside layer of oil, and above it 
n — 1 layers of impregnated paper. 

If a is the radius of the conductor, and 
dy, 2... Gy the radii of the successive pa- 
per layers, and V is the voltage over the 
innermost capacitor, and K, and K, the 
dielectric constants of oil and impreg- 
nated papers respectively, then remem- 
bering the assumption 6 and formula 4, 
we find V’,,, the voltage over the oil chan- 
nel, 


where 


_Kp log (a:/a) 
Kg log (ap/a1) 


(9) 
and the stress E,,, in the oil channel and 
at the surface of the conductor, 


Voa 


~ a log (ax/a) 


0a 
pe 


ae 
o te (a;/a) he log (n/a) | 


(10) 


Also since the innermost capacitor in each 
paper is typical of all: 


V V 
E,= = 
a log (a,/a) a-+nt 
a@ log) ——— 
a 


where ¢ is the thickness of the paper tape. 


Whence 
nt 
E, log Ce ) 
a 


K 
log (a:/a) +— log (an/a1) 
Kp 


(+*) 
log 
C= 2 


Ko 
log (a,/a) +— log (apn/ay) 
; Ep 


(11) 


Ea = 


=GE, (12) 


(13) 


the stress in an oil channel at the stirface 
of the conductor. 

For a given conductor, paper, and over- 
lay in assembly G is a constant; when 
two papers are used, G has two values, 
one for each paper as determined by the 
two values of Ky, the specific inductive 
capacity of the impregnated paper. The 
values of G will always be greater than 
the average stress E, at the conductor sur- 
face, if as is commonly the case K, is 
greater than K,. 

In Table I values of G are given for 
several values of a and n, within the 
range of cable practice, and for each of 
the papers A and D. As will be seen, the 
values of G are practically independent of 
the conductor radius within the range 
0.125 inch to 0.500 inch but increase with 
increase in , the numbers of layers of 
paper in the “characteristic capacitor’’ 
or pattern of assembly. The greatest 
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see sub- 


value of G, within the range examined, is 
1.70, D paper with m = 4 (25 per cent 
overlay), and the smallest 1.26, A paper 
with 2 = 2 (50 per cent overlay). These 
then are the factors by which the values of 
F, and E, plotted in Figure 1 are to be 
multiplied to give the stresses in the oil 
channels of the innermost layers of the 
inside denser paper and the outside less 
dense paper respectively. The resulting 
curves E,, and £,, have been plotted in 
Figure 1; also, in horizontal dotted lines, 
for the purposes of comparison, the values 
of the stresses in the oil channels at the 
conductor surface when the insulation is 
entirely of D paper and of A paper re- 
spectively. 

We note from Figure 1 that in the spe- 
cial case there considered (n = 4, b/a = 1 
to 3), for b/a = 1 (all A paper) and for 
b/a = 3 (all D paper) the average stress 
E, has the same value as is well under- 
stood. However, in both cases the maxi- 
mum oil stress is higher than H,—the 
average maximum stress, 1.7 times for the 
denser paper D and 1.46 times for the less 
dense paper A (see Table I); the result- 
ing difference is indicated by the horizon- 
tal dotted lines at the top of the figure. 

This confirms qualitatively, and in 
terms of simple physical principles, the 
experimental result found by the author 
that in cable-type fully impregnated pa- 
per insulation a denser paper has a lower 
dielectric strength than a less dense paper. 


When both types of paper are used in’ 


the same insulation wall, and, as we have 
assumed, the denser paper is on the in- 
side, we see at once that for values of b/a 


‘between 1 and 1.75 the maximum oil . 


stress Ey, in the denser paper is lower 
- than the maximum oil stress in the case 
when the entire wall consists of the less 
dense paper. . Thus properly proportioned 
graded insulation may have a lower maxi- 
mum oil stress and a higher dielectric 


strength than either of its constituents 


1 


\ 


Table |. 


Values of G for papers of two values 


of density (D and A) 


Radius of 
Conductor, n=2 n=3 n=4 
a, 
Inch D A D A D A 
1.37.;1.68..1.45 
Love phe es 
1.41...1.67.°1.438 
Wo dnle sO tele 45 


when used singly for the same wall thick- 
ness of insulation. 

The stress E,, in the inside oil channels 
of the outer less dense paper is always less 
than that in the inside channels of either 
paper used alone. However, in the graded 
case we note from Figure 1 that for val- 
ues of b/a between 1 and 1.12, Ey, rises 
above Ey, that is to say, breakdown is 
more likely to occur in the inside layers of 
the outer less dense paper. 

Figure 2 shows that similar relations 
with only small variations in values occur 
when the total insulation wall thickness is 
one-half the diameter of the conductor, 
thatis, the range of b/ais from 1 to 2. 

It is of interest to note the relations 
which arise when in the graded cable the 
positions of the two grades of paper are re- 
versed, that is, when the low-density pa- 
per is placed on the inside, adjacent to 
the conductor. These relations are shown 
in Figure 3 for a variation of b/a from 1 to 
3, and so may be compared with those of 
Figure 1. As seen, for all values of b/a, 
that is, for any radial depth of the less 
dense paper, the stress in the oil channels 
next to the conductor is higher than if the 
low-density paper were used alone; up 
to b/a = 1.55 the stress is higher than if 
the high-density paper were used alone. 
The higher dielectric constant of the 
outer high-density paper shifts such a 
large fraction of the total voltage to the 
low-density paper that the lower oil-— 
paper stress ratio of the latter is surpassed 
over the entire range. 

The methods used in re foregoing 


analysis are approximate at several points, : 


and several conditions obtaining in cable 
insulation as manufactured have not been 
introduced, as for example the stranding 
of the central conductor, the spiral course 
of the oil channels, and space-charge ac- 
tion in the oil channels. It is believed, 


‘however, that the bearing of these ele- 


ments will be much the same relatively 
in each of the several cases compared, and 
that their influence would appear only in 
a possible attempt at a quantitative deri- 
vation of stress values. 

The experiments referred to in the 
opening paragraph were conducted at 60 
cycles, on thoroughly impregnated insula- 
tion in which there was at no time any 
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evidence of internal gas pockets. Dis- 
cussion has suggested, therefore, that the 
clear evidence of a higher dielectric 
strength of a lower density over a higher 
density paper should be restricted to 
thoroughly impregnated insulation of the 
oil-filled or other similar type, and not be 
extended to so called sol d-type insula- 
tion, in which it is generally admitted that 
following load cycles, or due to other 
cause, gas pockets or layers are present, 
and that the range of breakdown stress 
values is substantially lower than those 
encountered in the author’s tests. It 1s 
also suggested that a different result 
might be found even in insulation of the 
oil-filled type in breakdown tests of im- 
pulse type. 

Some comment on this type of discus- 
sion will be found in the paper by White- 
head and Kopper.! It is not, however, 
within the purpose of this paper to con- 
tinue that discussion, but rather to show 
in terms of simple physical principles and 
of the experiments referred to, that the 
use of high-density paper in cable insula- 
tion should result in a higher dielectric 
strength if used in combination with 
lower density paper in suitably propor- 
tioned graded insulation, than would re- 
sult in the use of either grade of paper 
alone. 

It is also fair to emphasize that the 
principles utilized herein, depending as 
they do only on variations of dielectric 
constant, must apply to all types of cable 
insulation, oil-filled, solid, gas-filled, or 
other, insofar as the values and distribu- 
tion of dielectric stress are concerned. 
Whether or not complete breakdown is a 
function of maximum dielectric stress 
only, is another question, discussion of 
which also falls outside the scope of this 
paper. 

The results of this study are offered as 
a possible explanation of the recent con- 
flict of opinion as to the influence of high- 
density paper in cable insulation. 


Conclusions 


1. In cable-type impregnated-paper insu-- 


lation the use of all high-density paper re- 
sults in a higher maximum stress in the oil 
channels than does a low-density paper. 


2. The use of both high: and low-density 
paper, with the former inside, as in a 
graded cable, may result in a lower maxi- 
mum .oil stress, and so a higher dielectric 
strength, than if all low-density papas or 
all high-density paper is used. 
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The Role of Frequency in Industrial 


Dielectric Heating 


G. W. SCOTT, JR. 


MEMBER AIEE 


TENDENCY has developed to look 
upon frequency as a variable in 
dielectric heating which may be increased 
at will in order to increase the rate of 
heating quite independently of other fac- 
tors. No doubt this tendency has been 
fostered by the acceptance without knowl- 
edge of its derivation of the equation for 
rate of dissipation of high-frequency 
energy in a dielectric, wherein the fre- 
quency term appears to the first power 
and in the numerator. The purpose of 
this paper is to analyze more carefully the 
role of frequency in industrial dielectric 
heating. The expression for the rate of 
heating will be critically examined, par- 
ticularly with reference to the direct in- 
fluence of frequency and its indirect in- 
fluence through certain of the other 
variables of the heating equation that are 
not independent of frequency. In the 
light of this and other known effects of 
frequency, an attempt will be made to 
determine the practical upper limit of 
frequency for large-scale industrial dielec- 
tric-heating installations. It is hoped 
that, as a result of this discussion, there 
will result’ in the future a more precise 
use of the term frequency as related to di- 
electric heating. It should be pointed out 
that, in order to express the effect of fre- 
‘quency quantitatively, it has been neces- 
sary either to assume the ideal condition 
of pure L and C or to assume reasonable 
values of capacitance to ground and of 
distributed L and C. For this reason it 
has been possible in certain instances 
only to establish limits. 
It is apparent from the analysis to fol- 
low that: 


1. None of the variables in the heating 
equation is completely independent of 
_ frequency or its effects. 


2. As frequency is increased, load capaci- 
tance must be decreased to allow tuning and 
to avoid short-cireuiting the generator. 


3. At higher frequencies load length must 
be kept at a minimum to eliminate the possi- 
bility of standing waves. 


4. Increased frequency accentuates the 


Paper 45-106, recommended by the AIEE com- 
mittee on industrial power applications for publica- 
‘tion in AIEE Transactions. Manuscript ‘sub- 
mitted February 24, 1945; made available for print- 
ing May 5, 1945. : 


G. W. Scort, JR., is assistant chief physicist, Arm- 
strong Cork Company, Lancaster, Pa. 


Credit is due to I. J. Barsey for assistance in certain 
of the calculations and to G, E. Gard and K. D. 
Lawson for advice on the practical aspects of fre- 
quency in dielectric heating. 
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load-shunting effect of stray capacitance and 
seriously reduces the over-all efficiency of the 
dielectric heating. 


Therefore, it appears likely that the fre- 
quency band from 10 to 30 megacycles 
will prove best adapted for large-scale 
industrial dielectric heating, that is for 
load capacitances. up to 500 micromicro- 
farads and for output power as high as 
100 kw. 


Equations for Development of 
Dielectric Heat 


An expression for the heat developed 
in a dielectric by the application of an 
alternating voltage may be derived 
readily from the theory of the imperfect 
capacitor, represented schematically in 
Figure 1. Whenever there is an imper- 


fectly insulating material to be heated 
between the plates of a capacitor, the 


Figure 1. Equivalent circuit of dielectric 
heating load 
E—Oscillator 


C—Capacitance 

R,—Effective series resistance 
Ry—Effective parallel resistance 
L—Residual inductance 
R,—Residual resistance 


latter may be considered as a capacitance 
with either a resistance R, in series or a 
resistance R, in parallel. These resist- 
ances are defined as 


cos @ 
R,=—— 
$ EG (1) 
ae ee 
PwC cos 8 : 2) 
where 


cos 6=power factor of material heated and 
cos @<0.1=sin 6=tan 6 
C=capacitance of load 
w =2 (frequency) 
E=alternating voltage 


In addition there is associated with the 
capacitor a certain residual inductance 
L and resistance R,. As, for simplicity 
in this analysis, the effect of leads will be 


Scott—Frequency in Dielectric Heating 


ignored, the L term may be neglected 
and R, reduces to the effective resistance 
of the capacitor plates. 

If the concept of effective series resist- 
ance is employed, the power dissipated 
in the capacitor may be determined from 
an examination of the phase diagram of 
Figure 2 where 


T=current flowing 

E=voltage impressed 

R=R,+R,, or total resistance 
From Ohm’s law it may be stated: 


FE? eet 
Power = R =heat per unit time=H 


Therefore, the heat developed in the re- 
sistance R may be expressed: 


E,* E* cos? 6 : 
pe a =wCE2cos@sin@ (3) 
R 1 
wC tan 6 
where 


1 
= ee 
tan (23) 


cos 6=power factor of capacitor 


Equation 3 is the general equation gov- 
erning the development of heat in an im- 
perfect capacitor. If desired, sin 9 may 
be replaced by /1 — cos’6. 

If the effective resistance of the capaci- 
tor plates may be neglected, an expres- 
sion for the purely dielectric heat de- 
veloped within the plates may be derived 
as follows: 


E,? FE? cos? 6 
ie te aE cos 6 (4) 
R,; cos 6 
wC 


where x 


cos 6=power factor of material - heated 
($0.1) 


Equation 4 may be verified by consider- 
ing the effective parallel resistance Rp as 
the dissipative element. 

For plane parallel electrodes and 
negligible effective resistance equation 3 
takes the form: 


5 2 
W= bcos of (7) 10-2 eau )) 
where 


. W=heat in watts per cubic centimeter 
k=dielectric constant of material heated 
cos @=power factor of material heated 
(<0.1) 


Figure 2. Phase dia- 
gram for dielectric- 
heating load 


if 
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Figure 3. Variation of loss factor with fre- 


quency for typical materials to be heated (A 
and B), and a typical insulator 


f=frequency in cycles per second 


aes! 


=voltage gradient in volts per centi- 
meter 


Equation 3 may be evaluated for any elec- 
trode configuration whose capacitance 
may be expressed although the heating 
will be uniform only in those instances 
where the electric field is uniform. 

-Examination of equations 4 and 5 shows 
that the magnitude of the heat generated 
is determined collectively by 


(a). The geometry of the load. 
(b). Its electrical properties. 


(c). The characteristics of the source of 
high-frequency power. 


The appearance of C in equation 4 
clearly establishes the dependency of the 
heating upon load geometry. Equation 5 
for plane parallel electrodes, perhaps the 
most frequent situation in industrial di- 
electric heating, includes dielectric con- 
stant and power factor which are, of 
course, inherent electrical properties of 
the material being heated. Furthermore, 
both equations contain frequency and 
voltage terms, which are determined not 
altogether independently by the oscilla- 
tor and the coupling to the load circuit. 

From a cursory analysis of equation 5, 
it is reasoned that increased frequency 
will allow somewhat decreased voltage to 
accomplish equivalent heating or linearly 
decreased time of heating if the voltage is 
maintained constant. As a result con- 
siderable emphasis has been placed on 
higher frequency for industrial dielectric 
heating to gain these advantages. This 
emphasis in many instances, has been 
misplaced since 


1. The acquirement of greater skill has al- 
lowed high-frequency voltages up to 25 kv 
to be insulated. 


2. The remaining terms in the heat equa- 
tion are not independent of frequency. 


3. Increased frequency causes serious limi- 
tations in itself. ‘ 


\ 


Variables in Heat Equation not 
Independent of Frequency 


Tn equations 3, 4, and 5 no terms are 


 Gndependent of frequency except the nu- 


merical constants, although certain quan- 
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tities are more directly a function of fre- 
quency than others. Both dielectric 
constant, k, and power factor, cos 0, are 
direct functions of frequency and inci- 
dentally of temperature as well. The 
product of these two quantities is known 
as the loss factor of the material in ques- 
tion, and it has been plotted versus fre- 
quency in Figure 3 for two materials suit- 
able for industrial dielectric heating, A 
and B, and for one material suitable as a 
high-frequency insulator. Although at- 
tention has been called by some to fre- 
quencies at which maxima and minima 
occur in the loss-factor curve, this fact 
is not of great value in shortening heating 
cycles because, even in approaching such 
points, a given percentage change in fre- 
quency normally results in a much smaller 
percentage change in loss factor. In 
general, it may be said that relatively 
good high-frequency insulators exhibit a 
loss-factor characteristic that slowly di- 
minishes as frequency increases, whereas 
materials suitable for high-frequency 
heating may either increase, decrease, or 
go through maxima and minima as fre- 
quency increases. Although variations 
of loss factor in a given material seldom 
warrant choice of a particular frequency 
to increase the heating rate, large varia- 
tions between different materials may re- 
quire higher frequencies to heat the bet- 
ter insulators. 

When a parallel resonant circuit con- 
taining an imperfect capacitor, as is the 
case in a dielectric-heating load circuit, 
is tuned to resonance, it presents to the 
oscillator an approximate resistive im- 
pedance: 


Zp=108/(22fC cos 6) ohms (6) 
where 


f=frequency in megacycles 
C=capacitance in micromicrofarads be- 
tween electrodes 
cos 6=power factor of dielectric 


This is true because at resonance the 
parallel circuit offers infinite impedance, 
but shunted with the effective parallel 
resistance of the dielectric, Rp». Conse- 
quently, the impedance, Zz, in equation 6 
ismerely R,, since the latter is much less 
than infinity for conditions that allow the 
development of appreciable dielectric heat. 


srob-% 
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Figure 4. Variation with frequency of im- 


pedance for a dielectric-heating load (ma- 
terial A, Figure 3) tuned to parallel resonance 
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Figure 5. Maximum tolerable electrode 
length allowing ten-per-cent voltage variation 
as a function of frequency 


K =dielectric constant 


Figure 6. Tuned load circuit for dielectric 
heating 


S—Oscillator 

T—Coaxial transmission line 
L—Tuning inductance 
R,—Effective series resistance 
C—Electrodes 

D—Material to be heated 


In Figure 4 Zz has been plotted as a func-: 
tion of frequency for a 36-by-36-by-3- 
inch (100-pound) load of material, A, 
presented in Figure 3. For this load the 
capacitance varies from 388 to 330 micro- 
microfarads over the frequency range 
considered. The impedance across the 
load is seen to diminish markedly with 
frequency. 

The power transfer to and voltage drop 
across a load necessary for heating depend 
upon the impedance match between the 
output of the oscillator and the load cir- 
cuit. As an increase in frequency will re- 
duce load impedance, a reduced voltage 
will exist across the load, thereby mini- 
mizing power transfer, other factors re- 
maining the same and the load capaci- 
tance having been tuned to the new fre- 
quency. Consequently, voltage may not 
be maintained constant across a load to 
shorten a heating cycle as frequency is 
increased unless adjustments are made to 
maintain the impedance match. If the 
oscillator is assumed to have an output 
impedance of 300 ohms and the load to be 
tuned with a high Q parallel resonant 
circuit, Figure 4 shows that the imped- 
ances would be matched for the load in 
qtiestion at 15.5 megacycles if the ter- 
minals of the oscillator were connected 


_ directly across the load. At much higher 


frequencies some sort of impedance- 
matching network would be required. © 
There are, of course, practical limits be- 
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yond which impedance matching may be 
of no avail in overcoming the load short- 
circuiting effect of increased frequency. 

Furthermore, the geometrical factors 
included in the capacitance term of equa- 
tions 3 and 4, particularly length of elec- 
trodes, may not be chosen independently 
of frequency. If the electrode length ap- 
proaches one-quarter the wave length of 
the high-frequency voltage employed, it 
will act as an open-ended transmission 
line upon which a quarter-wave-length 
standing wave is maintained. In the case 
of longer electrodes, half- or full-wave- 
length standing waves may exist or any 
multiples thereof. This, of course, will 
result in nonuniform generation of dielec- 
tric heat. 

In the case of such a standing wave the 
voltage varies sinusoidally along the elec- 
trode, that is: \ 
V=sin wt (8) 
where 


w=2nf 
t=time 


For an electrode the voltage at any point 
may be expressed: 


V=V mar COS 2mft - 
where 


xvi 


aaa 
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INDUCTANCE — MICROHENRYS 


_ Figure 7. Ideal tuning inductances required 
as a function of frequency for loads of specified 
capacitance 


. 1—C=500 micromicrofarads 
9—C=300 micromicrofarads 
3—C=150 micromicrofarads 
4—C=100 micromicrofarads 
5—C= 50 micromicrofarads 


Figure 8. Schematic drawing of tuning stub 


Li, Le—Parallel conductors 
L;—Movable short-circuiting bar 
iy, i2, ig—Primary currents 

= AL tee ; 

iy’, ig’ —Induced currents 
C—Distributed capacitance 
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so that 


aVk 
V=Vmaz €9S aut ( uy ) 


C 


(9) 


in which 


Vimar =Mmaximum voltage 
x=distance from point of maximum 
voltage 
k=dielectric constant of medium be- 
tween electrodes 
c=velocity of light 
* = frequency 


If it is assumed that a ten-per-cent volt- 
age variation may be tolerated along the 
greater dimension of a rectangular elec- 
trode, it is possible to calculate from equa- 
tion 9 the maximum permissible electrode 
length as a function of frequency. These 
lengths are plotted in Figure 5 and are 
seen to be considerably reduced as fre- 
quency is increased, particularly for 
media with high dielectric constant. For 
the data of Figure 5 the generator is as- 
sumed to be connected to the mid-point 
of the shorter edge of the rectangular elec- 
trode. 


Limitations of Increased Frequency 


As the frequency employed is increased, 
the maximum capacitance, or load, that 
may be tuned is decreased, because prac- 
tical tuning inductances may not be de- 
vised below a certain minimum inductance 
value. In order to absorb energy from 
the oscillator in the arrangement shown 
schematically in Figure 6, the load must 
be tuned to approximately resonance at 
the frequency of the source in accordance 
with the basic condition for resonance: 


ea aee 
pp eee 10 
f Qe /LC oy 
where 


f =resonant frequency 
C=capacitance of load 
L=inductance of tuning element ~ 


Speaking practically, the load is best 
tuned just above resonance on the capaci- 
tative side as operation at this point is 
more stable and efficient than either at 
resonance or on the inductive side of re- 
sonance. As shown in Figure 6 for parallel 
resonance, probably the most common 
load-circuit connection in industrial di- 
electric heating, this means the load pre- 
sents nearly maximum impedance to the 
source, a condition favoring the high 
voltage across the load electrodes neces- 
sary to produce inphase heating current. 
In a series-resonant arrangement tuned 
near resonance, the load presents nearly 
minimum impedance giving rise to high 
transmission-line currents and _ corre- 
sponding losses. This undesirable feature, 
together with the fact that in a series 
arrangement the voltage across the capaci- 
tor is greater than the impressed volt- 
4 . 
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age by a factor, Q, which frequently 
causes voltage breakdown, has led to the 
more widespread use of the parallel con- 
nection. However, equation 10 holds for 
the series case; and, if the voltage across 
the electrodes is identical, the facts of 
this analysis apply to either parallel or 
series connection unless otherwise stated. 
Equation 10 defines the resonant fre- 
quency strictly for the case of zero resist- 
ance in the load circuit. Although the 
residual resistance of such a parallel cir- 
cuit reasonably may be neglected, the 
effective series resistance, R;, of the di- 
electric should be considered, leading to a 
shifted resonant frequency defined: 


ae 1 
2x /(L—CR,”)C 


tr (11) 


However, for the materials whose dielec- 
? 


tric properties are shown in Figure 3 
(that is, cos 60.1) this correction is 


negligible. If C is assumed constant the ~ 
change in frequency may be defined as 
fr 


Faw (12) 


where 


f,=resonant frequency with resistance 
f=resonant frequency with zero resist- 
ance 
cos @=power factor of material 


More important is the fact that the term 
CR,? in equation 11 diminishes as the 
temperature of the dielectric is increased 
owing presumably to changes in k and 
cos @ with temperature. Because of in- 
complete information regarding the effect 
of temperature on these dielectric proper- 
ties, it can only be said that, as the tem- 
perature of the load is increased, less tun- 
ing inductance is required. 

It is evident, from equation 10 that, 
as the load capacitance is fixed, at least 
at the beginning of the heating cycle, it is 
necessary to reduce the inductance of the 
tuning element in order to resonate the 
fixed load at higher frequencies. In 


Figure 7 are plotted, from equation 10 


2 6 4 8 Ke) l2 
LENGTH OF STUB — FEET 


Figure 9. Calculated L and C characteristics 
of tuning stub of Figure 8 as a function of 
conductor length and separation 


_ D=conductor separation 
’ Conductor diameter—13/s inches _ 


Solid line—Inductance _ : 


Dashed line—Capacitance 
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Figure 10. Calculated L and C characteristic 
of tuning stub of Figure 8 as a function of 
conductor length and diameter 


D=conductor diameter 
Conductor separation—8 inches 
Solid line—Inductance 

Dashed line—Capacitance 


for pure L and C, the inductances re- 
quired to tune loads of 50 to 500 micro- 
microfarads over a frequency range from 
10 to 100 megacycles. Although it is 
recognized that these frequencies are 
shifted by the effective series resistance 
of the dielectric and the latter’s rise in 
temperature during the heating cycle, 
they are sufficiently accurate for illustra- 
tive purposes. So far as temperature rise 
of dielectric is concerned, the inductances 
presented are maximum required values 
for a particular load geometry. The 500- 
micromicrotarad capacitance corresponds 
approximately to a 2.25-cubic foot 108- 
pound load of material A in Figure 3 at 
room temperature. Although ideally 
inductances of the order of magnitude of 
those indicated would be possible, there 
exists, however, a practical lower limit for 
an inductance suitable to tune a load dis- 
sipating a large amount of high-frequency 
power. ‘ 

Such loads have been successfully reso- 
nated by means of a so-called tuning 
stub, that is, two parallel copper pipes 
connected with a sliding cross piece or 
short-circuiting bar, as is illustrated in the 
schematic drawing of Figure 8. In Figure 
9 are plotted the L and C characteristics 
for tuning stubs from 0 to 12 feet in 
length, separated four and ten inches, 
respectively, and made from 1*/s-inch-out- 
side-diameter copper pipe. Variation of 
Land C as a function of conductor diame- 
ter is shown in Figure 10. The calcula- 


_ tions, for which the details are presented 


in the appendix are ideal to the extent 
that zero capacitance to ground has been 
“assumed for the stub. It is apparent, 
from an examination of Figures 9 and 10, 
that 0.1 to 0.15 microhenry is the mini- 
mum calculated inductance that may be 


expected from such an arrangement. 


Furthermore, the tuning stub does not 
act as an inductance under all circum- 


stances, an additional limitation on the 
+ maximum capacitance that may be tuned 
at a specified frequency. As there is al-_ 


ways capacitance associated with the in- 


Te ductance of a stub, the latter has a natu- 


~ 
i 
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ral or resonant frequency. When the 
frequency of the voltage applied to the 
stub is in excess of the natural frequency, 
the stub presents a capacitative imped- 
ance and is no longer useful as a load- 
tuning element. At intermediate fre- 
quencies the effective inductance of the 
stub may be computed from the approxi- 
mate formula: 


ib 


2 (13) 


Leg= ites 


where 


L=calculated inductance 
+ =ratio of actual to resonant frequency (ac- 
curate for y<0.8) 


In Figure 11 has been plotted the reso- 
nant frequency ofthestub in question with 
a conductor spacing of ten inches. The 
frequencies corresponding to each length 
are the maximum frequency at which the 
stub presents an inductive impedance. 
Of course, if some capacitance to ground 
had been assumed, these maximum fre- 
quencies would be reduced. 

The data of Figures 9 and 11 and experi- 
ence have led to the conclusion that a 
straight piece of tubing one foot long may 
be taken to represent the practical mini- 
mum inductance that may be employed 
as a load-tuning element. The calculated 
inductance of such a length of tubing 1°/s 
inches outside diameter is 0.149 micro- 
henry. In practice there arises the neces- 
sity of shielding such an element to avoid 
interfering radiation. A cylindrical 
grounded shield of eight-inch radius intro- 
duces a capacitance to ground of 6.91 
micromicrofarads, from which information 
the effective inductance may be com- 
puted ds a function of frequency. From 
equation 10 the maximum effective ca- 
pacitance that can be tuned can be calcu- 
lated. If aninherent inductance of 0.00006 
microhenry per micromicrofarad is as- 
sumed in the load of Figure 1, its geome- 
trical capacitance may be computed from 


the relation: 
re 


Cort 


<n ba; (14) 
1+49°f? Cory 


Based on these assumptions, the maxi- 
mum geometric capacitance that may be 
tuned by conventional methods has been 
plotted as a function of frequency in the 
curve labeled “practical” in Figure 12. 
These maxima are to be compared with 
those of the curve designated “ideal” in 
Figure 12 computed for the case of pure 
Land C. Itis apparent that, if the 500- 
micromicrofarad 2.25-cubic foot 108- 
pound load already referred to is to be 
tuned by ordinary means, the frequency 
should not exceed approximately 20 mega- 
cycles. 

There are means by which the maxi- 
mum tunable capacitance may be in- 
creased, but such means are not feasible 


in all cases. The capacitance of a load 


may be halved by connecting a similar 
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Figure 11. Resonant frequency of tuning 


stub of Figure 8 as a function of conductor 
length 


Conductor separation—10 inches 
Conductor diameter—1*/s inches 
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Figure 12. Maximum tunable load capaci- 
tance as a function of frequency, if 0.149- 
microhenry minimum practical tuning induct- 

ance is assumed 


Ideal—Pure Land C 


Practical—Residual parameters 


capacitance in series; but if the addi- 
tional capacitance is air-insulated it robs 
part of the available voltage from the 
load, and if it is a duplicate load the 
power requirements are doubled, which 
may prove uneconomical. Bierwirth and 
Hoyler!? have ingeniously tuned a 700- 
micromicrofarad load at +45 megacycles 
by means of multiple-tuning stubs each 
of minimum inductance, which: inciden- 
tally tune out the standing waves that 
would otherwise appear on the load elec- 
trodes. However, such a scheme is of 
limited application. 

It should be emphasized that the im- 
pedance across a capacitative load is di- 
minished as the frequency is increased. 
Quantitatively, this impedance is ex- 
pressed for the general case: 


1 tae ee 
Zier / cos? 0+1 


QafC ay 


where 


f=the frequency employed 
C=capacitance 
cos §=power factor of medium 


Relatively small stray capacitances to 
ground frequently exist in a practical 
dielectric-heating load. As the medium 
is usually air (cos @=0), for low frequency 
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Zcislarge and may be ignored. However, 
as f is increased Ze decreases, which effec- 
tively adds to the capacitative load to be 
tuned. Therefore, not only is there a 
maximum C that may be tuned but also 
a minimum capacitative load that prac- 
tically may be presented in an effort to 
compensate for increased frequency. 

Finally the over-all efficiency of an ar- 
rangement of circuits as shown in Figure 6 
for dielectric heating is seriously reduced 
as the frequency is increased; and this is 
an important consideration in so expen- 
sive a mode of heating. The efficiency 
should be kept between 50 and 60 per 
cent for economic operation. Not only 
are there resistive and radiation losses 
throughout the circuits, but an inherent 
limitation is the efficiency of the oscillator 
power tubes. The plate efficiency of 
available power tubes is reduced as the 
frequency of the input is increased largely 
on account of 


1. Dielectric. losses in glass walls and else- 
where. 

9. Increased grid dissipation because of 
higher circulating currents due to lower grid 
impedance and because of long electron tran- 
sit times. 

3. Increased plate dissipation because of a 
phase shift between grid voltage and plate 
voltage due to long electron transit time. 


Although plate efficiency data are not 
available, rated reduction in power input 
for several oscillator tubes that may be 


used for industrial dielectric heating with , 


output power up to 100 kw has been 
plotted versus frequency in Figure 13. 
A conventional triode will function with 
60-70-per-cent plate efficiency up to 20 
megacycles. Above this frequency losses 
increase until at approximately 100 mega- 
cycles losses equal input power and the 
tube ceases to oscillate. It is apparent 
that, if higher frequency is required for 
shorter heating cycles, limited power out- 
put must be anticipated but not neces- 
sarily with reduced input power. 


Choice of Frequency 


should be used. 
frequency is suited to very small loads, 


In conclusion it must be emphasized 
that in reality the choice of frequency for 
a dielectric-heating application is a com- 
promise among 


1. The geometry of the load. 


9. The electrical characteristics of the ma- 
terial constituting the load. 


8. The oscillator tubes available. 


Frequency must be selected with these 
factors clearly in mind, as well as the de- 


sire for minimum duration of heating 
beycle: ~~ 


Broadly speaking, as high a frequency 
as is practical, available, and economical 
In particular, highest 


i 
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Figure 13. Allowable percentage of maxi- 

mum rated input as a function of frequency for 

certain power tubes suited to dielectric heating 


thin sections not capable of insulating 
high voltages, and materials with low 
loss factor. There is a limit to the extent 
that frequency may be increased to ac- 
commodate thin sections because, as 
thickness diminishes, load capacitance in- 
creases, presenting a serious tuning prob- 
lem. Emphasis on high frequency to ob- 
tain short heating cycles may frequently 
be misplaced because 


1. Extraneous circumstances often set a 
practical lower time limit to acceptable 
heating cycles. 

2. Too rapid heating may have a deleteri- 
ous effect on the material. 

3. Increased production rate may not be 
economical unless accompanied by increased 
volume of production. 


This analysis of the role of frequency in 
industrial dielectric heating indicates that 
at least for several years to come the 
range of frequency from 10 to 30 mega- 
cycles only will be utilized for large-scale 
dielectric heating, that is, for powers up 
to 100 kw. Changes in dielectric proper- 
ties with elevated temperature will make 
close frequency control difficult unless 
means of automatic tuning are devised. 
Therefore, users and suppliers should co- 
ordinate their research and development 
activities with these facts in mind. 


Appendix. Calculation of L and 
C for Tuning Stub 


The total inductance Ly of the tuning stub 
shown schematically in Figure 8 may be eal- 
culated from the relation: 


(16) 
where 


L, =self-inductance of first conductor 

L,=self-inductance of second conductor 

L; =self-inductance of short-circuiting bar 

M=mutual inductance between first and 
second conductors te 


It is apparent that the relatively small 


mutual inductance between the short-circuit- 


ing bar and the other conductors has been 
neglected. The mutual-inductance term has 
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been subtracted since, as may be seen from 
the currents indicated in Figure 8, the in- 
duced currents i2’, i,/ oppose the existing 
ones 1, 12. 

The self-inductance in microhenrys of a 
tubular conductor of length/ centimeters and 
diameter d centimeters may be expressed 
by the equation :? 


1530 0021 2.303 lo 1 + —1+y6 


where 6~0 for copper tubing employed at 
frequencies above one megacycle. The 
mutual inductance in microhenrys of two 
parallel conductors of length / centimeters 
separated by a distance D centimeters from 
ceiter to center as in Figure 8 may be com- 
puted from the relation: 


l+VP+D? | 


1=0,002{ 2.3031 ogo * 


VPtDi+D) (18) 


When equations 17 and 18 are substituted 
in equation 16, the total inductance Lr of the 
tuning stub may be simplified to the form: 


41D ms 

d(l+V2?+D?) 

d+2V/2+D?—2D ; 
21 


Lip = o.004t 2.308 logio 


\4ts (19) 


Where L; is the self-inductance of the short- 
circuiting bar, which may be computed from 
the relation: . 


4D d 
L; =0,0030( 2.88 logio ary, == 1) (20) 


The values of tuning-stub inductance 
plotted in the curves of Figures 9 and 10 
were computed from equations 19 and 20. 

The tuning stub in question is, of course, 
not pure inductance but has a certain dis- 
tributed capacitance between the parallel 
conductors that has been represented in the 
schematic drawing of Figure 8. If the effect 
of the short-circuiting bar is neglected and 
the conductors are assumed to be infinitely 
removed from ground, this capacitance in 
micromicrofarads may be computed from 
the relation: 


0.12081 


2D 
logio et 


(21) 
d 


where / is length of conductors in centimeters 
and D is their separation in centimeters, 
center to center. The values of capacitance 
for the tuning stub plotted’ in Figures 9 
and 10 were computed from equation 21. 
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HE AMERICAN’ RAILROADS 
achieved more than twice as many 
passenger-miles and hauled twice as many 
ton-miles of freight in 1943 as in the cor- 
responding period of 1918. Incomplete 
reports indicate increases for 1944. This 
enormous job is being done with smooth- 
ness and dependability and with far less 
congestion than was possible with the 
equipment and personnel of World War I. 
Locomotives with electric transmis- 
sions, which include straight electric, 
Diesel-electric, and gasoline motorcars, 
and their attendant electric equipment, 
have played an important part in this 
accomplishment. With the increased 
number of electric locomotives in use, the 
longer hours of operation, and the heavier 
loads, old maintenance problems have 
been accentuated; mew ones have arisen. 
Down the long list of these problems is one 
entitled ‘‘Armature Rewinding.” 

The object of this paper is to review for 
those experienced in the art of armature 
rewinding and to cite for the newcomer 
some of the important and frequently 
overlooked factors which must be con- 
sidered to restore a damaged armature to 
its original condition and to modernize 
and improve, consistent with current 
‘practices. The factors will be discussed 
under the following headings: 


Analysis of failure. 
Cleaning. 

Magnetic inspection. 
Commutator. 
Rewinding materials. 
Armature windings. 
Banding. 
Impregnating. 
Balancing. 


Se ROC ee teary 


Railway armatures present an interest- 
ing though difficult problem as they must 
withstand the severe strains imposed 
upon them by varying loads at varying 
speeds,! plus the several combinations of 
vibration and strains resulting from train 
motion and roadbed shock, and often 
with rapidly changing ambient tempera- 


f 


Analysis of Failures 


Traction motors are of necessity rugged 
in design because of inherently severe 


_ duty requirements. The kind of service 


js such that road failures must be kept at 
a minimum, not only because of the direct 
cost but because of the consequent ex- 
pense incurred when traffic movement is 


D. E. STAFFORD 


ASSOCIATE AIEE 


C. GENTILINI 
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obstructed. In most industrial plants a 
replacement motor or part can be in- 
stalled in a comparatively short time. 
With motive power, however, the point of 
operation is not fixed and failures may 
occur many miles from the nearest repair 
or exchange facility. 

In spite of equipment design and oper- 
ating precautions taken to prevent fail- 
ures, they will happen. To minimize 
these failures, an analysis of the cause of 
each must be made and steps taken to 
lessen the possibility of a recurrence. 


View of vapor cleaning tank 


Figure 1. 


Powerful cleaning action is effected by hot 
vapors condensing on the object to be cleaned 
by virtue of: 


4. Strong solvency of cleaning fluid 


9. Distilled vapor is full strength, undiluted 
by dissolved grease 


3. 188 degrees Fahrenheit temperature helps 
to clean and to cook off paints and varnishes 


Causes of armature failure can be divided 


into two classes: 


1. Those which can be attributed to faulty 
operating conditions. 

2. Those originating within the motor due 
to mechanical or electrical defects. 


Causes of armature failures may be 
numerous and varied; however, some of 
the major and frequently occurring 
troubles are discussed in the following 
paragraphs. The armature winding may 
be completely roasted because of a me- 
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chanical fault causing excessive overload; 
it may be roasted because of heat result- 
ing from friction generated when worn- 
out bearings or journals allow the arma- 
ture to rub the pole pieces. The arma- 
ture winding or commutator may be 
grounded, short-circuited, or open-cir- 
cuited; bands may fail owing to over- 
speeding, but in all cases the cause can be 
assigned to either the category of faulty 
operation or to that of a defect in the 
motor proper. 

Most failures traceable to a motor de- 
fect originate first as a mechanical failure. 
Improperly seasoned armature insulation 
caused by incorrect baking and hot band- 
ing procedure may permit relative move- 
ment of wires or coils which will cause 
actual mechanical destruction of the in- 
sulation and result in an electrical failure. 
Faulty commutator seasoning on high- 
speed traction motors, weak brush-holder 
spring tension, and short or binding 
brushes are only a few additional things to 
consider when analyzing armature fail- 
ures. The advantage of a thorough in- 
vestigation to determine the cause of each 
failure cannot be stressed too strongly. 


Cleaning and Preparation of Core 


The proper cleaning of cores to be re- 
wound goes beyond removing the old coils 


and scraping out the slots. Grease must 


be removed, old paint stripped, vent 
ducts cleared, and the outer surfaces of 
laminations cleaned. One of the most 
effective methods of accomplishing these 
aims is by the use of hot vapor cleaning— 
a process termed by the sheet-metal in- 
dustry ‘degreasing.’ 
consists of a heated tank with a few inches 
depth on the bottom of the liquid cleaning 
solution (normally trichlorethylene) and 
a water-cooled condensing coil around the 
tank about halfway up the side wall.? 

In operation, an armature to be cleaned, 
with its old winding intact, is lowered into 
the gaseous medium exjsting between the 
boiling pan and the condensing coils. As 
the vaporized cleaning solution is kept at 
a temperature of 188 degrees Fahrenheit, 


much higher than the object being — 


cleaned, the vapor condenses upon the ob- 


ject, attacking grease, dirt, and varnish. 


Condensation is so rapid that the fluid 
flows from the work in a steady stream, 


carrying with it dissolved materials. 


Upon first seeing this action, one would 
think that liquid was being fed onto the 
object from an invisible pipe line. 


When the entire armature is placed in — 


the tank, not only is the grease and dirt 


removed but the insulating and bonding 
varnishes are softened, facilitating the re-_ 
moval of the old winding. This procedure — 


minimizes the hazard of lamination dam- 
age when extremely tight coils must be 
stripped from the slots. 


After the temperature of the work has i) 
reached that of the vapor, condensation 
ceases and the cleaning process stops. The — 


The equipment - 
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. affected. 


_ in the longitudinal core ducts. 


Clearing surface-fused laminations 


Figure 2. 


armature may be withdrawn from the 
cleaning tank, and a few strokes with a 
wire brush removes loose residue and 
flakes of varnish. If the slots have been 
dirty, it may be necessary, after removing 
the coils, to return the stripped core to the 
cleaning tank for another treatment, but 
a second cleaning is only occasionally re- 
quired. 

The solvents normally used in this type 
of apparatus have little or no dissolving 
effect upon some types of coating ma- 
terials such as shellac and certain syn- 
thetic enamels. The vapors have no 
effect on water glass (silicate of soda) or 
other standard lamination-insulating var- 
nishes. Tests reveal that, after these 
lamination-insulating materials have been 
suspended in the degreasing vapors for ten 
minutes, neither their surface smoothness 
nor adherence to the metal has been 
A mica commutator segment 
and cone ring given the same treatment 
were found to have a very small increase 
in weight, which was caused by the shellac 
softening under heat and allowing some 
vapor to collect. This increase in weight 
was lost after cooling took place, with no 
damage to the mica splittings or the shel- 
lac bond. 

Over a period, repeated dips and bakes 
build multiple layers of baking varnish on 
the laminations, in the radial vents, and 
This insu- 
‘lating coating retards heat transfer and 
‘restricts air flow. The removal of this 
varnish in the ‘‘degreaser’’ will restore 


_ original ventilating efficiency to the arma- 
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ture. The elimination of grease from 
commutator, mica, and cone rings pro- 
vides a clean surface to which insulating 


and protective coatings may be applied. 


-. Core laminations: of armatures which 
have failed frequently are found to have 


_ been damaged by arcing in slots between 


conductors and core. Also, the outer sur- 
face of core may have been defaced by 
pieces of conductors or bands being 


caught between armature and pole faces. | 
' Where any of the damage is severe, new 
_ core stacking may be necessary. 


How- 
ever, after most armature failures, core 
stacking will not be required. 

A very effective method of removing 


a the fused surfaces in the core slots is to 


} 
. 


grind them out with a high-speed portable 
tool as shown in Figure 2. Sufficient 
grinding should be done to clean up all 
short circuits between laminations. 
Otherwise, hot spots may be expected to 
occur in operation, their severity depend- 
ing principally upon the amount of fusion, 
the relative location, the magnitude of the 
armature current, and the frequency. 

On older-type armatures having core 
bands it is often desirable to true up the 
banding grooves before rewinding. They 
are often burred over by the tangled mass 
of banding wire and copper that some- 
times gets between the armature surface 
and the pole piece. An often used prac- 
tice for accomplishing this is to drive a 
hard maple block into each slot, filling to 
the bottom of the band groove, and then, 
with the armature turning in a lathe, true 
up burred-over laminations at edges of 
band groove, taking light cuts with a 
high-speed tool-post grinder. 


Magnetic Inspection 


Magnetic inspection is the term ap- 
plied to the process of examining ferrous 
metal pieces for flaws by magnetizing the 
piece and dusting fine iron particles or 
flowing over the piece a solution with iron 
particles in suspension. Since. different 
magnetic poles are formed at the cracks, a 
concentration of the magnetic particles 
will collect so that the defects-can be 
found by visual inspection.* 

Magnetic inspection, although not new, 
has come into common use only since the 
great forward developments of aircraft, 
which must, of necessity, use materials 
efficiently to achieve lightness and safety. 
Railway equipment, although not limited 
to the same extent as that of aircraft, is 
subjected to repeated stresses that may 
cause costly failures. Armature shafts 
continuously are subjected to twisting 
torques while rotating. Improved alloy 
steels are used for these shafts; however, 
a metal that is fatigue-proof is not avail- 
able. Shafts, before complete failure, will 
develop fatigue cracks. The application 
of magnetic inspection to traction arma- 
ture shafts is comparatively recent, and 
only a limited amount of data are avail- 
able. The available data indicate that 
many factors must be evaluated, such as 


shaft design, the load or torque on the 
shaft, and frequency of application of 
loads. The users of traction-motor 
equipment must compile data on the 
fatigue of shafts in order that shafts 
which have reasonable possibility of 
fatigue cracks may be tested by magnetic 
inspection. 

The general practice in the magnetic in- 
spection of traction armature shafts is to 
apply the test to exposed surfaces without 
pressing the shaft from the armature core. 
One class-1 western railroad has found 
that most fatigue cracks are detected on 
the tapered pinion fit adjacent to the 
bearing fit. This finding has resulted in 
the following handling procedure for all 
armatures that are removed from the 
motor frame for any reason: 


1. Remove the pinion and antifriction 


bearings. 
2. Clean all exposed shaft surfaces, remov- 
ing all grease and dirt. 


3. Magnetic-test and inspect for fatigue 
cracks, fractures, and defects. 
4. Check for shaft trueness and alignment. 


5. Renew defective shafts. 


Fatigue cracks in armature shafts are 
not limited to the zone between the bear- 
ing and pinion fit. If a complete check is 
wanted, the shaft must be removed and 


tested over its full length. 


Various types of equipment are avail- 
able for performing magnetic inspection. 
Some use alternating current, some direct 
current from storage batteries, and others 
rectified alternating current for excitation 
of the magnetic structure. Any type ex- 
citation is generally suitable for inspect- 
ing traction-motor armature shafts for 
fatigue cracks. The equipment for check- 
ing consists essentially of a magnetic yoke 
assembly with adjustable pole pieces for 
contacting the ends of the shaft and an 
excitation coil with control for allowing 
current to flow in the coil for compara- 
tively short intervals (0.00001 to 3 sec- 
onds), similar to that shown in Figure 3 
Magnetic particles in liquid suspension - 
are easier to use, as the solution may be 
pumped or flowed over the shaft. 

Magnetic testing of the wheels, axles, 
and locomotive crank pins of rolling stock 


has been used by many railroads for a 


FLEXIBLE HOSE TO REACH BOTH ENDS OF SHAFT sue 


Figure 3. Traction armature in 
position for magnetic inspec- 
tion of shaft 
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Figure 4. Guide for armature-rewinding 


materials 
See Table III 


A—Insulation under bands 
B—Commutator-neck fillers 
C—Commutator V ring 
D—Miica seal 
E—Band wire and clips 
F—Insulation between coil-end turns 
G—lInsulation between layers 
H—Coil-rest insulation 
[Formed U slot-end insulation 
J—Slot insulation 
K—Core bands and insulation 
_ L—Strip filler 
M—Slot-insulation strip separator 
N—Slot stick 
O—Coil-connection insulation 
P—End-shield insulation 


number of years. Some railroads are 
effectively using the same equipment for 
testing armature shafts. 


Commutators 


The condition of a commutator may in- 
dicate a real story to the experienced op- 
erator. A close examination is, therefore, 
of prime consideration so that corrective 
measures can be taken if necessary. 

National Electrical Manufacturers As- 
sociation Standard RP4-20 specifies that 


the Brinell hardness shall be 75 for bars of : 


(0.125 inch and less at the thick edge, 70 
for thickness of 0.125 inch to 0,250 inch, 
and 65 for bars over 0.250 inch. When a 
commutator shows evidence of having 
been very hot, it is good practice to test 
the hardness of the bars and to replace 
those which are too soft. It is also im- 
portant on commutator of high periph- 
eral speed that the amount of bar stock 
depthwise be checked so that there will be 
no danger of the bar bowing outward be- 
cause of centrifugal forces. When there 
is doubt as to the depth of the bar remain- 


ing, a check with the commutator manu-. 


facturer is warranted. If the depth is less 
than a safe value, the commutator must 
be renewed. 

After the winding is removed from the 
armature, the commutator slots are 
cleaned for the new coil leads, all burrs 
and fins are removed, and the commuta- 
tor is given a ground test with the proper 
test voltage as specified by AIEE Stand- 
ards. The authors have been unable to 


find a published Standard for a bar-to-bar 


test but have used very successfully a 
value of 220 volts alternating current, 60 


a cycles. 


a= ies 
ot ye 
watt: J 
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If the V rings are loose or have been 
disturbed, the commutator should be 
seasoned before the armature again is 
placed in service. Many different prac- 
tices are followed in the seasoning of com- 
mutators, and most of them have good 
points. The object of seasoning is to ob- 
tain a tight commutator that will not de- 
velop high and low bars after being placed 
in service. To accomplish this objective 
we must apply the same elements that 
produce distortion in service, namely, 
heat and centrifugal force. The commu- 
tator assembly may be rotated in a heat- 
ing rig and the bolts uniformly tightened 
at intervals. For the required uniformity 
in tightening the clamping bolts, it is 
recommended that a torque wrench be 
used. 

As little copper as possible is removed 
from the commutator in turning and tru- 
ing. The point of the tool should be 
rounded so that a smooth surface results. 
Final surfacing can be done with a sta- 
tionary stone mounted in the tool post 
with the armature running at a high 
speed. A final polish may be given with 
a hand stone or very fine sandpaper. The 
commutator should be true within 0.001 
inch for any high-speed. motor. Where 
greater precision is wanted, the commuta- 
tor may be ground with a carborundum 
wheel while the armature is rotated at full 
speed in its own bearings in a special 
grinding rig.° 

- Undercutting of commutator mica seg- 
ments first came into use over 35 years 
ago, and, though at first it was not ac- 
cepted, there is today little occasion to 
doubt its merits. However, expert care 
must be exerciséd in the operation, or the 
merits of undercutting are lost. It is very 
important that all mica fins be removed, 
as they are freqtently the source of un- 
satisfactory operation. After undercut- 
ting, the rough corners of the copper bars 
must be removed. 

After the commutator has been finished,. 
it should be cleaned thoroughly and the 


Table |. Banding Tension 


Grade-C Steel 


Brown and 18-8 Phosphor 
and Stainless Steel Bronze 
Sharpe Diameter *Tension *Tension 
Gauge (Inches) (Pounds) (Pounds) 
PoP One Pca: eh seo BDO Meta aite rarer 600 
GDS eto aix 0 .A0Zs 8.2 es GOO oF apap toes 400 
1 Alera QL0B ie ogeerea AOO eBae dios 250 
DARA aie O 064 28 ieee ZBO Fe sie neler» 160 
BG. tome OOD Asa % niet cpoit « POO er crtenn, wis sda 100 


* When double-deck bands are used, reduce the ten- 
sion values by ten per cent for the top band. 
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Figure 5. Increase in length of armature-coil 


bars from copper expansion 


One-half length at 20 degrees centigrade = 
17.000 inches 


One-half length at 125 degrees centigrade = 
17.036 inches 


One-half length at 200 degrees centigrade = 
17.058 inches 


armature blown out to remove all the 
copper chips and dust. It should be in- 
spected carefully and then given a ground 
test according to ATEE Standards. 

The protection of the outside surface of 
the V-ring mica that projects beyond the 
commutator can be accomplished readily 
by applying a coat of shellac, running over 
this a single layer of Fiberglas braid, and 
coating repeatedly with red enamel, sand- 
papering between coats. This will result 
in a very smooth surface which will mint- 
mize the collection of dust and oil. 


Rewinding Materials 


An often overlooked important element 
of armature rewinding is engineering 
planning of the rewinding materials. Re- 
winding materials include all insulation, ° 
solder, band wire, and like material, ex- 
clusive of the coils. Figure 4 gives the 
location of various items of rewinding ma- 
terial, and the table therewith will serve 


‘as a general guide to good practice in the 


use of material with AIEE class-A and 
class-B windings. Precision armature re- 
winding necessitates complete drawings of 
the armature assembly with detailed in- 
structions on the method of application of 
each item of rewinding material. Infor- 
mation gathered from the analysis of fail- 
ures is a part of the engineering data re- 
quired for preparation of these rewinding 
specifications. Each item of rewinding 
material must be engineered for its job. 

Too often certain items of insulation 
are applied to an armature, because it has 
been customary to use insulation in that 
particular spot on similar equipment. 
Frequently overlooked in applying re- 
winding insulation are: 


1. Formation of pockets for trapping car- 
bon dust and other foreign material. 


2. Obstruction of ventilation. 
3. Formation of dead air pockets. 


4. Use of materials that are heat insulators. 


‘These factors weigh heavily in the selec- 


tion of proper rewinding materials. Asan. 
example, the material under the bands is 
preferably of a cushioning nature such as 
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Figure 6. Sectional view of band at anchor 
clip 


varnished asbestos cloth or paper, in order 
that the material will not chafe and disin- 
tegrate with winding movements result- 
ing from expansion, contraction, accelera- 
tion, and deceleration. 

Economical rewinding requires that 
many items of the insulation be precut 
and fabricated. Volume production per- 
mits the use of tools and dies for shaping 
the rewinding material to greater accu- 
racy than is possible by hand cutting and 
shaping. 
may be expected by the use of packaged 
precut rewinding material, along with 
complete instructions for its use. 


Armature Windings 


The most important factors to be con- 
sidered in the design, fabrication, and in- 
stallation of armature and equalizer coils 
are copper fatigue and insulation de- 
terioration. The number of turns, span, 
connections, copper size, and arrange- 


-- ment, and minimum dielectric require- 


ment of windings are factors fixed for a 
given set of electrical characteristics. 
Changed operating requirements or need 
for modernization may necessitate the 


altering of one or more of these factors. 


under various trade names. 


When such is the case, it is an electrical- 
design problem, and complete design 
analysis should be made. 

Copper fatigue and the resultant wire 
breakage in armature windings can be 
attributed to many causes, and there are 
equally as many devices for countering 
the supposed causes. There are, however, 
some fundamentals that must be followed 
to minimize copper failures. 

The basic copper must be of the highest 
quality and the most fatigue-resistant 
available. Several premium coppers hav- 
ing superior properties are obtainable 
Soft an- 
nealed copper is generally accepted as de- 


sirable; any severe strains set up in the 


copper grain structure by edge bending, 


 swaging, and similar cold working should 
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be relieved by annealing. Surface scratch- 
ing and nicking the copper must be 


Table Il. Acceptable Limits of Unbelaree 


Amplitude Unbalance at 
Bearings (Inch) 


(Rpm) Fair Good Very Smooth 
GOO... jneir cts 0.004 ..0.0025 ....0.0013 
(0) RG iii 0.008 ..0.0016 ....0.001 

1,200 30.002: 220001 be. 2.0: 

EBOO!S Srmeielcs 0.0016 0.001 ... 

1,800 ..0.0013..0.0008 ....0. 

2,400 .,0.0009..0.00051. .. 

SB, 000% ess 0.0006. .0.0004 ....0. 

BGO0 as ors 0.0005..0.0003 ....0.0002 


yew 


Better-quality workmanship 


avoided, as well*as excessive pounding 
while forming the coils. 

The foregoing is particularly true at 
positions in armature windings where 
vibration and bending forces are concen- 
trated, such as at the leads back of the 
commutator, at the coil corners near the 
end of the core, and at the clips or 
knuckles. Prominent among the several 
causes of bending forces is the linear ex- 
pansion and contraction of the copper 
wire. 

Figure 5 shows the amount of increase 
in length of an armature-coil bar from ex- 
pansion caused by increased temperature. 
The dotted loop at the end of the slot por- 
tion illustrates coil distortion at a posi- 
tion where a large portion of this in- 
creased metal length is relatively free to 
be relieved. After the armature body has 
absorbed some heat, the increased copper 
length relative to the core is then a func- 
tion of the difference in coefficients of ex- 
pansion of the copper and the steel of the 
armature. It is not so much the differ- 
ence between the coefficients of expansion 
of the two metals that causes the trouble 
but rather the wide difference in their 
temperature. The increase in copper 
length from expansion relative to the core 
is greatest when heavy starting currents 
flow through a cold armature; however, 
there is a continual variation in coil 
length during operation, caused by the 
variable-type load on traction motors. . 

This changing of coil length and result- 
ant bowing of the coil at the end of the 
slot section not only contributes to copper 
fatigue but also disturbs the coil insula- 
tion; and the same heat that causes the 
expansion and contraction accelerates 
thermal aging of the insulation. In time, 
flexible coil insulations will be destroyed 


| by heat and movement. 


All modern traction armature windings 
are fabricated with class-B insulation, 
having an AIEE (Standard 11) tempera- 
ture rating of continuous operation at 120 
degrees centigrade above ambient. Often, 
higher temperatures are reached in op- 
eration, and the best of insulating ma- 
terials are strained to their limit. 

Class-B insulation covers a wide variety 
of combinations of inorganic substances in 
conjunction with organic bonds and back- 
ing materials. Some maintain their flexi- 
bility after being subjected to prolonged 
high temperatures, whereas others be- 
come brittle and lose their ability to with- 


‘stand movement. The backing materials 
normally used are organic papers and 


fabrics; however, in some instances in- 
organic paper and cloth are used. There 
are applications where each of the differ- 
ent backings may have advantages. In 
recent years Fiberglas cloths, some as thin 
as 0.00175 inch and 0.002 inch, have 


proved highly successful for class-B back- 


ing materials. Along with the step-up in 
inorganic content of class-B material, we 
now have a new heat-stable organosilicon- 


: oxide polymer in the form of .varnishes 
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and binders.® Although too early for ex- 
haustive field tests, the performance to 
date on traction armature coils is most 
favorable, and an entirely new line of in- 
sulating materials has resulted. The 
temperature limits of these are im excess 
of present AIEE class-B ratings. 

Equal in importance to the copper and 
insulation consideration is the proper in- 
stallation and physical fit of the armature 
windings. The size of the slot portions 
must be held to a very close tolerance anid 
must be correct for a tight drive fit with- 
out the necessity of adding filler mate- 
rials. However, rather than have coils 
loose in the slot, it is preferable to use 
even organic fillers, though mica is the 
normally accepted material. A tight- 
fitting coil may be driven into the slots 
with less hazard of damage by painting 
with an insulating varnish just prior to 
installation. The wet varnish serves as a 
lubricant and, after it sets, provides a 
bond between the coils and the core. 

The coils must be shaped so that when 
they are installed the preformed copper 
will lie in its normal position without 
setting up strains and binding points. 

The point at which the coil slot section 
leaves the core lamination is hazardous in 
any winding and is even more so on 
railway-type armatures. The distortion 
from expansion shown in Figure 5 and the 
forces caused by vibration and by inertia 
of the end windings concentrate com- 
bined motion and pressure between the 
coil and the ends of the core lamination. 
The slots of many armatures are re- 
cessed at their ends to accommodate a 
U-shaped piece of heavy paper or fabric, 
thus affording a cushion and method of 
distributing the strain. Where recesses in 
the core may not have been provided, an- 
other effective method of minimizing 
strain concentration is to taper the core 
slot from 1/3» to zero inches for about one- 
half inch back into the core, rounding off 
the outer edges. 

The placement of the various insula- 
tions should be executed in accordance 
with carefully prepared drawings espe- 
cially for the armature under considera- 
tion and made along the lines as shown im 
Figure 4. 


Banding 


A properly cleaned and insulated arma- 
ture core and the correct use of insulating 
materials and coils must be comple-- 


mented by carefully considered banding ~ 
The quality of the finished _ 


procedure. 
armature may be lowered, unless the- 
same careful planning is given to the- 
banding method, as has been followed in. 
the other steps of armature rewinding. 

To calculate the load which the bands. 


“must carry, the usual procedure is to con-. 


sider as separate problems the stresses in. 
each of three sections of the winding, that 


is, the pinion end, the core section, andthe- 
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Coinmtitator end section. The stresses i 
each of these sections can be calculated by 
the empirical formula:’ 


2 
eden ) WD 


S$ =3.25x( —— 
(== 


where 


S=stress on the bands in pounds 

W=weight of coils, including insulation 
and band wire in the particular sec- 
tion under consideration 

D=armature diameter in inches 


(For core bands use a constant of 2.8 in- 
stead of 3.25.) 

After the value of S has been deter- 
mined for each end and for the core sec- 
tion (except when slot wedges are used), a 
suitable-size wire is selected. The allow- 
able tension per wire for the wire size 
chosen is given in Table I. Divide this 
value into the stress to get the number of 
wires required in each-band. On coil ends 
use double-deck bands, if necessary, to 
accommodate the required number of 
wires. 

Steel wire having a tensile strength of 
240,000 to 270,000 pounds per square inch 
generally is used for banding armatures. 
However, to reduce commutation voltage 
and band losses, a nonmagnetic band wire 
is desirable on higher-speed traction 
armatures. Nonmagnetic stainless-steel 
wire is used in preference to phosphor 
bronze because of its greater ‘tensile 
strength, 225,000 to 256,000 pounds per 
square inch, as compared to 130,000 to 
150,000 pounds per square inch for phos- 
phor bronze. The band wire must be of 
such quality and toughness that it can be 
bent 180 degrees on itself without break- 
ing. 

The anchoring of the ends of the band 
wire is most important, and it should be 
such that it will hold even after the solder 
may have melted and thrown off.* A fre- 
quently used method satisfying this re- 
quirement of fastening the band-wire 
ends is shown in Figures 6 and 7, which 
are, respectively, a section and a plan 
view. This method*is applicable prin- 
cipally to bands on the end windings, be- 
cause core-band grooves normally do not 
have sufficient space for the double 
folded-over clip. A good method for 
applying core bands is, first, to insulate 
each band groove with a layer of satu- 
rated 0.010-inch asbestos paper, over 
which is placed a strip of 0.015-inch 
tinned copper. Apply the band on the 
tinned-copper strip, using standard 
folded-over band clips, and solder to form 
a solid mass of band wire, copper strip, 
and clips. 

The intermediate band clips normally 
are made from tinned copper and are 
usually spaced five or ‘six inches apart, © 
except at the beginning and ending of the 


- pand, at which point the clips are placed 


closer togetHer. The number of clips must 
be an odd number that is not a multiple of 
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any whole number divisor of the number 
of poles in the machine or closer than ten 
per cent (more or less) of the number of 
poles.® 

Temporary “‘hot banding’’ is necessary 
on traction armatures to insure against 
lack of solidity that may lead to prema- 
ture failure. Hot banding is accom- 
plished by heating the armature to 250 
degrees Fahrenheit before soldering the 
leads into the commutator and before 
brazing coil-connection clips where they 
may be used. A temporary band is run 
over the hot armature from the commu- 
tator riser to the pinion end of the wind- 
ings. The end windings are protected 
with a cushioning pressboard strip under 
the band, and a filler strip of metal, fiber, 
or hard wood is placed in each slot pro- 
jecting above the slot. 

In the case of a wedged armature, in- 
stall band clips so that the core portion of 
the temporary band can be removed for 
wedging with the end bands in place. 
After the slot wedges are in and before 
removing the temporary end bands, 
solder and braze the windings as required 
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Figure 7. Plan view of beginning and ending 
of band wire showing method of anchoring 


and then dip and bake the armature 
according to established standards. After 
the armature has cooled to room tem- 
perature, remove the temporary bands 
and apply the band insulation and per- 
manent bands. 

It is very important that the tension be 
uniformly applied. There are a number 
of tension devices on the market which 
control and uniformly apply any pre- 
scribed tension, the amount of which 
should not be a matter of guess. The 
values in Table Ihave proved satisfactory. 


Table Ill. Guide for Armature Rewinding Materials 
See Figure 4 
Use With Use With 
Type Position AIEE Class-A Coils AIEE Class-B Coils 
(ts pes mica, oiled asbes- 
. Pressboard or tapings tos paper or 0.030-inch 
Coil’rests5 -eiusareciicee al: of varnish cloth and cot- ..¢ varnished glass cloth, tap- 
ton tape ings of glass tape, molded 
OTC... ee eeceerree mica rings 
- Flexible mica and 0,.030- 
oil! shietdasgp owe oe ee {ope paper and rer .. 4 inch varnished glass cloth, 
nished cloth molded mica rings 
Troughs or cells. .... hae paper or ee to { Preferably none—use un- 
“"** Usity rag paper cut mica if filler is needed 
Trend precesi, csdeveleisinieuerers Rag pressboard...... ‘eae Treated asbestos tape 
Slots Ate scale warais'e = Pressboard, fish paper, Sheet bakelite, oiled as- 
Bottom fillers. .......... jer high-density rat an | beso paper, or molding 
paper mica 
4 . Pressboard, fish paper, Sheet bakelite, oiled as- 
Coil separators esystietey «ie (p's) jor high-density rat -% | beso paper, or molding 
paper | mica . ‘ 
Between layers........++ ae eated duck or rag \ _, Oiled asbestos paper 
Between leads and pressboare Flexible mica or 0.030- 
x kriuckles Beeps duck or ne we ine varnished glass cloth 
4 ’ density rag paper or Mica-Glas combination 
Hag ere « ei Between knuckles or rear Treated duck or high-) (Flexible mica or 0.030- 
coil connections | sens rag paper t An |ine varnished glass cloth 
¢ ot Mica-Glas combination 
F Glass, asbestos, or can- 
Between coil end turns.... { Treated duck or high- } ..2vas-base bakelite, mold- 
: density rag paper ing mica 
‘i r ‘ Asbestos-base _ bakelite, 
Wedges or sticks.... te retainer) or protec- \ Canvas-base bakelite...... glass-base bakelite, or 
tive strip canvas-base bakelite 
Gakecreeeee ey cee aes paper, rag eed o pres mica or varnished 
or rag pressboard asbestos paper 
“pegs 0 ee Ma ‘ ; Treated duck, fish paper, Flexible mica and oiled 
/ On COMS. . cicceeccves +++-or high-density rag/.. jaspestos paper or var- 
paper nished asbestos cloth 
1/j-inch flax cord (1/-inch glass braid 
Commutator seal....... . 4 painted with Red com: | vs | pata with Red Com- 
fr mutator Enamel mutator Enamel : 
4 Tinned steel, grade C-1, Tinned steel grade C-1 
Band) wire: os ii:..teranre ete or tinned 18-8 tans | oe jor tinned 18-8 stainless 
. " steel steel ; 
1 paidiclip pats ‘steel or tinned } ee {cies steel or tinned 
Lika elvis shasta eonone copper ; 
Miscellaneous...... 50 Per bak tin—50 per 100 per tent’ tin, 95 per 
Solder ce Rs cent tin—5 per cent 
, _.... | MOIdeT.,...6 0 /qiis hietguersy selena a s ue antimony, or high-tem- 
> Perle ibe: to 100 perature alloy a 
PK 6 oilelares aid. o18 Fyahptseeneks .., Nonacid rosin flux......... Nonacid rosin flux 
a oe Dipping varnish........ Me 


(Spray varnish.........-- 
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Synthetic black baking..... Synthetic black baking — 
Black oilproof air-dry...... 


Black oilproof air-dry 
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Except on phosphor-bronze band wire, 
a high-temperature soldering alloy or 
high-tin-content solder should be used 
when possible. Care must be exercised to 
prevent annealing of the band wire during 
the soldering process, and the wire 
should not be heated to values exceeding 
those below: 


Phosphor bronze—450 degrees Fahrenheit 


600 degrees Fahrenheit 


Plain steel 
Nonmagnetic steel—1,000 degrees Fahren- 
heit 


Solders having a liquefaction point 
higher than 450 degrees Fahrenheit 
should not be used on phosphor-bronze 
band wire. 


Impregnation 


The proper varnish treatment ranks 
close to the top of the list of those things 
that may be done to improve the quality 
of a winding, and yet it is one of the least 
expensive to execute. Consequently, it 
would be imprudent to use anything but 
the highest-grade insulating varnish and 
the best method for treating and baking. 

Most of the varnish manufacturers have 
a top-grade varnish; and although there 
may be many formulas for producing 
such a material, the generally preferred 
properties are: 


Long life at elevated temperatures. 
Deep-drying ability. 
Only slight resoftening under heat. 


Toughness. 


i ES 


. . . 4. . 
. Resistance to oil, moisture, and chemical 
attack. 


6. Good wet and dry dielectric strength. 


_ 7. Satisfactory viscosity for proper drain- 


ing and build-up. 
8. Reasonably safe flash point. 


Vacuum-pressure impregnation usually 
is accepted as the best method of applica- 
tion for the initial treatment followed by 
one or two dips. The impregnating cycle 
may require 10 to 12 hours elapsed time, 


* 


ft Sk 


1 hour preheat, 3 hours vacuum, 3 hours 
pressure, and 3 hours draining. During 
this treatment, the innermost parts of the 
winding become saturated and coated, 
even though more than half the varnish 
forced in may drain or “bleed” out during 
baking. The additional varnish dips fill 
surface cracks and voids, providing a pro- 
tective film over the entire winding. 

A good impregnation and dip treatment 
bonds and solidifies the entire winding, re- 
sulting in: 


1. Increased heat conduction. 


2. Sealing out dirt, oil, and other foreign 
materials. 


3. Improved and prolonged life of insula- 
tion. 


4. Less damage from mechanical shock. 


5. Moisture resistance. 


The armature should be baked after 
impregnation and after each dip in a well- 
ventilated, preferably recirculating-air- 
type, oven at from 250 to 275 degrees 
Fahrenheit. The time, of course, de- 
pends upon the drying properties of the 
varnish, characteristics of the oven, and 
the physical size of the armature. A 
typical baking cycle for a 400-horsepower 
high-speed traction armature with 18- 
inch-diameter by 16-inch-long core, using 
a high-grade synthetic varnish of the 
afore-mentioned general properties is as 
follows: 


1. Preheat in oven one hour at 250 degrees 
Fahrenheit. 


2. Allow to cool to 90 degrees Fahrenheit 
before placing in vacuum tank. 


3. Bake 12 hours at 275 degrees Fahren- 
heit after impregnation. 


4. Bake 12 hours at 275 degrees Fahren- 
heit after first dip. 


5. Bake 18 hours at 275 degrees Fahren- 
heit after second dip. 


It is usually desirable to permit the 
armature to cool to approximately 100 
degrees Fahrenheit before each dip. This 
procedure gives a heavier film build-up 


Figure 8 (left). Trac- 
tion armature in dy- 
namic-balancing ma- 


chine ; 


Figure 9 (right). 
Traction motor being 
checked for ese 


ance with vibrometer 
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and minimizes polymerization of the heat- 
reactive varnish in tank. 


Dynamic Balancing 


Traction drives are using higher-speed 
motors to obtain better efficiency and 
lighter weight as is evidenced by the in- 
crease in peripheral speeds from 8,000 to 
12,000 feet per minute during the past 25 
years. Motors operating at these speeds 
must have precision-built dynamically 
balanced rotating members. An unbal- 
anced armature may destroy antifriction 
bearings, break armature-coil leads, dam- 
age gearing, and cause bad commutation, 
and, in addition may have undesirable 
physiological effect. 

Modern-designed rotating elements usu- 
ally have provisions for fastening the 
dynamic-balancing weights, though the 
methods may vary widely. Some units 
have grooves on both the pinion and com- 
mutator ends into which the counterbal- 
ancing weights are electrically welded. 
Others require the fastening of the weight 
by bolts secured against loosening by lock 
plates. Practically. all traction-motor 
armatures are dynamically balanced by 
their maker after assembly of the spider, 
laminated core, and commutator, and be- 
fore the application of the windings. This 
minimizes the amount of balancing 
weights required after the armature is 
wound and finished. Various types and 
designs of machines are available for 
dynamic-balancing operations. 

Figure 8 illustrates a traction-type ar- 
mature mounted in a balancing machine 
for dynamic balancing. 

Experience of the operator is a large 
factor in the quality and cost of the opera- 
tion, irrespective of the machine. The 
tolerances to which the armatures are 
dynamically balanced affect the cost. The 
various balancing machines do not have 
indicators measuring in the same units 
such as ounce-inches or thousandths-of- 
inch amplitude. Table II gives limits of 
unbalance that have proved acceptable.” 
The values in this table are in thou- 
sandths-of-an-inch amplitude as meas- 
ured at the motor bearings. (Amplitude 


is the extent of the vibratory movement 
measured from one extreme to the oppo- 
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HE ANALYSIS of synchronous 

machinery is dependent upon a cor- 
rect and complete knowledge of the ma- 
chine impedances. The progress of syn- 
_chronous-machine analysis has been char- 
“acterized by the recognition of an in- 
creasing number of rotor circuits and by 
an accompanying need for accurate 
numerical data on the impedances of 
these additional rotor circuits. The 
modern equivalent-circuit method of 
analysis demands an almost limitless 
array of impedances involving not only 
mutual reactances but mutual resistances 
aswell. As the application engineer, con- 
fronted by more complex application 
problems, has created more complete 
equivalent circuits, he has demanded of 
the design engineer accurate numerical 
data on the impedances of additional 
rotor circuits previously ignored. The 
design engineer himself has been con- 
fronted with more complex design prob- 


lems which have made him directly cog- 
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mizant of the need for more complete 
impedance data. 

It is the purpose of this paper to pre- 
sent generalized formulas by means of 
which the per-unit impedances of the 
new additional rotor circuits may be 
calculated directly from the physical im- 
pedances (in ohms and henrys), and by 
means of which these new per-unit im- 
pedances can be made consonant with the 
per-unit impedances of rotor circuits 
previously analyzed. 

The technical literature contains sev- 
eral articles which give design formulas 
for many machine impedances, but these 
articles are all characterized by the desire 
to present the impedance formulas in a 
per-unit form immediately applicable to 
routine design calculations. This prac- 
tice is commendable to some degree, 


since correct numerical impedances usu- 


ally are obtainable from these published 
formulas, but in a broader sense is to be 
deplored. The published per-unit for- 
mulas not only tend toobscure the physical 
characteristics of the various impedances, 
but they also imply that all per-unit 
impedances are unique and single-valued 
when expressed “‘in per unit of the ma- 
chine kilovolt-amperes and voltage.”’ 
This paper will show, however, that, if 
those impedances which are measurable 
from the machine terminals are neglected, 
all machine impedances are multivalued 
when expressed only in per unit of the 
machinekilovolt-amperes and voltage, and 


all these multiple values may be correct 
when defined properly in terms of rotor- 
current bases. 

It is general practice at the present 
time to derive the per-unit impedances 
of the various circuit elements in an 
individual and detached sense. For in- 
stance, an impedance measurable from 
the stator is converted to per unit by 
dividing the physical value by the selected 
unit value of stator ohms X,, (univer- 
sally taken as phase voltage divided by 
phase current); the per-unit impedances 
of the various elements in the multiple 
rotor circuits are obtained by transferring 
the corresponding physical impedances 
to the stator by some effective stator— 
rotor turn ratio, and dividing the trans- 
ferred values by Xj). The various rotor- 
circuit impedances published by any one 
investigator usually are consistent among 
themselves when studied as a detached 
group, but the per-unit impedances pub- 
lished by different investigators do not 
always agree when placed in apposition, 
because the different investigators do not 
necessarily select the same effective turn 
ratio. 

Such ambiguity could be predicted by 
noting that the turn ratio of a synchro- 
nous machine is an elusive quantity, as 
there is no unique value which could be 
called ‘‘the’ turn ratio. For instance, 
one turn ratio could be defined as the 
ratio of the series turns per stator phase 
to the rotor turns per pole; a second turn 
ratio could use the effective series turns 
per stator phase including the K,K fac- 
tor; still another ratio, could use the 
mathematical turns per pole in the funda- 
mental components of the stator- and 
rotor-excited flux waves; and there are 
still other turn ratios, all of which have 
strong physical characteristics arguing 
for their use. It is not surprising, there- 
fore, that published formulas for rotor- 
circuit impedances are not in strict accord 


site.) The values indicated are applicable 
when the armature is revolving at maxi- 
mui rated speed in its own bearings. 

Checks on the amplitude of unbalance 
may be made with a simple vibrometer of 
the type shown in Figure 9, which con- 
sists of a dial indicator mounted in a 
heavy base. The heavy base provides 
high inertia allowing the dial-indicator 
case to remain substantially stationary in 
space while the indicator plunger is free to 
follow the linear motion of the bearing. 
Other types of simple portable indicators 
are available for these measurements. 


Conclusions ~ - 


Restoring damaged armatures to their 


original condition and making improve- 


_ments where needed involves many fac- 
tors and combinations of many arts. 
penne, of the considerations are peculiar to 
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, 


a 


the armature repairing trade, requiring 
the application of engineering techniques 
of comparable order to those used in the 
building of new armatures if new-arma- 
ture efficiency is to be maintained. 

By their omission it is not the intention 


.to minimize the importance of other 


equally essential, though better publi- 
cized, factors as: Process and final test- 
ing, soldering and brazing, and record 
keeping. 

The methods and desired results dis- 
cussed are not all new, but it is hoped this 


paper has correlated some of the older. 


methods and injected some new ones that 
will result in better armature repairing. 
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group into per-unit equations. 


Table | 
Cay Cds &c in per unit of Cn0 
Va, Vg in per unit of Yao 
ta, 1g in per unit of ino 
Wya, Vtg in per unit of W yao 
Wna Yng in per unit of Verao 
Tra, T4q in per unit of Tao 
lnanling in per unit of Tene 


since these formulas of necessity employ 
some turn ratio. The question then 
arises as to which of these ratios is correct, 
or, if there is no unique correct value, 
which turn ratio should be used ‘to obtain 
the per:unit impedances for synchronous- 
machine analysis; and to what degree are 
these various impedances affected by the 
turn-ratio selection. 

The importance of the role played by 
the selected turn ratio in the magnitude 
of the per-unit impedances is physically 
self-evident, but the equal importance of 
the rotor-circuit current selected as unity 
is not so evident. By means of Xaqya, 
however, it can be proved as follows that 
the selection of the turn ratio is tanta- 
mount to the selection of unit rotor- 
circuit current. X,y, is defined as the 
voltage induced in each stator phase per 
ampere field current, and Xay, is the 
corresponding per-unit value. As normal 
stator voltage is universally taken as 


unity, however, the product Xaylyq must, 


be unity at normal open-circuit air-gap- 
line stator voltage which shows that the 
unity field current yz. is not submissive to 
free selection after the turn ratio has been 
selected. 

The relation which exists between the 
turn ratio and the unit field current 


suggests that thesé are equivalent and. 


that rather than selecting a turn ratio it 
should be just as practicable to select a 
unit field current and have the turn ratio 
be derived therefrom. This is proved i in 
the analysis of this article, not only for 
the field-winding circuit but for any of 
the rotor circuits, and, as unit rotor- 
circuit currents are visualized more easily 
than turn ratios, they are employed in the 
generalized impedance formula which are 


_ presented in this article. 


The foregoing discussion has not an- 
swered the question as to which turn 
ratio should be used in the per-unit im- 
pedance formulas, but the emergence of 
the rotor-circuit unit currents shows that 
the per-unit impedances and the unit 
currents must be obtained simultane- 
ously. The per-unit impedance formulas 


must be obtained in terms of the ampere- 
inch impedances and the selected unit 


eurrents. To obtain these results it is 
ineluctable that the synchronous-machine 


equations be derived first in the physical 


ampere-inch system and converted as a 
The per- 
unit impedance formulas thereby ob- 


_ tained will then show which of the limit- . 


less series of unit currents should be used. 

The method previously outlined is pre- 
sented in this paper. The per-unit im- 
pedance formulas thereby obtained are 
given in the following section, and are in 
terms of the selected unit currents. The 
flexibility and generality of these expres- 
sions are discussed in the subsequent sec- 
tion, ‘‘Conclusions.” 


Results 


Formulas for the per-unit impedances 
of a three-phase synchronous machine are 
given in the following in terms of the 
“ampere-inch” impedances and the ‘‘base- 
current ratios.” The ampere-inch im- 
pedances are defined as the circuit im- 
pedances in physical units such as am- 
peres, inches, seconds, as contrasted to 
the per-unit impedances which are pure 
numerics. The base-current, ratios are 
defined as the ratio of the rotor-circuit 
currents selected as bases to °/2 the peak 
value of rated stator-phase currents. As 
previously discussed, the selection of 
base-current ratios‘is equivalent to the 
selection of stator-rotor turn ratios. The 
degree to which each impedance is de- 
pendent upon the base-current ratios is 
apparent from the following expressions. 
A consistent per-unit system with re- 
ciprocal per-unit mutual impedances will 
be obtained from these formulas. All 
terms are defined in the nomenclature. 
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The per-unit values of the rotor- 
circuit voltages are given by the following 
formulas: 


Eva Tao 
E,=— [= 
fd ey ( (6a) 
D) ao 
pa Ena [ taao 
| eae lbo (6b) 
9 *0 
1 
p=-P (6c) 
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The direct-axis field-winding current as 
obtained in any per-unit system defined 
by the foregoing formulas will be in per 
unit of the selected base current Iz, but 
the currents of all the additional rotor 
circuits are expressed in per unit of the 
base current of the xth direct-axis addi- 
tional rotor circuit, with the xth circuit 
submissive to free selection. When ad- 
vantages are obtainable by the introduc- 
tion of individual base currents for any or 
all of the additional rotor circuits, these 
new. bases may be introduced by the 
methods originating in this article. It is 
evident from the foregoing formulas, 
however, that a change in the base cur- 
rents will result in a change in the per- 
unit impedances. 

Only the direct-axis impedances are 
given explicitly in the preceding formulas. 
The quadrature-axis impedances can be 
obtained from the direct-axis expressions 
previously given by merely replacing the d 
subscripts by g; this will express all the 
quadrature-axis currents in terms of the 
selected quadrature-axis base currents. 
It is often advantageous, however, to 
express the quadrature-axis currents in 
terms of the direct-axis bases since the 
latter are more easily determined: in 
this case, the quadrature-axis per-unit 
impedances are obtained from the direct- 
axis formulas previously given by first 
replacing all the d subscripts by g, and 
then placing the quadrature-axis current 
bases equal to the direct-axis bases. 


Conclusions 
Given in the foregoing are conversion 


formulas for converting ampere-inch im- 
pedances into per-unit impedances. 


These expressions were obtained by con- 


verting a system of ampere-inch equations 


into a system of per-unit equations, rather 
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than by deriving the per-unit impedance 
of each circuit element as a detached inde- 
pendent entity. The only condition im- 
posed during the derivation of the con- 
version formulas, and it is important to 
note that in a per-unit system this is an 
externally imposed condition, was that 
the per-unit mutual impedances must be 
reciprocal. 

The most important result given by the 
foregoing formulas is the proof that no 
unique value of base-current ratio is de- 
manded by the general per-unit system. 
The base rotor-circuit currents are en- 
tirely submissive to free selection, condi- 
tioned only by the restriction that when 
any value of rotor-circuit current has been 
selected as a base it must be used in the 
calculation of the machine impedances in 
the consistent method defined by the 
foregoing formulas. 

The preceding expressions definitely 
prove, however, that the numerical values 
of many of the per-unit impedances are 
dependent upon the value of the rotor- 
circuit current which has been selected as 
a base. It is not surprising, therefore, 
that different numerical values may be 
published for the same machine imped- 
ance, as the base currents are not neces- 
sarily equal in the various publications. 
Before the results of different investiga- 
tions are compared, the impedances must 
be reduced to-a common current base. 
This can be done by reducing the imped- 
ance expressions to forms analogous to 
those already given as the base-current 
ratios will then be identifiable. 

Not all the per-unit impedances are 
dependent upon the base-current ratios 
as is shown by equations la, b, and 4. If 
the stator base is defined as rated kilo- 
volt-amperes and rated voltage, the im- 
pedances la, lb, and 4 are invariant. 
That these are all measurable from the 
stator terminals is suggestive that all such 
impedances measurable from the stator 
terminals (the definitive impedances) are 
similarly invariant. This is proved in 
Appendix I wherein the xa(p) function!” 
—the operational machine impedance 
viewed from the stator—is given in terms 
of the foregoing conversion formulas. It 
is there shown that the base-current 
ratios may be canceled out leaving xa(p) 
and x,(p) as invariant impedances. 
Hence, all impedances measurable from 
the stator terminals, such as %a, Xa,’ Xe, 
r, are independent of the values of rotor- 
circuit currents selected as bases. The 
impedances which are not invariant are 
those internal impedances which cannot 


be measured from the machine terminals. 


The invariance of the definitive im- 
pedances is of great importance in system 
studies, and-so forth, wherein only the 
machine terminal phenomena are desired, 


but, in those more general problems for 


whose solution the internal organization 


of the machine is indispensable, all the 
- machine impedances are employed, and 
the base rotor-cireuit cunionys used in Bie 


I; 
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calculation of the machine impedances 
must be known, and the corresponding 
base-current ratios must be employed in 
the impedance calculations in the con- 
sistent method defined by the foregoing 
formulas. 

The second and concluding part of this 
paper presents a review of the base- 
current ratios which have been used, 
generally implicitly, in contemporaneous 
technical literature and suggests the 
adoption of a standard or preferred rotor- 
circuit current as a base value so as to 
make various published results consonant 
with each other. 


Derivation of Generalized Per- 
Unit Impedance Formulas 


Ampere-Inch Linkage Equations 


Using the inductance coefficients de- 
fined in the nomenclature, the stator- 
phase linkages due-to the rotor-circuit 
currents in the direct and quadrature axes 
can be written directly as in equations 
7a, b, respectively. 


107 Yay = + (Lage a+ Laahiat 

Loaoaloat ...) COS 0q. (7a) 
107 8Pay = — (Lash jg + Laigligt 

Lingltg+ *:) Sin 92 ~ (7D) 


The corresponding linkages in the b phase 
and c phase may be written from equa- 
tions 7a, b by replacing 6, by 6, and 4, 
respectively. 

The stator phase linkages due to the 
stator currents can be written as in equa- 
tion 7c. This ampere-inch expression 
can be derived in a manner analogous to 
the per-unit expression of Park.* 


2/Li+L, in tic 
10-Yas= —2{ EH) 
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The corresponding linkages in the b phase 
and c phase may be obtained from equa- 
tion 7c by cyclic rotation of the phase 
currents and phase angles. 

The linkages in the direct-axis field 
winding due to the rotor currents in the 
direct-axis may be written as in equation 
8a by means of the self- and mutual- 
inductance coefficients defined in the 
nomenclature. | 


10-8 =Lyyal a+ LydhiatLprabrat - 
" (Ba) 


The corresponding equations for the link- 


ages in the direct-axis additional rotor 
circuits can be written from equation 8a 
by analogy. The linkage equations for 
the quadrature-axis circuits can be written 


- from equation 8a by substituting g for d. 


In the physical ampere-inch system, all 
the mutual-inductance coefficients must 
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be reciprocal. The linkages in the direct- 
axis and quadrature-axis field windings 
due to the stator currents thus may be 
written as in equations 8b, ¢ directly from 
equations 7a, b, respectively. 


107 8Wyae = — Lyaalia COS 9g+%ycos 65+ 


t,cos 0.) (8b) 
1078 W yg. = + Lyag(ta Sin Og+ip sin 4+ 
ic Sin 8.) (8c) 


The linkages in the additional rotor cir- 
cuits can be written from equations 8b, c 
by analogy. 

The complete stator and rotor linkages 
will be simplified considerably if the 
direct-axis and quadrature-axis linkages, 
defined as in equations 9a, b, are first 
introduced. 


2 
a= +3 4a COS Og+p COs O4+Y_ COS O¢) 
(9a) 


ba=—5 (Yasin Oa tV¥o sin Oy-+Hesin 8.) (9b) 
The i, and i, equations can be obtained 
from equations 9a, b by substituting ¢ for 
y everywhere. 

Introducing equations 9a, b into the 
preceding equations gives the complete 
direct-axis linkages of equations 10a, b. 


10~*Ya=Lazaljat+Laahiat 
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10~°W yg = Lyalpe t+ Lala t 
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The linkage equations of the direct-axis | 


additional rotor circuits can be written 
from equation 10b by analogy. The 
complete quadrature-axis linkages can be 
obtained from the direct-axis linkages by 
substituting gq for d. 

Note that the mutual-inductance co- 
efficients between the rotor and stator as 
obtained in equations 10a, b are no 
longer reciprocal because of the presence 
of the factor */,. This nonreciprocity has 
been introduced by the definitions 9a, b, 
since with these definitions unit stator- 
phase current will give only two-thirds 
units of ig or ig. 


Per-Unit Linkage Equations 


A per-unit system consistent in both 


per-unit impedances and per-unit linkages | 


and currents will be obtained by convert- 
ing the system of ampere-inch equations 
represented by equation 10a, b into a cor- 
responding per-unit system, The various 
quantities will be expressed in terms of 
the base values given in Table I. 

This paper expresses all the rotor quan- 
tities in per unit of the base values of the 
field winding and the xth additional rotor 
circuit. 7 


Only the first three base quantities in 


Table I are thus far specified, since these 
are to be taken as the values correspond- 
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ing to rated stator kilovolt-amperes and 
voltage. The base rotor quantities can 
be specified by introducing the following 
relations betweem the various base cur- 
rents and linkages: 


Ripbao = 108Layal pao (1la) 
hog V pao = 10° Lyyal yao (11b) 
RiaWao =108Laraleao (11c) 
RygWVra0 = 10*Lezalzdo (11d) 


Dividing the linkage equations p,, Vy., 
W,,, Yoa, and so forth, by equations 11a, b, 
c, d, respectively, gives the per-unit equa- 
tions of 12a, b, ¢c, d. 
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In order that the per-unit equations 
should retain the physical features of the 
ampere-inch system and not degenerate 
into an array of mathematical expressions, 
the per-unit mutual-inductance coeffi- 
cients must be made reciprocal. Note 
that this is an applied condition which re- 
moves the nonreciprocity introduced by 
the definitions 9a, b. The k quantities 
accordingly must satisfy the relations 
given by equations 13a, b, c. 


1.5X10®Laya igo 
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Eliminating between equations 11a, b, 
c, dand 18a, b, c, d results in the following 


explicit expressions for the k quantities: 
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Substituting equations l4a, b, c, d into 
equations 12a, b, c,d results in the system 
of per-unit equations of 16a, b, c, d with 
the per-unit impedances given by the 
generalized formulas of la, b, 2a, b, and 
3a, b,c, d. The impedances also may be 
written in terms of base linkages rather 
than base currents by means of equations 
1a bs 


va=Xazalyat Xaaliat 


DG orl a +...—Xala (16a) 

Wa =X yyalpat+ Xpaliat 
X poaloat+ AChcSaas: X jadta (16b) 
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The quadrature-axis equations can be 
obtained from equations l6a, b, c, d by 
substituting g ford. The foregoing equa- 
tions may be reduced to those of Park! 
by the methods of reference 4. 


Ampere-Inch Rotor-Circuit 
Voltage Equations : 
Conversion formulas for the rotor-cir- 

cuit resistances and voltages are obtained 

from the rotor-circuit voltage equations. 

These are given in the ampere-inch sys- 

tem by equation 17 and are converted to 

per-unit in the following section. 


» Eyq=10 pWyat+ Ryalpat+Rnaliat 


Rpaleat ... (17) 


The equations for E,g, E,q, ‘and so forth, 
can be written from equation 17 by 
analogy. The quadrature-axis equations 
can be obtained from equation 17 by sub- 
stituting g for d. 


Per-Unit Rotor-Circuit 
Voltage Equations 


The rotor-circuit voltage equations are 
converted to per-unit equations by divid- 
ing the equation for Ey by Wyqo, and by 
dividing the analogous equations for Eyq, 
E,,, and so forth, by ¥ra.._ The system of 
per-unit equations thereby obtained is 
given by equations 18a, b, c. 
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Introducing equations l5a, b into 


equations 18a, b, c will give the per-unit 
equations 19a, b, c with the per-unit re- 
sistances defined by the generalized 
formulas of 5a, b, c, d, and with the per- 
unit rotor-circuit voltages given by the 
generalized formulas 6a, b. The per-unit 
differential operatoris given by equation 20- 
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Nomenclature 


The quantities given in the following 
are per-unit values (unless in bold-face 
type) in a consistent per-unit system with 
reciprocal mutualimpedances. The bold- 
face characters used throughout the text 
are defined as given in the following but 
are in the ‘‘ampere-inch”’ system. ~ 

The ampere-inch system is defined as 
the system in which all quantities are ex- 
pressed in their physical dimensions, such 
as amperes, inches, seconds. Impedances 
such as R and L must be calculated ini- 
tially in the ampere-inch system before a 
per-unit value can be obtained. 

The rotor circuits are separated into 
the main field-winding circuits and the 
‘additional’ rotor circuits. The addi- 
tional rotor circuits comprise all the rotor | 
circuits except the main field winding. ‘ 


Subscript Notation — 


ve 


The subscript notation is as follows: 


a, b, c=armature phases 
f=field-winding circuit 

m,n, x =additional rotor circuits 

d, q, 0= direct, quadrature, and ‘‘zero” axes 
o =base quantities ; 


The quantities L, R, and x use a triple 
subscript notation in which the first two 
subscripts refer to the circuits in which © 
these impedances act, and the third sub- 


script locates the (d or q) axis. 
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ay >» €c = Stator-phase voltages, peak values 

€ao = peak value of rated stator-phase voltage 

Fyq=field-winding circuit voltage 

Enq=voltage in nth additional rotor circuit 

1q, 1p, tc =Stator line currents, peak values 
= peak value of rated stator line current 

7q, 1g, 19 =Stator current in d, g, and O axes, 
respectively 

Ta, Ipg =current in field-winding circuits 

Tao = base value of field current 

Dna, Ing= Current in mth additional rotor cir- 
cuits 

Irao=base value of current in additional 
rotor circuits 

L=mutual inductance between the circuits 
specified by the first two subscripts 


Lao=base (stator) inductance= 
10-Vao_ Xao 
te @ 


Lea, Lag=inductance of armature reaction 
with the stator magnetomotive force in 
the direct and quadrature axes, respec- 
tively 

Lg, Lg, Lo=syuchronous inductance; direct, 
quadrature and zero axes, respectively 

d 


dt’ d(wt) 


p, p=differential operator respec- 


tively 

r =stator resistance per phase 

R=mutual resistance between the circuits 
specified by the first two subscripts 

X =mutual reactance between the circuits 
specified by the first two subscripts 

X,o= base reactance = why, 

Xad, Xag=Teactance of armature reaction 

Xa, Xq=synchronous reactance 

xo =negative-sequence reactance 

xa(P) =operational impedance viewed from 
stator terminals 

0a, 9p, 0¢- = angle between center-line of direct- 
axis (main pole) and center line of stator 
phase indicated by subscript 

Va Yo, Wo=Stator phase flux ee peak 
values 

Vao=peak value of rated stator-phase link- 
ages 

Ya Wq=stator linkages in d and q axes, re- 
spectively 

Wya, Vyq = linkages in field-winding circuits 

Wna, Yng=linkages in nth additional rotor 
circuits 

w=2r times frequency 


The x,(p) and x,(p) 


Functions 


Appendix. 


The x,(p) function is defined as the opera- 
tional impedance as viewed from the stator 
terminals. Ina general per-unit system, the 


xq(p) of a machine with only one. adc tional z 


rotor circuit in the direct axis is as given by 
equation 21la.? : 


Xa(P)=Xa-— : 
re naX, afd” a 2X paX, aaX, afd f | 
+X aX na?) +b(Xasa’Ruat Xara’ Rya) 
te P(X aX pra ae \+RnaRyat | 
i gee ndRyatX, aha) 
Tene - (21a) 


Application of Quality Control to 
Resistance Welding 


L.$. HOBSON 


MEMBER AIEE 


Synopsis: This paper describes a system of 
quality control of resistance welding that 
has been used successfully for the past few 
years in manufacturing switchgear cubicles 
and equipment. Standard samples of ma- 
terial identical with production parts are 
periodically inserted in the welding machine 
and welded without disturbing the settings 
and then tested to destruction in a torsion 
device. The diameter, torque, and angle of 
twist at failure all are measured and com- 
bined into a single figure indicative of weld 
quality. This number is plotted on control 
charts, and corrective action is taken when- 
ever the control limits are exceeded. By 
setting these limits well within allowable 
values the quality of production parts is 
assured. 


UALITY CONTROL of resistance 
welding, in shops handling a large 
variety of work, has been simply and ef- 
fectively accomplished. The methods of 
testing and control give assurance of uni- 
form weld quality on a process where vis- 
ual inspection leaves considerable to be 
desired, making possible the use of resist- 
ance welding on assemblies where high 
quality must be maintained at all times. 
Standardization of the welding proce- 
dure is essential to the statistical control of 
the process. Suitable fables, giving the 
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proper settings of the welding-machine 
controls, must be available to operators 
so that adjustments can be made to secure 
the best possible results for the conditions 
of each job. These settings are too im- 
portant to be determined by any ap- 
proximate methods. It is, likewise, es- 
sential that the equipment itself and its 
controls be adequately maintained to in- 
sure that, at a given setting, welds of unt- 
form quality are produced. An adequate 
supply of electric power is necessary to 
insure consistent performance. 

The quality-control procedure described 
in this article was developed over a con- 
siderable period of time. This report will 
give a brief picture of the method and its 
application. The mathematical details 
involved in the development of the quality 
index and statistical-control limits are 
not intended to be within the scope of this ~ 
paper. 

The structural stability of assemblies 
which are made with the use of resistance 
welding depends chiefly upon: 


1. The quality of the parts used. 


“2. The quality of the welded section. 


The quality of the parts used is controlled 
easily by usual methods of inspection and 
quality control. Attention, therefore, is 
directed entirely to the quality of the 
welded joints. Primarily, we are inter- 
ested in the strength and ductility of the 
welds—the two things which are most dif- 
ficult to determine without destruction of 
the fabricated parts. We also are inter- 
ested in the appearance of the weld, the 
proper dimensions of the welded assem- 
blies, and the change in dimensions caused 


Substituting the per-unit formulas given 
under ‘‘Results’’ into equation 2la gives 
xqg(p) in terms of the ampere-inch im- 


‘ pedances as in equation 21b. 
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Since equation 21b is iadevendent of any 
base-current ratios x,4(p), is invariant when 


expressed in per unit of the machine kilo- ; 
~ yvolt-amperes and voltage, and is ind: jend-_ 


ent of the base rotor-circuit currents; x¢(p) 
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is similarly invariant. The foregoing proof 
can be extended to include any number of 
additional rotor circuits. 
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by the welding. These can be determined 
easily by visual inspection and measure- 
ment. 

In determining the best method for test- 
ing the strength and ductility of resistance 
welds where it is not practical to test to 
destruction, we have chosen to make test 
specimens of material identical in quality 
and thickness to the regular production 
parts but of a suitable size for testing. 
These samples are made with the machine 
settings identical to those under which the 
production work is being done. These 
samples are made at frequent intervals to 
insure that the quality of the welds made 
by the machine is maintained at the re- 
quired quality level. From the results of 
the tests, a quality-control index is deter- 
mined, and the average value is charted to 


give a continuous record of performance. 

On highly repetitive jobs it is only 
necessary to establish the proper welding 
procedure once and then continue on that 
basis for the duration of the job. How- 
ever, when the welding conditions are 
variable, as in the case of fabrication of 
switchgear equipment, it is necessary to 
have a specific procedure for each com- 
bination of materials. Figure 1 is an ex- 
ample of a cubicle frame showing the 
many combinations of materials that may 
be encountered in this type of structure. 

In the absence of basic fundamental 
data for such conditions, it was necessary 
to undertake an extensive program to de- 
termine the effects of the several vari- 
ables, such as: material type and thick- 
ness; welding current, pressure, and time; 


Figure 1 (left). Switchgear 
cubicle fabricated by spot 
welding—rear view 


Figure 2 (below left). Con- 
trol apparatus for resistance- 
, welding machine 


Figure 3 (below right). Resis- 

tance-spot-welded test speci- 

men being placed in testing 
machine 
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proximity of adjacent welds; and over- 
lap. 

Many thousands of tests were made on 
weld specimens in which these factors 
were independently varied. From this 
study it was possible to establish the 
proper welding procedures and the 
physical properties of the welds. This 
information was given to both the engi- 
neering and the manufacturing sections 
and is prominently posted on each weld- 
ing machine. 

With a standardized welding procedure, 
it is obviously necessary to have properly 
calibrated reliable welding machines. Our 
machines are equipped with thyratron 
synchronous controls to assure that, once 
the machine has been set for a definite 
procedure, all of the welds made will be 
consistent. Figure 2 shows a typical ma- 
chine. Note that the adjusters for the 
thyratron control panel, the current regu- 
lator, the sequence panel, and the air 
circuit breaker, as well as the pointer stop 
ammeter and pressure gauge, are conven- 
iently located on the front of the machine, 
readily accessible to the operator. 

By means of plug-in jacks, the calibra- 
tions of the machines are checked at 
regular intervals; thus, it is necessary 
only for the operator to set the controls, 
using the applicable welding procedure. 

Once the machine has been adjusted, 
good consistent welds should be obtained. 
However, it is necessary to check the re- 
sults periodically to guard against care- 
lessness on the part of the operator, im- 
proper functioning of the welding ma- 
chine, or inconsistencies in the parts. 

The quality of a resistance weld is 
dependent largely upon three factors: 
appearance, strength, and ductility; and 
it is these factors which the quality-con- 
trol system must control. The necessity 
for maintaining the appearance of the 
welds is obvious. This factor is controlled 
by measuring the tip indentation on spot 
welds and by comparing with visual 
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standards. The strength of the weld is 
essential as the design of the structure is 
based on the established minimum weld 
strength. The ductility of a weld is 
essential as it is an indication of the re- 
sistance to shock and fatigue strength. 
At the present time no method has been 
found to determine the ultimate strength 
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Figure 4. Control chart 


and ductility of a weld except by a de- 
structive test. 

In the investigation undertaken to de- 
termine the optimum welding procedures, 
it was found that the most satisfactory 
method of test for spot welds on heavy 
steels (one-eighth inch thick and over) 
was torsional testing. A special machine 
for this purpose was designed and built 
in the Philadelphia works laboratory of 
the General Electric Company. This ma- 
chine subjects the weld to torsional shear 
about the center of the weld, and the 
ultimate torque and angle of twist at the 
ultimate torque are measured. Figure 3 
shows one of the torsional testing ma- 
chines now being used by the inspection 
and quality-control division. This tor- 
sional testing gives a simple and accurate 
means of determining the weld strength 
and ductility, since the strength is pro- 
portional to the ultimate torque and the 
weld diameter (which is easily measured). 


The ductility is proportional to the angle 
of twist. 


These factors are combined to give a 
quality-control number which is an index 
of the quality of the weld. By the use of 
this comparative index in statistical con- 
trol, it is possible to show the changes in 
process performance. 


Because of limitations’ in the skill and, 


ability of the control operators available 
for this work and the necessity of limiting 
the time required for testing, a simple, 
quick, and effective control method is es- 


sential to the success of this program. 


The control-chart method of controlling 


_ quality as covered by the American Stand- 


+ 


. 


ards Association publications Z1.1, 271.2, 
and Z1.3 was adopted for this work using 
a chart for averages (X) with a modified 
range (R) chart. After a few weeks of 
trial testing, during which the process 
was checked for control by a study of the 
frequency-distribution charts on data col- 
lected, it was found that a sample lot of 
three would be adequate for control of 
this process. Control limits were estab- 
lished for the grades of steels in common 
use. Control-chart scales were developed 
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Figure 5. Weekly machine performance 
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NUMBER OF TESTS 


MACHINE PERFORMANCE 


for each grade of steel so that one set of 
control limits would be common for all 
combinations of materials. This simpli- 
fied the control chart and made possible a 
form of report which is a composite pic- 
ture of the quality level being maintained 


in an operating division on all spot weld- 


ing, regardless of how diversified the work. 

The control-chart scales are so propor- 
tioned that all limit lines coincide with 
common lines on the chart, with the dis- 
tance from the central line to the upper 
and lower limits divided into a suitable 
number of equal divisions. The scale 
distance from the lower control line to the 
minimum design-limit line and the dis- 
tance from the upper control line to the 
upper limit of the chart are similarly di- 
vided. Averages below ten are plotted 
as zero and averages above 60 are plotted 
as 60. Distribution diagrams for the 
various grades of steels thus will be shown 
in proper relationship to the limit lines 
on the chart, and the composite diagram 
will be an indication of the over-all con- 
trol of the process. 

The weld test specimens are made from 
drop-off pieces of materials currently be- 
ing used in the shop. A supply of these 
samples is kept in suitable containers in 
the welding areas. A test is taken on each 
welder in operation once each hour. 
Three samples of the same combination 

of materials and thicknesses are welded 
under the same conditions of machine 
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fectiveness of the control. 


control setting being used on the produc- 
tion work at the time of test. No adjust- 
ment of the machine is permitted at the 
time of test, as control is based upon ma- 
chine performance under production con- 
ditions. 

. Control charts shown in Figure 4 are 
placed on each machine, and the results of 
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Figure 6. Weekly weld-quality distribution 


tests are posted after each test. A record 
sheet is filled in by the control operator 
and becomes a permanent record of per- 
formance in the welding sections. The 
machine chart is forwarded to the fore- 
man’s office the following morning, and 
the record sheet is forwarded to the cen- 
tral control office for analysis. 

The daily records are posted on a 
weekly record sheet in convenient form to 
show the frequency-distribution totals for 
all welding combinations based on ma- 
chine and process performance. When 
completed, this record sheet contains com- 
plete information for the weekly report 
which is distributed to the department 
heads, manufacturing superintendents, 
welding engineers, quality-control special- 
ists, and inspection supervisors. 

The weekly report gives a complete 
analysis of weld quality control by show- 
ing the relative performance for each ma- 
chine in the section, Figure 5, and fre- 
quency-distribution diagrams, Figure 6, 
showing the relative effect of materials 
and welding methods on the over-all level 
of weld quality. 

This method of controlling weld quality 
has given excellent results. Proof tests 
on welded structures made under con- 
trolled conditions have proved the ef- 
Special test 
structures have been made and subjected 
to severe shock conditions without any 
weld failures. Resistance welding, prop- 
erly controlled, becomes a safe depend- — 
able fabrication process. Quality con- 
trol of this process can insure strong de- 
pendable welds of uniformly high quality. 
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Treatment of High-Alltitude Brushes by 
Application of Metallic Halides 
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Synopsis: It has been found that the rapid 
wear of brushes under high-altitude condi- 
tions can be prevented by the treatment of 
the brushes with a suitable metallic halide. 
Carbon, electrographitic, and metal-graphite 
brush grades all respond to such treatments. 
A great many nondeliquescent metallic 
iodides, bromides, chlorides, and fluorides 
have been tested and found to prevent brush 
dusting on the heavy-duty electric units of 
aircraft. These treatments also have been 
applied with considerable success to earth- 
surface machines operating under severe 
commutating conditions. A mechanism by 
which this class of chemical compound may 
react to maintain a satisfactory low-friction 
film on a commutator is proposed. 


T IS BELIEVED that the manufac- 

turers and operators of commutating 
electric machines and the producers of 
brushes for them are in complete agree- 
ment on only two points: 


1. They agree that a film on the commu- 
tator is essential for long brush life. 

2. The film on a commutator should be as 
uniform as possible on the entire commu- 
tator surface if optimum commutation is 
desired. 


- The precise chemical nature of this 
essential film is still a subject of discus- 
sion. The mechanism of its formation is 
also not certain. The film is extremely 
thin, and its weight per unit area is so 
small that an accurate chemical analysis 
is difficult. Recently Van Brunt and 
Savage! reported a typical film to consist 
largely of cuprous oxide and carbon (with 
a number of minor ingredients totaling 
only 12 per cent). They calculated the 
film thickness as 5.4 X 10~® centimeters 
of which 2.1 X 107° centimeters was 
copper oxide. These workers and many 
others stress the complex composition of 
commutator films. It is the thesis of the 
present paper that an ideal commutator 
film is composed substantially of cuprous 
oxide (the oxide of monovalent copper) and 
that all other substances which are present 
in actual films are either nonessential or 
are definitely harmful. 

The color of the track produced on a 
copper commutator by a given brush 
grade is a measure of the thickness of the 

commutator film. This thin protective 
_ nonmetallic layer holds the brushes from 
_ direct contact with the metal and thus 
‘prevents rapid wear. This film should 
develop to a uniform thickness under all 
brushes if they are all alike and if the 
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operating conditions are the same for all 
brushes. Experience has shown that a 
high uniformity in the color of all of the 
brush tracks on a commutator goes with 
an excellent machine performance. Uni- 
formly colored brush paths indicate uni- 
form cugrent division between brushes. 
Streaking and threading within a single 
brush track (which again reveal differ- 
ences in film thickness) may be diagnosed 
as caused by nonuniform current distribu- 
tion within the brushes themselves. On 
an ideal commutator there will be no bar- 
edge burning; streaking and threading 
will be absent; and the color of all com- 
mutator bars will be exactly the same. 

An actual commutator never meets 
these desired standards of uniformity. 
The brush tracks are never exactly alike 
in color, and a critical eye can always de- 


Copper slip rings and brushes after 


Figure 1. 
test in high-altitude test chamber 


tect some evidence of streaking, no matter 
how slight. Though an electrographitic 
brush is expected to develop a rich satiny 
chocolate-brown polish on the copper, 
there is wide disagreement as to the depth 
or shade of color which is most desirable. 


Early in World War II it was reported | 


that brushes wore rapidly at times on 
certain airplane equipment when they 
were operated at altitudes above 20,000 
feet. Apparently the commutator film, 
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normally maintained at low altitudes, 
might disappear quite suddenly at high 
altitudes, and rapid brush wear, or brush 
dusting, then would follow through 
abrasion. 

A discussion of this failure of commu- 
tator films under the abnormal atmos- 
pheric conditions prevailing at high alti- 
tudes is best prefaced by a consideration 
of the mechanism by which these films 
may normally be formed and maintained. 

Clean metallic copper cannot be ex- 
posed to air without acquiring a tarnish 
film. At room temperature this film 
gradually increases in thickness, although 
the rate of growth is so slow that the film 
remains transparent and practically color- 
less for a long time. (Vernon? has found 
that the film on copper heated in air for 
one hour at only 130 degrees Fahrenheit 
has a thickness of 1.05 X 1077 centi- 
meters. ) ; 

The commutator is ‘‘turned to size” as 
one of the final steps in the manufacture 
of an armature. During this turning 
operation the copper is heated by the 
work done upon it. As copper is oxidized 
more rapidly at higher temperatures, each 
spot of the metal, as it emerges from under 
the turning tool, acquires a thicker film 
than it would get if it had been exposed 
at room temperature. In addition this 
initial film is further thickened during 
the seating of the brushes. The coeffi- 
cient of friction between unseated brushes 
and a copper commutator is normally 
high. As the brushes are worn to a seat 
under light electric loads, their faces be- 


come polished. At the same time the 


film upon the commutator increases in 
thickness as its surface is burnished by 
the mechanically loaded brushes under 
whichit moves. If the brushes have been 
properly chosen, if the machine is well 
designed, and if the running-in conditions 
are correct, the film will gradually in- 
crease in color, thickness, and polish, and 
the friction between brushes and commu- 


_tator will gradually decrease. 


However, the formation of a commu-; 
tator film by electrically loaded brushes is 
a relatively complex dynamic process and 
is by no means so simple as the descrip- 
tion in the preceding paragraph might 
indicate. The heat appearing at the 
brush-commutator interface is generated 
not only by friction but also by the elec- 
tric energy dissipated at this interface. 
(The coefficient of friction between a 
high-grade well-seated electrographitic 


brush and the burnished copper-oxide 


commutator film is often two tenths or 
higher. 
same type of brush will range from 1'/, to 
3 volts. The actual value for each of 


these properties will vary with the electric 


load, the brush grade, and the condition 
of the commutator.) At any given in- 


stant the electron transfer between the — 
commutator and a brush takes place only | 


at a few highly localized areas on the 


brush face. When the electric load is i 


» 
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added to the already present mechanical 
load these spots become very hot. These 
overheated active areas of the brush being 
in close contact with the commutator will 
Treact chemically with the copper-oxide 
film to form metallic copper and carbon 
monoxide. Thus the electron transfer 
areas on a brush face become chemically 
reducing agents and defilming rather than 
filming agents. 

When one of the minute areas of freshly 
reduced metallic copper emerges out from 
under the brush and contacts the air, it 
immediately is reoxidized. But as this 
same area soon passes under another 
brush, it may perhaps be reduced again 
before the oxide film has been re-estab- 
lished tonormal thickness. However, under 
normal operating conditions at any given 
instant the active electron transfer area is 
small; thence a freshly oxidized spot may 
pass under several brushes without again 
being reduced, thus allowing the film to be 
built up to equilibrium thickness during 
the repeated periods of air exposure. 
Nevertheless, with continued operation, 
an area on a commutator is frequently 
reduced and again reoxidized. Therefore 
the oxide film should be regarded as 
dynamic rather than static. 

The character of the cuprous-oxide film 
on a commutator will depend on many 
variables: the properties of the brushes, 
the shape of their faces, the angle at 
which they contact the commutator, the 
spring loading placed upon them, the area 
of the commutator covered by them, their 
operating temperature, the temperature 
of the commutator, and the purity of the 
ventilating air all play essential roles in 
controlling the thickness and quality of 
the film which is developed. The film, as 
previously explained, is a dynamic, alter- 
able structure. It is possible that a 
slight change in operating conditions will 
alter it drastically overnight. A seem- 
ingly insignificant change in the surround- 
ings may affect it; for example, a shift 
in the wind direction may bring a trace of 
hydrogen sulphide into the room. A 
leaking gas tunnel has also been responsi- 
ble for the malperformance of a group of 
machines in a steel mill. The edges of the 
commutator in such contaminated atmos- 
pheres became covered with a continuous 
gray film of copper sulphide, and the 


brush tracks were blotched with irregular , 


patches of this compound scattered in be- 
tween the normal cuprous-oxide areas. 
Copper sulphide may completely replace 
cuprous oxide as a commutator film, if 
the hydrogen sulphide in the-air reaches 
the concentrations sometimes found in a 
Brush wear is always 
excessive under such conditions. Gen- 
erally it can be said that anything will 
impair the performance of a machine and 
affect brush wear which alters the ability 
of the air to oxidize copper and thus main- 


‘tain a continuous well-polished cuprous- 


oxide film on its commutator. : 
is well known that the surface of a 


ee 
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piece of copper, which initially had a high 
polish, will be roughened by exposing it 
to repeated oxidation and reduction. 
However, continued operation of a com- 
mutator under ideal operating conditions 
increases rather than diminishes the finish 
of the surface. It is believed that a prop- 
erly chosen brush polishes the oxide 
film as it is formed and prevents the 
roughening which otherwise would follow 
as a result of the repeated oxidation and 
reduction. Thus the ideal brush is an 
excellent burnishing tool: it ‘‘flows’’ 
rather than abrades the commutator film. 
Actual brushes, however, to a greater or 
lesser degree, fail to maintain a burnished 
continuous layer of cuprous oxide which 
is substantially free of other materials. 
Frequently the film becomes very rough 
in service and so nonuniform in its com- 
position and properties that cleaner 
brushes are added to remove this unde- 
sirable film. Or, as a last resort, the 
commutator may be ‘‘re-turned”’ and the 


° 
Figure 2._ A simple high-altitude test cham- 
ber for testing slip rings 
z 


s 


a 
development of a new film attempted, 
probably with the aid of another brush 
grade. 

In view of the foregoing discussion it 
can be easily understood why the heavy- 
duty airplane generators present such a 
difficult problem to the designer. As 
these generators must be as light as posst- 
ble, their commutators and brushes have 


to be loaded to the limit. Heavily 


loaded commutators retain an oxide film 
only with difficulty even in ground service 
or in low-altitude flying. If the bombers 
are flown to an altitude of 33,000 feet, 
where the oxygen content of the air is 


approximately one fourth of that on the 


earth’s surface, the commutator film 
naturally will not be maintained. 
Lack of the active oxidizing agent, how- 


ever, is not the only cause for the loss of 


the essential cuprous-oxide film in high- 
altitude flying. The water content of the 
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rarefied air, is only one-thousandth that 
normally fed to electric machines. The 
extreme dryness of the ventilating air is a 
major cause of the disappearance of the 
film. The beneficial effects of water 
vapor usually are ascribed to lubrication 
of the brush-commutator interface by 
water vapor adsorbed in the film or brush. 
Possibly the true role of the water is that 
not of a lubricant but of a catalytic agent 
promoting the oxidation of copper by the 
oxygen of the air. As soon as the film on 
the commutator disappears, the brushes 
and copper grind one another away in a 
very short time. 

Figure 1 shows two copper slip rings 
and brushes tested in our laboratory high- 
altitude tester. Both sets of brushes 
were seated on the rings while these were 
running in normal laboratory air. At the 
end of the seating period, the air was 
changed to simulate the pressure and 
dryness of the atmosphere at an altitude 
of 40,000 feet. After 15 minutes of 
operation, under electric load, one pair of 
brushes wore out. The faces of the 
brushes and their path on the copper ring » 
were badly roughened. The second pair 
of brushes; tested under the same condi- 
tions for a testing time of seven hours, 
showed no measurable wear. The polish 
of the brush faces and of the brush track 
was unchanged. The first pair of brushes 
were of high-quality electrographitic ma- 
terial which has given excellent perform- 
ance on electric machines under normal 
service. The second pair of brushes were 
from the same stock but had been treated 
for high-altitude operating conditions. 

Epidemics of rapid brush wear occur 
frequently on ground-operated machines 
also. Such epidemics often, if not al- 
ways, are associated with an unusually 
low water concentration in the air. The 
trouble often is avoided by feeding steam 
into the air of a generator room during ex- 
tremely cold weather. However, if high- 
speed exciter brushes suddenly disappear 
in a central station, although repercus- 
sions may be heard in the front office, a 
standby unit usually can be thrown on 
the line. Or, if the brushes chatter and 
disintegrate on the motors of a 90-mile- 
an-hour locomotive during subzeor 
weather, while the passengers may miss 
engagements, they still stay alive. But if 
the brushes on the fully loaded generators 
of a fighting bomber wear out, and the © 
turrets cannot revolve and a dozen other 
units fail to function, the crew on that 
bomber may not survive. 

When rapid brush wear was shown to 
be a real hazard to high-altitude flying, 
means to combat it were sought in many 
places. To study brushes under simu- 
lated high-altitude conditions it was 
necessary to design suitable testing 
A simple slip-ring tester is 
pictured in Figure 2 and diagrammed in 


Figure 3. Several of these ‘“‘testing 


chambers” have been in constant use for 
several years in testing hundreds of 
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Figure 3. 


shown in Figure 2 


brushes. 


The tester consists of a copper 
slip ring 31/4 inches in diameter which is 
mounted on the shaft extension of a 


3,500-rpm motor. This shaft enters the 
glass chamber through a close-fitting car- 
bon tube. This tube is separately evacu- 
ated to a pressure low enough to prevent 
room air entering the chamber along the 
shaft. The pressure in the testing cham- 
ber is maintained at the desired ‘‘test 
altitude’ while dry air is passed through 
to sweep out the impurities. With this 
tester the brushes can be operated under 
any mechanical or electric load through- 

out a wide range: the angle of the 
brushes can be changed, and the positive 
and negative brushes can run on the same 
or separate paths. The temperatures of 
the brushes and the double contact drop 
are recorded continuously. This tester 
has proved extremely useful and . very 
reliable: it has the added advantage 
over most laboratory dusting testers that 
it gives results on the pessimistic rather 
than on the optimistic side. 

This tester aided greatly in the search 
for a brush grade which would maintain a 
film on the commutator under all service 
conditions. It soon was found that for 
each brush grade there was a correlation 
between the ‘‘test altitude,” the electric 


__, load, and the dusting tendency. A cer- 


tain brush grade was giving long life 
in actual flight test. It was possible to 
predict on the basis of the evidence in 
_ Figure 4 that a moderate increase in the 
electric load in flight would cause this 
_ brush to fail. This prediction soon was 
verified when further flights proved that a 


load of 50. amperes or more would wear - 


out in three hours the same brushes which 


promised a life of several hundred hours — 


when the load was limited to 35 amperes 
or less. 
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Tests of a large number of untreated 
brushes failed to find any existing grade 
which would not dust in the laboratory 
tester. Therefore as the next step 
attention was turned to brushes impreg- 
nated with various organic compounds as 
lubricants. The use of paraffin and other 
waxes in brushes to lower their friction 
against copper is well known. Unfortu- 
nately, all of the organic treatments, 
which seem to behave as lubricants, were 
ineffective for this purpose as they are too 
volatile to stay in the brushes for more 
than a few hours when subjected to heavy 
loading. 

After organic lubricants had failed to 
solve this problem, it was suggested by L. 
W. Chubb that an inorganic lubricant, 


molybdenum sulphide, be tried. This 


compound is stable, has a low vapor pres- 
sure at moderately high temperatures, 


and has been applied successfully as a 


solid lubricant in a number of specialized 
fields. It resembles graphite and certain 
other solids in having crystals of layer 
lattice structure. 

Brushes treated with molybdenum 
sulphide failed to develop a characteristic 
dark cuprous-oxide film but transferred a 
thin film of a sulphide itself to the com- 
mutator. This acted as a_ protective 


lubricating film which was held tena- - 


ciously by the copper, and generators 
equipped with molybdenum-sulphide- 
treated brushes have shown low brush 
wear on high-altitude flights. However, 
sooner or later the sparking which is al- 
ways present under the face of a brush, 
even when commutation is apparently 
black, must convert some of the molyb- 
denum sulphide to molybdenum carbide. 
The latter is very hard and causes severe 
grooving of the commutator. 

We arrived at the conclusion that a 
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Cross sec- 
tion of test chamber 


solid film having lubricating properties 
would be helpful. In accordance with 
this theory much thought was given to 
providing these solid lubricating films on 
commutators. It occurred to us to try 
lead iodide. This experiment yielded 
wholly unexpected and gratifying results. 
From previous experience it was expected 
that this soft yellow solid would behave 
like molybdenum sulphide by coating the 
copper with an adhering lubricating film. 
However, much to our surprise this did 
not happen. Instead the lead-iodide- 
treated brushes developed a character- 
istic dark satiny film that seemed identical 
with the normal cuprous-oxide film. 
This film then became burnished as it 
passed successively under the brushes and 
stayed on the surface even in air of low 
oxygen and water-vapor content. It was 
found that lead-iodide-treated brushes 
are able to maintain a perfect film even 
in the most adverse conditions. This we 
presume is made possible by the forma- 
tion of an intermediate compound, cu- 
prous iodide, which being extremely un- 
stable is readily oxidized to cuprous oxide 
even in an atmosphere where the normal 
oxidation of copper would not take place. 

If this explanation is correct, the rate 
at which a copper commutator can be 
oxidized has been increased greatly, even 
in air of low oxygen content and with al- 
most no water-vapor content. After the 
favorable results obtained with lead 
iodide, it seemed reasonable to suppose 
that other iodides which do not have 
layer-lattice structure and which are not 
solid lubricants also should aid in the 
maintenance of an oxide film and thus 
prevent brush dusting. Actually many 
iodides have been tested in the laboratory 


.and have been found to be effective. 


An even more convincing evidence for 
the effectiveness of iodine compounds is 
the prevention of dusting by only a trace 
of iodine vapor. Under simulated-high- 
altitude conditions, untreated brushes, 
which dusted in the absence of iodine, 
showed low wear and developed an oxide 
film on a copper ring when iodine vapor 
was introduced. 

As bromine vapor also prevents brush 
dusting, studies were extended to cover 
all metallic halides asa class. Tests were 
made of typical iodides, bromides, chlo- 
rides, and fluorides, and all were found 
effective. Itis believed that each of them 
thermally decomposes at the brush-com- 
mutator interface to form the correspond- 
ing metal and free halogen. The latter 
may recombine, either with its original 
metallic partner, or with the carbon of the 
brush, or with a bare copper spot on the | 
commutator. | 

However, the copper halides differ 
greatly in their thermal stability, the 
iodide being the least stable and the 
fluoride the most stable compound. The 
comparatively high stability of copper 
fluoride should slow down the rate at 
which it is oxidized. Under operating 
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Figure 4. Amperes of load versus dusting 
time for an untreated hard carbon brush 


Curve 1 at pressure equivalent to 30,000 feet; 
curve 2 at 35,000 feet; curve 3 at 40,000 feet. 
This brush does not dust at 25,000 feet 


conditions this might lead to the existence 
of a film that contains substantial 
amounts of both the oxide and the fluoride 
of copper. It is therefore preferable to 
choose a treatment that, under the given 
operating conditions, develops a film sub- 
stantially free of any compound other 
than cuprous oxide. ; 

All of the metallic halides which have 
been tested as brush treatments are capa- 
ble of limiting brush dusting under simu- 
lated-high-altitude conditions. Those 
selected for actual flight test have effec- 
tively limited brush wear. However, 
there are many practical difficulties in 
the use of many of these compounds, 
For example, certain halides, which are 
water soluble, but not deliquescent, and 
which contain no water of crystallization, 
can be put in the brushes from a water 
solution. However, these water-soluble 
halides accidentally could be leeched out 
of the brushes when the ventilating air 


duct connected to the generator happens ° 


to direct water onto the commutator and 
brushes. That is the reason why the 
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easily soluble halides are less desirable as 
treating agents. 

Difficulties also arise in the case of 
halides which are thermally unstable to 
such a degree that dissociation of the 
compound takes place, not only at the 
brush-commutator interface, but through- 
out the brush itself. The ideal halide 
should be thermally stable to tempera- 
tures up to those attained in the face of 
the brush. Another major objection to a 
great many halides is the fact that they 
adsorb water and dissolve init. Or, one 
or more of the thermal-decomposition 
products may deliquesce in air or react so 
as to leave an undesirable residue in the 
brush or on the commutator. 

The lead formed by the thermal de- 
composition of lead iodide may remain in 
the brush either as lead or as lead oxide. 
Some of it may be mechanically trans- 
ferred and enter as an impurity into the 
copper-oxide film on the commutator. 
In any case, the physical and chemical 
properties of the solid residues are such 
that they are not detrimental to commuta- 
tion. A number of the other metallic 
halides that were tested gave nonuniform 
films and high contact drops even though 
they did prevent actual brush dusting. 

The war needs necessitated the early 
adoption of a treated brush. Lead iodide 
was chosen in preference to others as the 
most promising halide treatment for the 
first large-scale application. Most of the 
P-1 generators now in service have been 
equipped with Stackpole brushes con- 
taining this treatment. Nevertheless, 


tests with other halides have continued: 


both here and elsewhere, and it is believed 
that at the present time all heavy-duty 
generators placed on high-altitude bomb- 
ers are fitted with brushes containing one of 
the metal halides as an antidusting agent. 

A number of practical problems had to 
be solved in the initial application of the 
lead-iodide treatment. The tempera- 
tures at which electrographitic brushes 
are fired are so high that the iodide must 
be placed in the plate after manufacture. 
This may be done either by immersing 
the brushes in the fused salt or by 
carrying out metathetic reactions in the 
plate by successive immersion in the 
proper chemical solutions. The latter 
operation must be done with great care, 
as trace amounts of excess reagents or 


products of reaction often affect brush _ 


performance disastrously, and the leech- 
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ing out of small concentrations of such 
compounds is very laborious. 

Many of the halides can be incorpo- 
rated into metal-graphite brush grades at 
the time of molding. Some halides are 
so unstable that they react with the cop- 
per in the brushes at all practical molding 
temperatures. While lead iodide can be 
molded successfully into metal-graphite 
grades, care must be taken in the curing 
of the brushes; otherwise undesirable 
reactions take place between the copper 
and the iodide. 

Brush treatments which are capable of 
maintaining an oxide film on a heavily 
loaded commutator operating under the 
adverse conditions encountered in the 
upper air certainly warrant a trial in 
difficult brush applications at more nor- 
mal levels. Man power and material 
limitations have severely handicapped 
the execution of such tests. However, in 
such severe service as is imposed on the 
brushes of high-speed electric locomotives 
halide treatments definitely have improved 
commutator conditions and increased 
brush life. Recently a group of test 
brushes was removed from a locomotive 
after 85,000 miles of high-speed service. 
The brushes are in excellent condition, 
and the wear has averaged only ten mils 
per thousand miles of service. 

Exploratory applications have been 
made in other fields where commutating 
conditions are unusually difficult. Each 
application presents a new problem. In 
all cases, the brush grade and the type 
and the amount of treatment must be 
properly matched to the machine and to 
the operating conditions. Though prog- 
ress necessarily has been slow, experi- 
ence has now been accumulated to 
prove that this new purely chemical ap- 
proach to the old problem of forming and 
maintaining a satisfactory copper-oxide 


film on commutators and slip rings will. 


prove as effective in manly ground appli- 
cations as it was in its initial one, namely, 
the solution of the high-altitude brush 
problem. 
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Chemical Contamination as Causes of 


Electrical-Insulation Failure 
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Synopsis: Electrical-insulation failures 
were investigated and found to be due to 
chemical contamination with ionizable 
materials. Examples of such contamina- 


. tion are certain types of hand creams, sol- 


dering fluxes, and germicides in lubricating 
oils. Contamination mechanisms often in- 
volve operations which are otherwise in- 
significant in manufacturing processes. 
The effect of these materials on the elec- 
trical characteristics of the insulation is re- 
ported. The need for close correlation of 
industrial-hygiene manufacturing proc- 
esses, insulation design, and quality control 
is emphasized. 


LECTRICAL-INSULATION troubles 

sometimes -occur which baffle the 
observers. Frequently the failure is 
attributed to some entirely innocent 
cause. Several such failures when care- 
fully studied were found to be caused by 
the presence of ionizable substances 
which when dry were not harmful but 
when exposed to humidity were a con- 
stant hazard in the presence of a voltage 
differential. The insidious behavior of 
such materials in insulation may allow 
apparatus to pass a high-potential test 
and subsequently cause failure during a 
less severe test or in service. Further- 
more, the presence of ionizable materials 
near a damaged spot in insulation in- 
As insula- 
tion ages and the protective varnish 
coating deteriorates, these contaminants 
become a more active hazard to insula- 
tion. Harmless-appearing substances 
such as hand creams and soldering fluxes 


may be sources of chemical contaminants, 


which cause inestimable damage. 

_As a consequence, investigations of 
such failures must be thorough and in- 
clude each component material down to 
and including the glass, mica, cotton, and 
other material which make up the insula- 
tion. Careful attention should be paid to 


recent changes in methods or technique 


and even to safety and hygiene cam- 
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which follow 
mechanisms of 


paigns. The examples 
illustrate only a few 
chemical contaminations. 


Soldering Fluxes 


Several years ago trouble was experi- 
enced with a number of cases of short- 
circuited commutators as a result of un- 
authorized use of zinc-chloride soldering 
flux. One commutator in particular for 
an experimental motor was an outstand- 
ing example. After several short circuits 
occurred, the bar-to-bar insulation resist- 
ance was checked. Seventy bars out of 
300 had far below normal insulation re- 
sistance, which were about 0.1 megohm 
instead of above ten megohms. Upon 
application of a 60-cycle dielectric test it 
was found that bars with low insulation 
resistance stood a 200-volt test but gener- 
ally broke down at 400 volts. Bars with 
normal insulation resistance withstood a 
600-volt test and failed at not less than 
800 volts. 

Mica segments were removed from the 
spots having low insulation resistance for 
chemical tests in comparison with un- 
contaminated mica segments. A 15- 
gram sample of each mica segment was 
boiled with 15 milliliter of distilled water 
and the conductivity of the solution de- 
termined as shown in Table I. 

This test clearly indicated the presence 
of ionizable contaminants in the low- 
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Figure 1. 
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resistance mica segments which increased 
the conductivity of the extracted solution 
by a factor of more than ten to one as 
compared to a similar extract of uncon- 
taminated insulation. Chemical analysis 
of the solutions clearly indicated the pres- 
ence of zine and chlorine in the low-resist- 
ance solutions, whereas the control speci- 
mens had less than one part per million of 
either. 

Erikson! points out the effects of a com- 
bination of soldering flux and moisture on 
fine-wire magnet coils. Failures were 
due to corrosion of copper by fluxes which 
caused open circuits. Failures to ground 
and short circuits due to electrolytes 
from the corroded copper and from the 
soldering fluxes themselves forming con- 
ducting paths are also possible in this 
type of application. 

Fluxes are available in many forms. 
The acid type, zinc and ammonium 
chloride, are available in water solution 
or in the form of a paste using a petro- 
latum or other grease vehicle. Milder 
fluxes include rosin and alcohol solutions 
and rosin-petrolatum pastes. An ex- 
ample of a zinc-chloride water solution on 
mica V rings has been discussed previ- 
ously: Zine chloride, the electrolyte on 
these V rings, was deposited from water 
solution throughout the insulation. Un- 
der humid conditions these electrolytes 
formed a conducting path which leads to 


the burning of the mica as seen in Figure 


1. Zine- and ammonium-chloride fluxes 
in water contribute to corrosion of copper. 

The effect of zine chloride on insulation 
under moist conditions is summarized in 
Table II. These results were determined 
on sample coils similar to those shown in 
Figure 2 and on mica by a jig similar to 
that shown in Figure 3. Sample coils 


had been immersed in zince-chloride solu- 
tion and others in distilled water for two 
days and then allowed to stand in air for 
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Typical failures of commutator mica V tings due to acid flux on segments 
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Table | 


a a = a —— —= 


Resistance (Ohms) 


PAR, SNA ey NESS ts TRO ARS 600 

LLG Sas Mia ty Aone ene ie Eee 1,000 

DORE Sethe s ay 2 So es ea 1,200 

CANES 5 ste PESSCR I Es Soe ie ae 950 

PE Rc eee eeccr eee are 950 

PUL ea, ate Rae tee aA 1,210 

DOMME Ae Poe eho Renate nak 590 
Uncontaminated control 

SEQ MENEC Heo skarde Is ictal wes ie ea telere 13,600 
Uncontaminated control 

SESIMEM Dane eosnens ia, ayeeNO hs, Sites gral 16,000 

Breshi distilled: water sss. a: ot. eases 35,000 


Table Il. Insulation Resistance in Megohms 

Soakedin Flux Soaked in Dis- 

Wire for 48 Hours, tilled Water for 

Insulation Stood in Air 48 Hours, Stood 

Used 7 Days in Air 7 Days 

Asbestos: 2... «+ ae Re Sa ee ee 4,000 
(GUS Se ee ee oe 15 = Pe nC ae 1,800 
Glass (sliver)...... 3.8 —18 itd tae. S000 
Double cotton....16 SN yc ee 72 
Mieat a ey woe Os 20—- Or 80. nt vcr 30-75 


Fluxed samples were soaked in the following solu- 
tion for 48 hours: 


mine venloridel: 5s 252s by ee 1 pound 
Ammonium chloride.......... 2 ounces 
VU yar tn OR ree ee 3.3 gallons 


These together with the distilled-water-soaked 
samples were allowed to stand one week in the air 
before testing. 


* Aged one week at 100-per-cent relative humidity. 


seven days. Insulation resistances of 
the coils then were taken and are re- 
ported in Table II. 

Insulation resistance of cotton-covered 
wire was poor after this treatment in dis- 
tilled water but was even lower after the 
acid flux treatment. The asbestos-insu- 
lated wire after treatment in flux had an 
insulation resistance of 0.5 per cent of 
that treated in distilled water. Mica be- 
haved in a manner similar to the wire 
insulation. 

Zine chloride or ammonium chloride 
may be mixed into a petrolatum vehicle 
as a paste. In this form corrosion and 
electrical failures due to use of acid fluxes 
may be apparently reduced. The dan- 
gerous electrolytes still are introduced 
into the insulation; their effects are 
merely postponed. Under humid condi- 
tions, particularly after the petrolatum 
vehicle has disappeared, the zinc and 
ammonium chlorides become conductors. 
They lower insulation resistance and de- 
crease breakdown strengths of insulation. 
This leads to failures in service rather 
than failures in tests during manufactur- 
ing the latter which might occur if water 
solutions of these fluxes were used. 

Rosin and alcohol, another type of sol- 
dering flux, are relatively safe for use near 
insulation. No electrolytes are de- 
posited, and the corrosion problem is 
greatly reduced. This flux has been in 


“use many years without causing failure 


epidemics. 


Each worker should be informed thor- 
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Figure 2. Coil for testing soldering fluxes on 
insulation 


oughly as to the proper flux for his appli- 
cation. Acid-type fluxes may be used on 
parts which are not insulated if the flux 
deposits are washed carefully from the 
metal after completion of the operations. 
No form of soldering flux which contains 
zine chloride, ammonium chloride, or 
other electrolytes should be tolerated for 
use near insulation. Rosin in alcohol 
solutions, or other organic nonelectrolytic 
types of flux, should be used in all doubt- 
ful cases. The security in using an elec- 
trolyte in grease mixture as a flux is false. 
It should be remembered that these elec- 
trolytes will ionize and become conduct- 
ing under humid conditions, and, in addi- 
tion, many of these substances are hygro- 
scopic and thus will become conducting 
in only moderate humidity conditions. 


Hand Creams 


The use of hand creams in shop practice 
was suspected as a cause of insulation 
failures. Protective-hand-cream use was 
being encouraged in varnish-treating 
rooms, in coil-insulating, and wire-insu- 
lating departments as insurance against 
dermatitis. Such creams are effective in 
prevention of irritation due to varnish 
solvents and adhesives. However, in- 
vestigation proved many creams con- 
tained conducting materials which are 
corrosive to copper or harmful to insula- 
tion. 

Schwartz?* points out that ointments 
fall into a number of classes: 


1. Simple vanishing-cream types which fill 


the pores with soap and facilitate removal of 
soil when washing after work. 


r . 
2. A type which leaves a thin film of resin 
or wax on the skin and thus prevents the 
irritant from direct contact with the skin. 


3. A third type which fills pores and covers 
the skin with a harmless fat that repels 
water-soluble irritants and prevents en- 
trance of petroleum oils, greases, and coal- 
tar derivatives. 


4. A fourth type which contains nonirri- 
tant chemicals intended to detoxify the 
irritants. 

5. Another form which causes inert pow- 
ders to adhere to the skin, forming a physical 
barrier against skin irritants. 


COPPER —-———, 


GLASS 1 SUAS ew 


CLAMP 


MICA 


Figure 3. Device for testing soldering fluxes 
_ on mica 
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A series of determinations was made to 
discover the conducting properties of the 
various hand creams in use in the shops 
and the effect of ointments and humidity 
on ointment-contaminated insulation. 
Six-mil filter paper was wrapped around 
five-eighths-inch-diameter glass tubes. 


Various creams were rubbed into the 


paper, and the insulation resistance was 
determined between two electrodes 1!/, 
inches apart. These tests were conducted 
at’ 20-, 50-, and 97-per-cent relative 
humidity. Test bars also were prepared 
of asbestos-insulated wire onto which 
various creams had been applied. These 
wires were tested for insulation resistance 
between strands and for dielectric break- 
down. 

It was found that those creams which 
had soap bases and were therefore alka- 
line in reaction became conducting at 
higher humidities and lowered insulation 
resistances. This is reflected by the 
lower insulation resistances of certain 
hand creams upon the porous paper tubes 
(Table III). Hand creams lowered the 
insulation resistance and dielectric break- 
downs when test bars of asbestos-insu- 
lated wire were subjected to hand 
creams and humidity (Table IV). These 
humidity conditions approximate sum- 
mer weather conditions. The hand 
creams which proved most troublesome 


Table Ill. Effect of Hand Creams on Insula-. 


tion Resistance in a Humid Atmosphere 


At 20-30-Per- 


At 50-Per- At 97-Per- 
Cent Relative Cent Relative Cent Relative 
Humidity Humidity Humidity 
(Megohms) (Megohms) (Megohms) 
1A sie O50 ace bby Pee oN er 0.095 
B..Over 1,000,000... .. 22000 Av cade 1.3 
kee 200,000... .. ZOORRE Father 0.06 
D..Above 200,000..... $8,000 J. ates ar 2.5 
E..Above 200,000..... 6,500 snc 4.6 
F..Above 200,000..... 20 OOOk icuuctee ha 
G. Very high..... 5 Of OOO freer 12 


Conductance in water solution was measured in a 
cell with platinum electrodes by an a-c conductivity 
bridge at 20 degrees centigrade after suspending the 
creams in 20 parts of water 


Resistance in Ohms 


Distilled water..............,..-156,000 
PAs sycngistensrahe mevaislal vrei nesta 975 
No Miers Por tOketouy Ou Wiheth G Piah 1c 2,600 
ON tlie et aoa NOD Ese ry Oak OOo 750 
1b) isn SraD ra raTsteD tions 4,370 
Dy, Patiennn Bari taviaosceettle 38 Go 19,300 
Ds Se Resets toe a ect alee fevecumua ee as 4,500 


A =alkaline soap base 
B=neutral grease 

C =alkaline soap base 
D=neutral grease 
E=Janolin and olive oil 
F =alkaline soap base 
G=blank paper 


A contains Bentonite clay. 


C is a clear solution in water when hot, setting to a 
gel on cooling, like soap. 
and are mildly alkaline. 


C has a tendency to turn copper green. 


B contains grease and no water, with a mineral fil- 
ler. It is neutral in reaction. 
e 


D and E£ are neutral greases. 


F is alkaline in reaction. These do not contain 
water. ‘ 


? t 


Both these contain water — 
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_which are neutral in reaction. 


(sodium, zinc, 


i type. 


Table IV. Insulation Resistance and Dielectric Breakdown on Asbestos Wire Test Bars change in formulation by the manufac- 
a CES : turer had introduced inorganic salts 

(Megohms) Dielectric Breakdown In Volts These, sodium carbonate and sodium 

Zagule tion Resse (Fallediey, ae phosphate, are electrolytes and in humid 

ae Knoom -Mywenditoning © ter Conditioning conditions corroded the copper. The 
Used Condition Relative Humidity Condition Relative Humidity insulation turned green, and failures re- 
sulted during standard proof tests. In- 

ee oe oD Ae 500-71 A00\ name Siand sa ean ae 1500s en pice res 2,000 adequate drying of the glue contributed to 

Bete ieee. 11,000-13,000......... 120iand 130 o.0o0) le fe pon bal! Med poo the corrosion and allowed ionization to 
a Ore tatogo teeta ota oe ELC ate Coons ia take place which led to early test failure 
INO cream......0... 1,400—-2,300......... LO¥and!) Sr Omer mere teye 2°500=2;000 s-)el sagt <2 2,000-2,500 of many of these coils. This situation 


A =alkaline soap base B=neutral grease 


Test conditions: 


C =alkaline soap base D=neutral grease 


Strands rubbed with protective hand creams, formed into straight-side test bars, and hot pressed. 


All tests made between two conductors at room conditions (20-30-per-cent relative humidity), and 
after conditioning 48 hours at 70-per-cent relative humidity, and 25 degrees centigrade. 


Test bars were allowed to stand one week before testing. 


were of the alkaline soap-base vanishing- 
cream type. 

One of these soap-base hand creams 
was applied to copper panels which were 
dipped into varnish. The cream tended 
to dissolve in the varnish, thus contami- 
nating it, and to melt and run during the 
baking operation. As a consequence a 
very poor film resulted which suffered a 
75-per-cent decrease in dry dielectric 
strength over a control panel prepared 
clean and free of hand cream. 

On the basis of these data, the hand 
creams used in manufacturing -were 
limited to the types which leave a thin 
film of resin or wax on the hands but 
The use 
of these hand creams is not detrimental to 
insulation if moderation is practiced. 
However, each hand cream used should be 
investigated thoroughly by the engineers 
and industrial-hygiene department before 
its use is authorized. 


/ 


Germicide Additions to Lubrication 
Oils 


An excellent example of the type of 


failures produced by contamination of 


insulation with ionizing materials is 
shown in Figure 4. This was found to be 


due to the addition of a very small per- 


centage (0.4 per cent) of germicide to the 
compound used for lubricating the blocks 
for pressing armature coils to size. Tests 
showed that the addition of one per cent 
of the lubricating compound to the germi- 
cide raised the conductivity of distilled 


_ water by a factor of ten, and the addition 
of one per cent of the germicide raised the 

- conductivity of distilled water by a factor 
of 200. Chemical analysis of the coil- 


insulation and winding material adjacent 
to this failure disclosed no inorganic salts 
chloride, or sulphates). 
The germicide used was of the phenolic 
A phenol coefficient of at least 18 
(Federal Druggists Association method) 
was specified. This is not, however, a 


5 _ measure of- the compound’s conducting 
: properties. 

fia _ pounds are acidic and hence conductors; 

_ organic germicides of this type are chemi- 


However, phenolic-type com- 
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cal relatives of carbolic acid. Insulating 
materials pressed in molds lubricated with 
the compound having germicide were 


found to have high conductivity when 


humidified. The evidence appeared to 
be conclusive that this was the cause 
of the creepage failure shown in Figure 2. 


Motors Operating in Chemical 
Plants 


A more obvious type of failure due to 
chemical contamination occurred in serv- 
ice. A large motor with class-A insula- 
tion was installed in a magnesium plant. 
After eight months service this motor was 
found to have three grounded field coils. 
Scrapings from the windings were ana- 
lyzed by microchemical methods. The 
material was found to be chiefly mag- 
nesium chloride and other hygroscopic 
salts. This contaminant did not deterio- 
rate the varnish film but formed a con- 
ducting path through cracks in the film 
and around the leads into the coil. Mag- 
nesium chloride also will decompose cot- 
ton insulation. 


Adhesives Used in Asbestos Wire 
Insulation 


The adhesive used to bond asbestos 
insulation to wire was found to be the 
cause of certain failures. A casein-type 
glue in water solution had been used. A 


Figure 4. Creepage failure of armature coil 
due to conducting germicide in press lubricant 


was corrected by use of an organic-type 
synthetic adhesive which contained no 
inorganic salts. 


Carbon-Dioxide-Type Fire 
Extinguishers 


Proper construction of varnish tank 
systems should include some fire-control 
device. Frequently fire extinguishers are 
so arranged that they will release auto- 
matically in case of fire. In some cases, 
the extinguishers accidentally will set off 
and spray the surface of the varnish with 
the extinguisher’s contents. Foamite- 
type extinguishers often are used which 
consist of a small container of an inor- 
ganic acid and a larger one of sodium 
carbonate. When mixed, carbon-dioxide 
gas will be formed which propels the mix- 
ture from the extinguisher and sprays the 
varnish with a mixture of electrolytes: 
unreacted acid, unreacted sodium car- 
bonate, carbon dioxide, water,- and the 
sodium salt of the inorganic acid. This 
contaminates the varnish with electro- 
lytes and water, thus lowering its insula- 
tion qualities. Filtration méthods* will 
not remove this type of contaminant. 
The use of this contaminated varnish 
would introduce electrolytes into the 
insulation which would prove as detri- 
mental to the machine as the other types 
of ionizable chemical contaminants al- 
ready discussed. 


Conclusions 

Causes of insulation failures which may 
seem obscure or mysterious may be due to 
chemical contaminations. Chemicals in- 


troduced into the insulation in manufac- 
ture, repair, or service may be of the elec- 
trolytic type and reduce the insulation re- 
sistance and dielectric breakdown of the 
insulation. They may be of a type which 
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A New Outdoor Air Switch and the 


Principles Involved in Its Design 


H. W. GRAYBILL 


MEMBER AIEE 


HE OUTDOOR air switch is a uni- 

versally used device which through 
the years has evolved into a few well- 
known types. Increasing preference has 
been shown for the rotating-insulator 
vertical-break switch, which has become 
almost a standard for outdoor service. A 
new switch of this type is described, and a 
discussion of the problems associated with 
its design is presented. 

It may seem, at first glance, that the 
design of air switches should have been 
reduced to a few simple calculations and 
a few hours’ work on the drawing board. 
As a matter of fact, their correct design 
requires a long period of development, 
including many calculations and labora- 
tory tests. It is a comparatively simple 
task to design a switch that fulfills the 
essential requirements when new, but it 

is much more difficult to design an 
economically practical switch that will 
retain its characteristics after years of use 
outdoors where sun, wind, ice, and dust 
prevail and where corrosion is always at 

work. In the course of development of 

a new outdoor switch, a thorough study 

was made of the basic problems involved 
without regard to existing opinions on the 
subject. A complete review and analysis 

¢ of past and present-day switch designs 
followed to determine the relative merits 
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is harmless when dry and at room tem- 
peratures, but which will become con- 
ducting under high humidity conditions, 
particularly when hot. 
may cause metallic corrosion which pro- 
duces electrolytes, and this tends to 
accelerate failure. Failures due to con- 
taminations may occur in epidemics in 
factory testing or may not occur until the 
machine is in field service. 

PY. Close co-operation between the manu- 
facturing, hygiene, and engineering de- 
partments is necessary tocontrol this prob- 
lem. Each worker should be educated 
in the importance of his operation on the 

final product and the ever-present danger 
that he may introduce dangerous chemi- 
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The contaminant 


cals into insulation from epee 


J. S. FERGUSON 
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and defects of each. This study led to 
new approaches to some of the problems 
including the use of recently developed 
materials. 


Design Problems 


Reduced to its essentials a switch con- 
sists of two terminals, a blade hinged on 
one terminal to open and close the circuit 
between the terminals, a suitable base 
for mounting, and insulation between the 
terminals and ground. Past experience 
with air switches indicates that the con- 
tacts between the blade and the terminals 
are likely to be the chief source of trouble. 
For this reason, the subject of contacts 
must be given first consideration in the 
design of any switch. That there is a 
wide divergence of opinion on the subject 
is shown by the fact that almost every 
known type of contact can be found on 
present-day switches. 

The blade mechanism—that is, the 
means for converting rotation of the 
insulator into the desired blade motion— 
is the second consideration. The type of 
blade mechanism selected is the deter- 
mining factor in the ability of the switch 
to operate with ease under both normal 
and adverse conditions. The choice of a 
mechanism for performing this operation 
is influenced by the type of contacts 
adopted, since certain types of contacts 
require a more elaborate mechanism than 
others, if the switch is to operate easily 
and reliably. 

Fortunately, the insulation no longer 
presents a problem to the outdoor-switch 
designer. As a result of excellent work 


harmless sources. All precautions should 
be taken, particularly in the use of new 
materials, to see that toxicity and irrita- 
tion are eliminated, but not at the expense 
of insulation quality. Hygiene cam- 
paigns should be co-ordinated with insula- 
tion engineering to protect both the 
workers and the apparatus quality. 
Both materials in everyday use and 
those which are new material should 
be investigated thoroughly as possible 
sources of contaminations. Use of chemi- 
cals even for insignificant-appearing jobs 


should be reviewed. Review of soldering 


fluxes, for instance, is essential. 

Changes in manufacturing technique 
should be considered carefully. A small 
change may cause more damage than 
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of standardization committees, electrical 
and mechanical properties of outdoor air 
switch and bus insulators, as well as 
minimum spacings for switch insulators, 
all have been standardized. The result- 
ing advantages to user and manufacturer 
are obvious. 


Contacts 


There are only two major require- 
ments of air-switch contacts: 


1. They must carry their rated current 
without reaching injurious temperatures, 
not only when new, but also after Hy 
years of service. 


2. They must carry without injury the 
maximum short-circuit current of the sys- 
tem to which they are applied, until this 
current is interrupted by a circuit breaker. 
This ability also must be maintained for 
the life of the switch. 


The new disconnecting switch, 
69-kv 600-ampere rating 


Figure 1. 


Low contact resistance is necessary to 
meet both of these requirements. As 
early as 1892! the importance of the total 
pressure in regard to its effect on contact 
resistance was realized. In 1913 F. W. 
Harris? showed that the contact resistance 
varies inversely with the total pressure 
and is substantially independent of the 


more obvious changes. Possible sources 
of chemical introductions into insulation 
should be investigated thoroughly, and 
the harmful effects of this type of con- 
tamination should be kept ever in mind. 
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area. This was confirmed some years 
later by A. R. Enger,’ who found experi- 
mentally that the temperature rise of 
switch contacts was not increased appre- 
ciably by slight misalignment of the blade 
in the switch jaw, since this decreased the 


contact area but increased the unit pres-* 


sure. In 1928 a mathematical relation 
between the contact resistance and the 
total pressure was developed by W. 
Schaelchlin.4 He showed that 


R=cP* 


where R is the contact resistance, c a con- 
stant depending on the material and 
shape of the contact, P the total pressure, 
and k a constant which may have any 
value from 0.5 (if the number of contact 
points remains constant as the pressure 
increases) to 1.0 (if the number of contact 
points increases linearly with the pres- 
sure). 

The shape of contacts is important, 
inasmuch as it affects unit pressure and 
the amount of material immediately ad- 
jacent to the contact. There are three 
general shapes of contacts: plane or sur- 
face contact, as between two planes; 
point contact, as between a sphere and a 
plane; and line contact, as between a 
cylinder and a plane. 

The surface contact when new and 
clean is entirely adequate for both rated 
and fault current. However, because of 
low unit pressure it is extremely sus- 
ceptible to corrosion. While formerly 
widely used on outdoor air switches, the 
surface contact now is used chiefly for 
low-current indoor knife switches. 

The point contact, used to some extent 
in air switches,® meets the requirements 
of high unit pressure and low contact re- 
sistance and is completely adequate for 
carrying rated current. However, under 
fault conditions the small amount of 
metal adjacent to the contact limits the 
rate at which heat is conducted away 
and thereby limits the short-circuit cur- 
rent that can be carried without damage. 

The line contact has found increasing 
use in recent years and has proved very 
satisfactory. B. W. Jones® determined 
experimentally that, with copper con- 
tacts and pressures between 10 and 500 
pounds, one inch of line contact has only 
one half to one third the resistance of a 
surface contact one inch square. This 
results in excellent characteristics under 
normal load currents. The amount of 
material adjacent to a line contact avail- 
able for heat conduction is inherently 
greater than that adjacent to a point 
contact and is, therefore, able to carry the 
heat away from the contact more rapidly 
with the result that much higher fault 
currents can be carried without damage. 
This principle is used widely in the high- 
pressure single-line switch contact and 
the modern medium-pressure, multiple- 
line contact.” ean 

The material for contacts must be se- 
lected on the basis of its resistivity, chemi- 


cal activity, hardness, and annealing 
temperature. The initial contact resist- 
ance varies directly with the resistivity of 
the contact material.2 However, this re- 
sistance tends to increase with age, due to 
the formation of surface films. The base 
metals, such as copper and its alloys, form 
a high-resistance oxide film when exposed 
to air, the rate of oxidation being com- 
paratively low at room temperature, but 
becoming more rapid at elevated tem- 
peratures. The noble metals do not 
oxidize in air, but silver, which is a widely 
used contact material, does react with 
sulphur in the atmosphere to form silver 


CONTACT PRESSURE — PER CENT 
BLADE ROTATION AND BLADE RISE —DEGREES 


+10 0 20 40 #60 80 100 
ANGULAR TRAVEL OF 
ROTATING. INSULATOR —DEGREES 


Figure 2. Curve showing relative motion 
of moving parts 


A—Contact pressure in per cent 
B—Blade rotation in degrees 
C—Blade rise in degrees 


sulphide. However, this film has com- 
paratively low electric resistance, is thin, 
and is easily rubbed off. The high elec- 
tric and thermal conductivity of silver 
make it an ideal material for indoor or 
enclosed locations where a medium-pres- 
sure contact is satisfactory. 

Contacts exposed to the weather must 
meet additional requirements, since dirt, 
dust, and corrosion accumulate more 
rapidly and since there is likelihood of 
ice formation. Here the contact must 
have sufficient pressure to break through 
coatings of ice, dirt, and corrosive films. 
Even in enclosed locations, rubbing ac- 
tion, desirable on silver, is essential on 
copper and its alloys in order to remove 
corrosion from the surface. In high- 
pressure rubbing contacts soft metals, 
such as silver and copper, are subject to 
excessive wear and galling, and harder 
alloys must be used. These alloys must 
not anneal when heated to temperatures 
of several hundred degrees centigrade, 
which may be reached under short-circuit 

‘ conditions. ; 

Both flexible shunts and contacts are 
used on the hinge end of outdoor switches 
at the present time. Shunts are subject 
to oxidation and corrosion, particularly 
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in sulphurous industrial atmospheres, and 
the combination of corrosion and flexing 
may break the fine wires until eventually 
the shunt breaks completely. The same 
conditions that cause rapid deterioration 
of shunts also cause rapid deterioration 
of exposed contacts. At the break jaw 
contacts necessarily must be left exposed. . 
At the hinge connection, however, it is 
not necessary to use either a shunt or an 
exposed contact, since the contacts can be 
completely enclosed, protecting them 
from the elements and, to a great extent, 
from corrosive atmospheres. 


Blade Mechanisms 


There are two chief requirements of 
blade-operating mechanisms: 


1. They must permit easy operation of the 
switch, even after a number of years in 
service with infrequent operation. 


2. They must permit operation of the 
switch when it is covered with ice. 


The effort necessary to operate switches 
is due entirely to friction, except in the 
opening operation on small switches 
where the weight of the blade is not coun- 
terbalanced. The only essential friction 
is that produced by the rubbing motion 
in contacting the switch. This motion 
should be separated from the blade- 
elevating motion and accomplished with 
maximum mechanical advantage. All 
other friction is incidental to switch 
operation and should be reduced to a 
minimum. For this reason, the number 
of pins and bearing points should be as 
small as possible. In normal service wear 
on a disconnecting switch can be neg- 
lected and, without maintenance, its 
life depends on freedom from corrosion of 
bearings and contact surfaces. Even 
though bearings must be made of ma- 
terials that are corrosion resistant, they 
still should be designed with ample clear- 
ances so that corrosion will not cause 
seizing. 

The earliest rotating-insulator vertical- 
break switches were merely hook-stick- 
operated switches with the hook-stick eye 
omitted and with a third rotating insula- 
tor added. A crank at the top of the 
rotating insulator raised and lowered 
the blade. In 1924 Koppitz conceived 
the earliest of the modern dual-motion 
switches. These switches utilize a second 
motion, usually a continuation of the first 
(blade-closing) motion to apply contact 
pressure during or after entry of the blade 
into the break jaw, This contacting mo- 
tion makes use of a much greater me- 
chanical advantage than is available for — 
the blade-closing motion. The dual-— 
motion switch made possible the high- 
pressure switch contact as known today. 

.Contact pressure can be applied in a 
number of ways. 
blade is pushed forward into the break 
contact. In others contact tips are ex- 
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panded by two blade members to engage 
the break jaw. Still others use a flat 
blade tip which is rotated in a resilient 
break jaw to establish contact pressure. 
Though each of these has its advantages, 
it must be kept in mind that each addi- 
tional bearing is one more point to cor- 
rode and stick; each additional link or 
lever is one more part which may break or 
become frozen in ice. The mechanism 
should, therefore, be as simple and con- 
tain just as few moving parts as possible. 


Description of Switch 


The switches designed as a result of 
these studies are unique in their simplicity 
with only three moving parts and one ex- 
posed contact. The 69-kv 600-ampere 
pole unit shown in Figure 1 is typical of 
the line of switches, which are of the 
rotating-blade type. The rotating-blade 
motion was chosen because it permits 
application and release of contact pressure 
at the break jaw with a single blade mem- 
ber and with maximum mechanical ad- 
vantage. It obviates the necessity for a 
number of parallel links at the hinge end, 
and it eliminates the possibility of canti- 
lever stress on the jaw insulator due to 
switch operation, It further permits 
large deflections of the break-jaw in- 
sulator stack due to stresses from con- 
necting lines or busses without affecting 
operation of the switch. 

As the switch is opened, the blade is 
rotated until the contact pressure is fully 
released, then with the contact com- 
pletely free the blade is elevated to the 
open position. In closing the reverse 
sequence is followed. The contacting mo- 
tion is accomplished with high mechanical 


advantage to overcome the high frictional 


forces. After contact pressure is re- 
leased, these forces are no longer present, 
and the blade is raised easily. This com- 
plete release of contact pressure before 
vertical movement of the blade is essen- 
tial for easy operation. The relations be- 
tween insulator rotation, blade rotation, 
and blade rise are shown in Figure 2. 
This ideal sequence of blade motions has 
been accomplished by the use of_inde- 
pendent means for performing the two 
functions. 

The mechanism for obtaining this 
sequence of motions is shown in Figure 3. 


An operating arm, bolted to the top of 


the rotating insulator stack and: pivoted 
in the hinge support, engages two sepa- 
rate parts to give the independent mo- 
tions. The blade-elevating motion is ob- 
tained through the action of the roller 
at the end of the operating arm in a slot 
on the inside surface of the mechanism 
housing. This slot is designed so that 
the portion corresponding to the first 
27.5 degrees of insulator rotation lies on 
the circle traversed by the roller in re- 


volving about the center line of the in- 


sulator stack. The housing and axis of 


the blade therefore remain stationary, 
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while the roller rolls in this portion of the 
slot, rotating the blade only on its own 
axis. The next portion of the slot is in- 
clined so that the blade is accelerated uni- 
formly to its final velocity, which is 
maintained to the full open position by 
uniform rotation of the insulator. 

The contacting motion is accomplished 
through a forked crank rigidly fastened 
to the hinge end of the tubular blade, en- 
gaging the operating arm in such a way 
that rotation of the arm results in rota- 
tion of the blade. The physical relation 
of the arm and the fork is such that one 
degree of movement of the rotating in- 


Figure 3. Early model of the new switch. 

with special cutaway housing, which shows 

the mechanism for operating the blade (hinge 
“contact not shown) 


The tubular blade Bis mounted in the meche- 
nism housing A, free to rotate on its own axis. 
The fork D is part of the blade and rotates 
with it. The housing A rotates about the 
horizontal axis formed by the hinge bearings 
GG. The operating arm C extends through 
the fork D, and a roller at its outer end rolls 
in a groove in the inner surface of the housing 
A. To operate the switch the center insula- 
tor is rotated by turning the lever near the 
base. This rotates the operating arm C, which 
is bolted to the top of the rotating insulator. 
During the first 27.5 degrees of rotation of 
the operating arm, the arm engages the fork 
and rotates the blade to release the contact 
pressure on the jaw at the far end of the 
switch. Then the roller strikes the inclined 
portion of the groove, and, since the roller 


is constrained to revolve in @ horizontal 


plane, the housing is rotated until the blade 
reaches a vertical ‘position 
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sulator twists the’ blade approximately 
two degrees when the blade is within the 
jaws. The rapid initial twisting of the 
blade permits complete disengagement 
of the contacts before the elevating 
movement of the blade begins. Figure 4 
clearly shows the sequence of these mo- 
tions. 

Figure 5 is a top view of the center por- 
tion of the switch indicating the current 
path and showing the general arrange- 
ment of the hinge contacts. One end of 
the internal contact member bears 
against the heavy hinge stud to form a 
self-aligning annular-line contact. The 
other end bears against a machined sur- 
face on the fork to form a straight-line 
contact, which is also self-aligning. Con- 
tact pressure is supplied by a compression 
spring with adequate deflection so that 
the loss of contact pressure would be 
negligible even under the most severe 
conditions of contact wear. The hinge 
stud is threaded in the tie casting and 
locked against turning by a special lock- 
ing washer and lock nut, which maintain 
intimate high-pressure contact at this 
point. 

The mechanism housing completely en- 
closes the hinge contacts and protects 
the moving parts from ice formation, so 
that the switch can be operated readily 
under heavy ice and sleet conditions. 
Furthermore, because the parts are pro- 
tected from sun, rain, dust, and harmful 
atmospheric gasses, corrosion is very 
greatly reduced inside the enclosure, and 
lubrication is unnecessary. 

Troubles due to annealing of work- 
hardened nonferrous materials, such as 
hard copper and phosphor bronze, have 
been eliminated by the use of precipita- 
tion-hardened (heat-treatable) alloys at 
the break contact. The jaw is beryllium 
cobalt copper, a comparatively new but 
already well-known and proved ma- 
terial. Under short-circuit conditions 
beryllium ‘cobalt copper will not be af- 
fected at temperatures which would com- 
pletely anneal work-hardened copper or 
phosphor bronze. This guarantees that 
the hardness of 90 Rockwell B and ten- 
sile strength of 90,000 pounds per square 
inch: will be maintained for the life of the 
switch. As the physical characteristics of 
the material will be unchanged through- 


out the life of the switch, the jaw itself 


is used as the spring member as well as 
the current-carrying part. ‘ 

The formed contact over the flattened 
end of the blade is chromium copper. 
This alloy, developed within the past 
decade, is similar to beryllium cobalt 
copper in that it is also precipitation- 
hardened. Though its strength and 
hardness are not so great, it has an elec- 


tric conductivity 80 per cent that of cop- - 


per, as compared with 45 per cent for 
beryllium cobalt copper. Hence, it is an 
ideal material for contacts in which ex- 


tremes of hardness and deflection are not | 


required. 
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Figure 4. Three views of the switch of 
Figure 3 showing the blade in various positions 


The beryllium—cobalt-copper jaw and 
chromium-—copper contact tip permit 
high-pressure rubbing line contact ca- 
pable of breaking up and wiping away coat- 
ings of dirt or oxide. The break jaw has 
adequate deflection to shatter ice forma- 
tions. The ‘dissimilarity in the contact 
materials assures a minimum of wear and 
eliminates the possibility of galling. 
These factors, together with the non- 
annealing characteristics of the alloys, 
assure that the break contact character- 
istics will remain unchanged after years 
of severe service even under extreme 
climatic or atmospheric conditions. 

Ease of operation has been considered 
essential in the design of these switches. 
The enclosed blade mechanism just de- 
scribed provides high mechanical ad- 


vantage during the contacting operation 
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where friction is greatest. Friction has 
been reduced elsewhere by the use of a 
minimum number of moving parts and 
bearings. The rotating insulator columns 
of switches above 15 kv are equipped 
with either dry-type ball bearings or with 
roller bearings having pressure fittings 
for easy lubrication. In the higher- 
voltage and higher-current ratings, the 


Figure 5. Partial top view of the switch 
showing construction of hinge contacts 


A—Blade E—Current path 
B—Mechanism hous- | F—Spring 

ing G—Internal contact 
C—Operating arm member 
D—Hinge support H—Fork 


switches are provided with springs to 
counterbalance the weight of the blades. 
The springs work on an arm attached to 
the under side of the mechanism housing 
and are mounted within the hinge sup- 
port for complete protection from the 
weather. 


Tests 


In the development of this switch nu- 
merous models were built and subjected 
to tests to check their performance under 
normal and extreme operating conditions. 
Temperature-rise tests were made on all 
ratings to insure that the switches would 
carry their rated current with a tem- 
perature rise of less than 30 degrees 
centigrade. Pole units were operated as 
many as 10,000 times to check wear on 
contacts, bearings, and operating mech-_ 
anism parts. Short-circuit tests were 
made on all ratings to insure that the 
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switch would carry its rated short-circuit 
current without mechanical injury and 
without damage to the contacts. To 
check their ability to operate properly 
under ice and sleet conditions, various 
ratings of switches were operated when 
covered with over a half inch of ice. 
Tests have been made to verify the ef- 
fectiveness of the smooth contours in re- 
ducing corona and radio interference. 
Though flashover and withstand tests 
are considered insulator characteristics, 
60-cycle wet and dry tests and impulse 
tests have been made to check over-all 
switch characteristics. 


Summary 


The new outdoor air switch strikes a new 
note in simplicity, as it has only three 
moving parts. All parts are simple and 
rugged with stresses kept to safe values 
for the materials employed. Hinge con- 
tacts and live parts with relative motion 
are protected from rain, dust, corrosion, 
and ice by a housing having smooth con- 
tours to minimize corona losses and radio 
interference. Critical adjustments and 
alignments have been eliminated. The 
sole exposed contact, at the break end, 
utilizes new materials which can with- 
stand severe overcurrents and years of 
weathering without damage. Because 
of these features the new switch offers 
improved ease of operation and maxi- 
mum reliability under all conditions. 
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Design of Induction-Heating Coils for 


Cylindrical Nonmagnetic Loads 


J.T. VAUGHAN 


ASSOCIATE AIEE 


QUATIONS are presented for the 
calculation of the required number of 
coil turns to match a given power source 
for solenoidal coils with coaxial cylindri- 
cal loads of nonmagnetic materials in 
electromagnetic induction circuits. The 
equations apply to both solid and hollow 
loads. A correction factor is established 
for coil shortness providing the coil length 
is equal to or greater than the coil diame- 
ter. Also given are equations for power 
distribution and impedance values. The 
accuracy of the calculations is sub- 
stantiated by experimental results. 

At the present time induction heating 
of nonmagnetic materials is used in an- 
nealing, forging, brazing, melting, heat- 
ing for shrink-fitting, and other purposes. 


Crepes 


GENERATOR 


CAPACITOR—* 


Cc : 8 
Figure 1. Conventional induction heating cir- 
cuit using motor generator set 


In any application a proper match must 
be obtained between the heating circuit 
and power source. In the case of multi- 
turn coils connected directly to the output 
of a constant-frequency generating de- 
vice, if the coil has too few turns, the 
output voltage is low at the rated output 
current of the generator. Consequently 
rated power output from the generator 
cannot be realized without employing 
some other matching device (transformer 
or series reactor).. If the coil has too 


many turns, at rated generator output, 


voltage, the current is low. To obtain 
the desired match to a given power source 
with a direct connected inductor, a spe- 
cific number of coil turns must be used 
for any given physical dimensions. In 
the past determining the proper number 
of turns has been a cut-and-try process 
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with many users of induction-heating 
equipment. 

Baker! has presented equations for 
calculating the electrical characteristics 
of solenoidal coils with coaxial cylindrical 
loads of nonmagnetic conductors. The 
equations apply with accuracy to solid 
loads where the axial length of the coil is 
large relative to its inside diameter, 

He also gives an equation for the power 
input to hollow cylinders where ‘‘the 
depth of current penetration” is several 
times the wall thickness. The purpose 
of the present paper is as follows: 


1. To extend the range of equations ap- 
plying to solid cylinders, so that accurate re- 
sults may be obtained when the coil has an 
inside diameter of the same order of magni- 
tude as its axial length. 


2. To extend the range of equations apply- 
ing to hollow cylinders so that accurate re- 
sults may be obtained regardless of the 
cylinder wall thickness. 


3. To present the equations in a form such 
that the required number of coil turns may 
be found to match a given power source. 


4, To present tabulated values of experi- 
mental and calculated results over the pro- 


posed application range of these equations. 


Definition of Symbols 


Symbols used in appendixes are defined 
therein. 


A=coil resistance divided by N?, from 
equation 6 

d,= outside diameter of load, inches 

Om =average diameter of load, inches, = 
Ao—te 

B=load resistance divided by N? from 
equations 9, 11, and 13 

b; =inside diameter of inductor coil, inches 

C=internal reactance of coil divided by 
N?, from equation 7 

'D =internal reactance of load divided by 
N?, from equations 10, 12, and 14 

d,=reference depth for inductor, measure 
of current penetration, inches, from 
equation 15 

d,=reference depth for load, measure of 
current penetration, inches, from 
equation 16 ; 


E=air-gap reactance divided by N?, from . 


equation 8 

E,=voltage across capacitor terminals BB, 
volts, from equation 23 

E,=voltage across inductor coil terminals 
AA, volts 

Er=voltage across generator terminals CC, 
volts — 
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Ep=voltage rating of capacitor, volts 
f=frequency cycles per second 
h=radial thickness of inductor coil, inches 
J,=current through inductor coil, am- 
peres, from equation 22 
J;=generator output current, amperes 
K,=coil shortness correction factor, from 
equation 17 
K.=resistance coefficient for thick wall and 
solid rods from Figure 5 
K;=resistance coefficient for thin-wall rods 
from Table I 
K,4=reactance coefficient for thin-wall rods 
from Table IT 
Ks;=Nagaoka’s constant? from Figure 4 
L=axial length of inductor coil, inches 
N=total turns in inductor 
n=efficiency of power conversion through 
inductor to load, from equation 20 
P4=power dissipated in transmission line 
resistance R , in watts, from equation 24 
P,=power input to inductor coil and load in 
watts 
P,=power dissipated in load in watts, from 
equation 19 
Py=total power input at capacitor ter- 
minals in watts, from equation 25 
pi=resistivity of conductor material in in- 
ductor, ohms inches 
p2=resistivity of load material, ohms, 
inches 
s=space factor of inductor coil 
t;=wall thickness of conductor in coil in 
inches 
te =wall thickness of load in inches 
Ra=resistance of transmission line from 
capacitor terminals BB to coil ter- 
minals 4A in ohms 
Rpy=resistance of inductor coil itself in 
ohms, from equation 1 
R,=resistance of load as reflected in induc- 
tor coil in ohms, from equation 2 
, W=axial width of conductor in inductor 
coil in inches 
X4=reactance of transmission line from ca- 
pacitor terminals BB to coil terminals 
AA in ohms 


_ X,=reactance due to flux in air gap be- 


tween coil and load in ohms, from 
equation 5 

Xy=reactance due to flux between inside 
and outside radius of inductor coil in 
ohms, from equation 3 

X,=reactance due to flux within the load 
as reflected in inductor coil in ohms, 
from equation 4 


Circuit Description 


‘The conventional induction-heating 
circuit used with rotating generators is 
shown in Figure 1. The purpose of the 
capacitor is to adjust the power factor 
of the generator load as viewed from 
terminals CC to approximately unity. | 
The power factor as viewed from ter- 
minals AA may be considerably in the 
lag. Adjusting the capacitor to a value 
such that load power factor as viewed 
from the generator terminals is unity, 
results in a higher current J; flowing 
through the coil circuit than the generator 
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output current Ip, allowing a given load 
power dissipation at minimum generator 
output current for a given generator 
terminal voltage. 


The circuit from capacitor terminals 
through load is resolved as shown in 
Figure 2 when the intercircuit capaci- 
tance is negligible, as it generally is for 
induction-heating circuits of 15,000 cycles 
or below. The power accomplishing the 
load heating is dissipated in R,. The 
power dissipated in Ry, the transmission- 
line resistance, and R,, the inductor-coil 
resistance, should be kept as low as pos- 
sible for most efficient heating. The 
power dissipated in the capacitor is gen- 
erally negligible. 

The physical detail of an induction- 
heating circuit consisting of a solenoidal 
coil and coaxial cylindrical load is shown 
in Figure 3. The inductor is shown as a 
single-layer solenoid wound with a 
tubular conductor of rectangular shape. 
A multilayer coil could be used but would 


result in less efficient power transfer to 
the load. The conductor is made tubular 
to permit the flow of a coolant to carry 
away the heat dissipated in the coil. A 
round conductor could be used but gener- 
ally results in a somewhat less efficient 
heating circuit. 

In the inductor-coil circuit, the values 
Rey pine a) Man hllndne determine the 
power dissipated for a given value of 
E,. For given coil and load dimensions 
these values may be adjusted to obtain 
the desired power by changing the num- 
ber of turns in the inductor. 


Circuit Equations and Their 
Limitations 


EQUATIONS 

For derivations of the equations which 
follow see references 1 or 5 for the im- 
pedance values of solid cylinders, Ap- 
pendix I for the impedance of hollow 
loads, and Appendix II for coil shortness 
correction factor. 


‘Table |. Resistance Coefficient, K; 


Impedance values in coil circuit in 
ohms are 


R,=N?A (1) 
Ree Nele (2) 
pac (3) 
X,=N°2D (4) 
Xo=N'E (S) 
where 
Sip 2 1 
A=—| -+- 6) 
Le, its ( 
3.1491) 
ds P11 (7) 
sLd, 
: b } oe: 2 = 
wale 7fh( 1 Qo )K410 (8) 


L 


Equations 9 and 10 are used to determine 
B and D for solid rods. For hollow rods 
the equations used to determine B and D 
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depend on the relation t,/d, and are as 
follows: 


For hollow rods where t,/d. = 2.0 
and for solid rods 


~ 3.14.0, Koki? 
Ld, 


B (9) 


pad:ldentoK? 


ie (10) 


For hollow rods where 0.5 SX f2/d. < 2.0 
_3.14p20mKi* Ks 


B 
ia: ee 
3.14p2a,K 2K 
Te p2doK °K, (12) 
Ld, 
For hollow rods where f2/d2 < 0.5 
2s 
LS [Oe LO = 
vas 7 fam 1 1 Amt (13) 
IG 4d.4 
Om 7te* 
pate: tfam*Ki210-8 [ ao? 1 
eS 3 Amn? 4do* | (14) 
Cmte” 


The following equations are for deter- 
mining values for use with the proceeding 
equations: 


d,; =3,160 ¥" (15) 
sf 

d, =3,160 \2 (16) 
f 
ao ao 

Kak, (1%) +8 (17) 


The required number of coil turns to ob- 
tain given power P, at given voltage E;, 
are 


N=EA A+B 
~ "NP, [(A+B)?+(C+D+E)?*] 


Power dissipated in load, P, in watts, is 


B 
Bel geah 


(18) 


(19) 


Efficiency of power conversion through 
inductor to load is 
B 
a 
ALB (20) 


Capacitor rating for unity power factor 
at capacitor-terminal input is 


(Pr+Pa)ER? 
1,000E,? 
(C+D+E)N?+Xa 
(A+B) N?+Ra 


kvaratea = 


(21) 


Current through inductor coil, J,;, 
amperes is 


Ey, 
Pe 
NV A+B(CHD+E 
Capacitor voltage, E,, volts is 
E=I [N7(A+B)+Ra]?+ 
Sid [N2(C+D+E)+Xa}? 
(23) 


Power dissipated in transmission line, 
Pin watts is 


Py=1,?R4” (24) 

Total power input at capacitor termi- 
nals (neglecting power loss in capacitor), 
Pr in watts, is 


Pr=Py+Pa (25) 


LIMITATIONS 


For an accuracy of + ten per cent 
the foregoing equations will apply in 
the range of the following limitations: 


1. Single-layer solenoidal coil wound with 
rectangular conductor. 


2. Cylindrical load telescoped in coil, co- 
axial with coil. 


3. Length of load equal to or greater than 
length of coil with ends of load flush with 
ends of coil or extending out of ends of coil. 


4. Ratio of inside diameter of coil to length 
by if 16, < 02 ¥ 

5. Ratio of coil thickness to length h/LS 
0.07. 


6. Ratio of conductor wall thickness to 
inductor reference dimension t/d,; 21.35. 


7. Inductor-coil space factor 20.70. 


8. Permeability of coil and load material 
relative to a vacuum =1.0. 


9. Ratio of inside diameter of coil to 
reference dimension of coil b/d, 23.5. 


10. Ratio of outside diameter of load to 
reference dimension of load a,/d,=2.0. 


11, Intercircuit capacitance negligible. 


Coil Design and Use of 
Equations 


PHYSICAL DIMENSIONS 


The length and diameter of the in- 
ductor coil are determined by the di- 
mensions of the piece to be heated, the 
heat pattern desired, and the allowable 
clearance between inside of coil and out- 
side of load. For a heating operation in 
which the piece or pieces of metal to be 
heated are fed continuously through the 
inductor, the length of the coil is deter- 
mined by whether surface heating or 
through heating is desired and the 
amount of power utilized. For surface 
heating the coil is made short to realize 
high power densities, whereas for through 
heating a relatively long coil gives more 
satisfactory results. To minimize coil 
I?R loss and required kilovolt-amperes 
of condenser, the inside diameter of the 
coil should be kept as small as possible. 
However, in the case of multiturn coils 
with a substantial potential difference be- 
tween one end of the coil and the other, 
sufficient space must be allowed for an 
insulation coating between conductor 
and load piece, in addition to the neces-. 
sary mechanical clearance. Also allow- 
ance must be made for expansion of the 
load when heated. The diameter of the 
load used in calculation should corre- 
spond to that at the particular load-ma- 
terial temperature used for load-resistiv- 
ity determination. 

The conductor wall thickness should 
be equal to or greater than 1.35 d, (d; is 
measure of current penetration) for effi- 


Table Ill. Calculated Impedance Values Versus Experimental Results for Solenoidal Coils With Coaxial Cylindrical Loads of Nonmagnetic Ma- 


terials at 10,000 Cycles Per Second* 


Case l 2 3 4 5 6 7 8 9 10 
Resistivity, p1, microhm, inches....... O73 wee OFZ 0,73 0.73 ..0.76 .0.76 ..0.76 0.76 -0.76 
Total Bete POR rivets oidpoe.0: 2 (ueteKe.s\= TOiec ce 10 Seal Overer te lO er sagt | LOM erm 20 1 LOM eaia 20 YAM one P40) 
Inside diameter, bi, inches.........-- BERT AaO10! TO LO1Ol ye OLOl Lb vs. OLOMas 127. 1 lols amen knee ae Sees 
In PACES Jom -10.214 01 Baer a ate O 0. .3.0 .3.0 3.0 5.95 »5.95 3..0.95 A ..5. 
Lge ee bet} opsgperid (Width, W. ideas ALaBia 8 0.252 ...0.252 ...0.252 ...0.252 ...0.252 ...0.248 ...0.248 ...0.248 0.248 ...0.248 
Conductor { Height, h, inches....... 0.252 ...0.252 ...0.252 ...0.252 ...0.252 ...0.248 ...0.248 ...0.248 ...0.248 ...0.248 
Wall, t1,inches......... 0.042 ...0.042 ...0.042 ...0.042 ...0.042 ...0.044 ...0.044 ...0.044 ...0.044 ...0.044 
IMarterialcmiee cis eicrlereinin tleveicte «tied +0 0/6 Copper... Brass . 18-8 ...18-8 yls-S . 18-8 .... 18-8 ... 18-8 te ae 
Resistivity, p2, microhm, inches....... O75 2 2O8. BL Bi 20.9 ee 28 ei LOR O ral PO AO te eO id, hae ele ao oO. 
ree ee ic ay inches Wie stoi te el 66 2.500 ...2.600 ...2.500 ...1.006, ...1.001 ./21.005 5.215001 ,2...1.000 . 0,625 . 0.375 
Wall, fo, inches. ........eeeesseseees 0.131 ...0.034 0.133 0.185 ...0.061 .0.135 0.061 Solid Solid Solid 
Coil resistance. Calculated..... 0.0094...0.0094...0.0093...0.0094...0.0094...0.0074...0.0074...0.0074 0.0074...0.0074 
Rp $4 t Sltsedeed _..,.0.0091...0.0090...0.0090...0.0095...0.0093...0.0073...0.0073...0 0073 Pacdee neeoes 
i Jeulated..... 0.0057. ..0.0169...0.0485...0.0099...0.0122...0.0872...0.045 0.0290 .0 3 
ees eae 78 a hat ae Pro cast 0.0056. ..0.0162...0.0465...0.0102...0.0121...0.0360...0.045 0.0280. ..0.0132...0.0029 
eilige Total reactance, Calculated..... 0.148 ...0.148 0.170 0.328 ...0.333 0.071 0.090 ,..0.0702...0.115 0.130 
XptXst+Xo hae Pekar 0.144 ...0.1438 0.165 0.316 ...0.326 0.0756...0.095 0.0755...0.119 0.133 
Load reference dimension is Aa o Ba colsestaud co Sica ee Hs ORONO 0 0.0274...0.0518...0.177 0.173 ...0.170 0.170 0.167 0.171 0.169 0.174 
a nue AE 58 4.78 0.657 0.75 0.78 ...0.359 0.795 0.365 


Ratio, t2/d2 2.12. ecee cece etree ceees Meine tice ttieiaie-s 


* For further details see text. 
\' 
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cient heating. Generally, if the wall 
thickness is made less than 1.35 d,, the 
coil losses will be increased. 


LoapD RESISTIVITY p2 


The resistivity of load material may 
vary considerably during the heat cycle. 
If the heat operation is of the continuous 
type, the required turns may be based on 
average values of load resistivity and out- 


CAPACITOR 


Figure 2. Equivalent electric circuit from ca- 
pacitor through load 


side diameter. If the load remains fixed 
in the coil during heating, separate cal- 
culations should be made for maximum 
and minitnum temperature conditions. 
When the generator is to be loaded to its 
rated power output, then the greatest 
number of turns obtained should be used. 
This allows rated generator output at 
one end of the heat cycle without exceed- 
ing the generator rating at the other end 
of the heat cycle. 


CoNnpDUCTOR RESISTIVITY p; AND COIL 
SPACE FACTOR 


The coil resistivity used in calculation 
should correspond to that at the actual 
operating temperature of the coil con- 
ductor. In determining the required 
turns it is necessary to assume some 
value of space factor. After the turns 
are calculated, a check should be made to 
find if the assumed space factor can be 
realized with available tubing. If not, a 
new calculation should be made on the 
basis of the obtainable space factor. 
Over the range of the prescribed limita- 
tions, greatest efficiency is obtained by 
making the space factor as close to unity 
as possible. In the case of multiturn 


_ coils with sufficient insulation for terminal 
voltages of 800 volts or less at 15,000 
cycles or below, it is generally possible 
to realize a space factor of 0.80. 


/ 


SELECTION OF FREQUENCY AND POWER 
REQUIREMENT 


When the required power input to the 
load piece (based on past experience or a 
complete thermal calculation) is known, 
the necessary power input to the coil to 
produce this load power is found by divid- 
ing load power by efficiency of power 
conversion. This efficiency is given as 
follows when the appropriate expressions 
for A and B are substituted in equation 
20: 


a 1 

ie 1 Pi by dy 1 

SKy? pz Go di’ Ke 

t 
(sot loads or # 220)(26 
2 

1 

clei baiode at 


sK,? p2 Im d,! K; 


ts 
(nottow loads 0:5 < #<20) (27) 
2 
1 
aon i p by dy to 4d,3 - 
1 
1+— = | + 

Sha? p2 Im d, dy Om *te 


t 
(nottow loads *<05) (28) 
2 


where 


dy 


ne 
Mateo, 


For most applications of induction 
heating the reference depth of the coil 
d, is small compared to the coil diameter 
b,. Therefore d;’, is approximately equal 
to d,, and for this condition the ratio of 
d,/d,’ is nearly constant as frequency is 
varied. The only quantities which 
change appreciably with frequency in 
equations 26, 27, and 28, are Ke, K3, and 
the expression in brackets respectively. 
Inspection and comparison of these 
equations will show: | 


(a). Where equation 26 applies power con- 
version efficiency increases with K. and 
therefore frequency (see Figure 5). In an 
analysis of efficiency and kilovolt-ampere 
requirements Stansel has advocated the use 
of frequencies at least sufficient to make? 


(29) 


coil and load 
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Figure 3. Inductor 


He points out, however, that there is no 
objection to higher frequencies, if economic 
factors warrant their use. 


(b). Where equation 27 applies, power- 
conversion efficiency increases with K3. 


(c). Where equation 28 applies, power-con- 
version efficiency increases as the bracket 
expression decreases. 

(d). Comparison of equations 26 and 27 
and reference to Table I will show that for 
hollow loads with wall thicknesses less than 
0.13 of the outside diameter greatest elec- 
tric efficiency is realized by selecting a fre- 
quency to make K; maximum or to make the 
bracket expression of equation 28 minimum. 
This frequency is given approximately by . 


_ 34.6X 10°p2 


Amb 


(30) 


This is the frequency for minimum value of 
the bracket expression in equation 28 and 
corresponds very closely to the frequency 
for maximum K;3. 


Com VoLTaAcGE E, 


The transmission-line impedance be- 
tween capacitors and coil terminals should 
be kept relatively small for efficient power 
transmission. The effect of this im- 
pedance is to reduce the voltage E;, across 
coil terminals with respect to capacitor 
voltage E,. In the solution of the fore- 
going equation for coil turns, E; may be 
assumed to be equal to 0.9 #,; then it 
usually will be economically feasible to 
design a transmission line to meet or 
better this condition. 


Calculated Impedance Values 
Versus Experimental Results 


In Table III a portion of the experi- 
mental results obtained is compared to 
calculated values in order to substantiate 
the use of equations 1 through 25 over 
the proposed range of limitations. All 
data given in Table III were obtained at 


10,000 cycles per second (0.5 per cent) ~ 


with sinusoidal voltages and currents. 
All loads used in obtaining the data in 
this table were 18 inches long, located 
coaxial with the inductor, and extended 
through the inductor, so that ends of load 
were either flush with ends of coil or ex- 
tending out of ends of coil. With the load 
extending out of both ends of the coil and 
then moved axially through the coil no 
change in impedance values was obtained 
up to the point where one end of the load 


was flush with the end of the coil. How- ~ 


ever, with further axial movement, such 
that the load did not extend fully through 
the coil, the impedance values changed. 
This condition of the load not extending 
fully through the coil represents a sepa- 
rate problem and is not considered in this 
paper. 

Experimental impedance values were 
arrived at from voltage and current 
measurements made with thermocouple- 
type instruments. For this purpose the 
primary of the current transformer was 
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ats 


‘ Figure 4. Nagaoka’s constant K5 


connected in series with the inductor coil 
(Figure 1), and the voltmeter was con- 
nected across AA. The total generator 
output was measured by a wattmeter 
connected at CC. This wattmeter was 


ments for unity power-factor loads. The 
capacitor BB was adjusted so that the 
reactive volt-amperes measured at CC 
were negligible. 
was obtained by subtracting power losses 
in condenser and connectors from the 
z generator output. These losses never 
. exceeded 10 per cent of the output of 
i : the generator. 
_-_-Where hollow loads were used, primary 
4 and secondary resistances were measured 
calorimetrically. Cooling water was cir- 
culated through the load and coil. Power 
dissipation was obtained by flow tempera- 
ture-rise methods. Measured generator 
output less capacitor and connector 
losses was found to agree within +3 per 
cent with measured power to the cooling 
_water. In making resistance measure- 
ments where solid loads were used it was 
observed that: 


_ 1. Such loads could not be held at a con- 
stant low temperature, unless a surrounding 
water jacket were provided. This would 
make it impossible to separate coil and load 
losses where the air gap was small. 


* 


fore impracticable. However, the accuracy 
of the electrically determined input to the 


- with hollow loads. 


8. For the particular coil used in cases 6 

to 10 (Table III) experiments with hollow 
- loads had demonstrated that the nature of 
- the load had little effect upon the resistance 


ee 


watts to the coil. R, then was found by sub- 
 tracting the value of Rp meastired for hol- 
— low loads. _ ; 
The operating temperature of the load was 
determined by averaging thermocouple 
measurements over the conducting volume. 
ee The F 
me 


ed with a Kelvin bridge. The test 


* pe Jatt: 


calibrated against thermocouple instru-_ 


The input to the coil - 


2. Direct calorimetric methods were there- _ 


coil had been substantiated by experiments _ 


of the coil. Therefore, the total resistance 
of the coil with load inserted, Rp+Rs, was. 
obtained from the electrically measured. 


esistivity at this temperature was : 


sample was an open ring cut from a cylin- 
drical section of the load. The ring was 
heated to the desired temperature in an 
oven, 


Conclusions 


1. The proposed equations apply over the 
given range of limitations with sufficient 
accuracy for calculating inductor coils for 
induction heating of nonmagnetic cylinders. 


2. For hollow cylindrical loads with wall 
thicknesses less than 0.18 of outside diame- 
ter a definite frequency exists at which 
maximum power-conversion efficiency is ob- 
tained (see equation 30). 


38. It is important to remember that the 
voltage across the coil is not necessarily 
equal to the generator output voltage due 
to the effect of transmission lines. 


Appendix |. Expressions for 


Impedance—Hollow Loads 


Units 


Identical definitions apply to quantities 
previously defined, except that units in 
Appendix I are in the absolute or centimeter- 
gram-second electromagnetic system. 

Consider a long solenoidal coil AA 
(Figure 1) wound closely about its load. 
The flux density on the outside of the load 
or in the air gap is 


ease 
a4 > Ty 


Load With Wall Thickness Small Relative 
to Reference Depth 


(31) 


At any given time current density in the 
load may be assumed constant. Therefore, 
concentrated circuit theory applies. 

‘Let : 


R,=resistance of load 


a p2 abohms 


r 


X_=reactance of load 


=2nf (=\E ont) abohms 


Xy=mutual reactance between load and 
col 
= NX, abohms 
d,=reference depth 


Po ; 
7 centimeters 


The primary impedance associated with 
secondary current flux is: ~ 


Xut_ 2rtaGNY 1 


——— 


Ve Oh ae Rs 


\ 


_ Qarta2N2F 
L ~ 
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The primary impedance associated with pri- 
mary current flux inside the load is: 


Adding, the total primary impedance due to 
flux inside the load gives: 


RES 
2 8dm2N7f| X_ ~ 
RE | 
ib Re! Am? 
Xa? 
where 
Re p2 2d,? 
= (33) 


Xo a 20 dmfte a Ambo 


When one converts this to the ohm-inch 
system and separates into real and imagi- 
nary parts, equations 2 and 4 are obtained, 
Band D being given by equations 13 and 14. 
(Under the assumptions of Appendix I, 
Ky is unity.) 


Loads of Intermediate Wall Thickness 


The current density in the load is neither 
constant at any given time nor the same as 
for a solid load, at the same depth beneath 
the surface. Let 


4=rms current density in abamperes per 
cm? 

@=rms flux in maxwells 
AH =flux density in lines per cm? 

r = distance from axis of load in centimeters 
k=2nV/ 2f/p2 

x=WV jkr 
o and J refer to outside and inside of load 
(except where subscript 0 denotes a Bessel 
function of zero order) 


%m=1/2(t1+7o) centimeters 


Consider an element of inside radius f, 
outside radius r+dr, and unit, length, and 
apply Ohm’s law. Then 
2rp2ri+j2nfe =0 (35) 


The rate at which flux density changes with 
radius is 


et : 6 
dr Art (36) 
By definition 

b=2n J, rHdr (37) 


Figure 5. Load-resistance coefficient K2 


a 
Values of Ky for ~>15 


d» 
— 
ao 2 
a Ke 
BOs awhitatain aloe Sasteines 0.97 
1OOPM amie chun’ coenes 0.99 
OLate eps lopovatal sliutelte si cvm 1.0 
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Differentiating equation 35 with respect to 
y and making use of equations 36 and 37 
gives 


—jk?H =0 (38) 


@H 1dH 
dr? + dr 
Equation 38 is a standard form of Bessel’s 
equation of zero order.‘ The general solu- 


tion is 
H= Cox) + CoKo(x) 


Where Jo(x) and Koi) are modified Bessel 
functions of zero order, of the first and 
second kinds. Substituting the boundary 
conditions for the inside radius into equation 
35 and making use of equation 36 


(39) 


Von ate C,=0 (40) 
where 
: Pax’, Ae 
Vx) = moe To! (x) +320? fr7Lo(x) 
(41) 


PX : : 

$(x) = Si Ko! (x) +3201? Ko) 

Inserting the boundary conditions for the 
outside radius into equation 39 gives 
Hg =I (x0) Cit Ko(xo) C2 (42) 


Solving equations 40 and 42 for C, and C2 
and substituting into equation 39 gives 


Tee eli K, 
re ee H, (43) 
1—m_Lo(x0) Ko(xo) 
where 
K 
oe _Y¥ xn) 0(xo) (44) 
(x1) L0(xo0) 
The total flux inside the rod is 
 @y=arptHy ton JS 1 rHdr (45) 


Integrating Ij) and Ko(x) 

y? te 
S Hor == I0' Go S'1Kogydr = Ko’ (x) 
Therefore, from equations 43 and 45 
ToGa) (:- 2 en) 
Ty (x0) x1 Tox) 
Roa) (1-20) ]y 

Ko (x0) x1 Ko x) 


1 2a? thy, ¢ 
aaTo al 0 (xo) 2 Ko = (46) 
1—m Xp To (x0) Ko (x0) 


i 
b= ar PH 
1-—m 


From equations 41 and 44 


2 
Kove) Lo (x2) ——Ip' (x1) 
gn 200), __X1__ (47) 


. To (x0) 2 
: Ko(xn eet) 
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Therefore the first expression in brackets 
in equation 46 vanishes, leaving 


_ 2nro’Ho 1 |e@ —m ve) 
I (x0) Ko (x0) 


@ = . 
4 xo 1—m 


(48) 


The flux density at the outside of the load 
with unit current in the coil is 4aN/L.. The 
impedance of the coil associated with flux 
inside the load is j72xfN times the corre- 
sponding ®,, or 


16n3fN2ro? 1 


Ree epee fea x 
stjX s=J ise ‘Pie , 
Ee ine * | (40) 
Ty (x0) Ko (xo) , 


For sufficiently high values of x the following 
approximations may be made: 


it ex Ep 
iG) == — Ko) = Lee — (50) 
Van Vx 2 x/% 


Therefore: 


ay aa 
) 2x 
o(x (51) 
K,’ 1 
a 1—-—=-1 
Ko) 2x 
Also, from equation 47 
me e72(xo— xa) ( -*) (52) 
Xr 


Substituting equations 51 and 52 into equa- 
tion 49 and dropping terms in 1/xrin the 
numerator gives 
161°f.N2r,? S 
LXo 
Le 2(xo— x2) 
i ~e- sexi = *) (53) 


XI 


RstjXs =j 


For loads with thin walls, equation 53 
should agree with equation 32. Due to the 
approximations introduced by equations 51 
and 52, this condition is more nearly satis- 
fied if 4/x, in the denominator is replaced by 
4/xo+4t/ro. An improvement in accuracy 
also results from the use of a correction fac- 
tor 7,,/ro for R;. After these changes are 
made, equation 53 may be expressed 


? TA op2N? 
K, X= K. 
3 s Ld 4 


_ TQmp2N? 
MP a P 


(54) 


where K; and K, are, respectively, the real 
and imaginary parts of 


: (55) 
A) = 
Na ~1+%:(+ i241) 
a 2 


+ 
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Appendix Il. Correction for Coil 
Shortness 


1. The theoretical relations derived in 
Appendix I assume an inductor coil and load 
of dimensions such that the reluctance of 
the return magnetic path outside the coil is 
negligible in relation to that of the magnetic 
path between the coil and load. Under these 
conditions it can be shown easily by 
Ampere’s integral law that the magnetic 
intensity, H, within the air gap is the same 
as would exist in an infinitely long coil with 
the same number of ampere turns per unit 
length. Therefore, no coil-shortness correc- 
tion is required if the air-gap area is suffi- 
ciently small. 


2. If the air-gap area amounts to prac- 
tically the entire area inside the coil (that 
is, if the space taken up by the load is 


negligible) the air-gap reactance is: 
GROG 


where X,’ is the air-gap reactance which 
would be calculated by neglecting the re- 
duction in flux density due to coil shortness, 
and K; is Nagaoka’s constant.? 


3. The correction introduced in case 2 
involves a reduction of (1—K;) of X,’. The 
correction required in case 1 is zero. In 
intermediate cases it appears reasonable to 
subtract (air-gap area+total area of coil) 
(1—K;) of X,’. This gives 


xe=Xo[ 1-(1-22)a—xo | | 


= Kerkge 


where K, is defined by equation 17. 

While X, is directly proportional to the 
air-gap flux density, H,, the J?R loss and 
time rate of change of magnetic energy in 
the load are proportional to H,?. Therefore, 
a coil-shortness correction of K,? is required 
for R; and Xs. . 
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A Tachometer—Accelerometer—Vibrom- 


eter for Instrument-Gyroscope Testing 


R. M. LAURENSON 


NONMEMBER AIEE 


Synopsis: This paper gives an account of 
the development, operating principles, and 
use of a possibly unique instrument that 
has been and is of considerable value on 
instrument-gyroscope manufacturing and 
repair production lines. It is used to 
indicate gyroscope-rotor speed when the 
rotor is brought up to 1,000 rpm for bearing 
adjustment. Then, by the turn of a switch, 
the instrument indicates the rate of de- 
celeration as the bearing is adjusted, thus 
permitting accurate adjustment of bearing 
pressures. A third position of the same 
selector switch gives tachometer operation 
up to 15,000 rpm for vibration tests. Ex- 
cessive vibration is indicated visibly and 
audibly through another amplifier, inde- 
pendently of the selector-switch position. 


N the manufacture of gyroscopic in- 

struments for aircraft it has in the past 
been the practice to adjust the contact 
pressure of the ball bearings on which the 
rotor turns to a satisfactory working value 
by acoast test. At the point in assembly 
procedure at which this adjustment is to 
be made, the rotor is enclosed in a hous- 
ing (in thé case of the horizon gyroscopef 
as shown in Figure 1. The coast test was 
made by running the gyroscope up to 
substantially normal revolutions per min- 
ute as indicated by applied air pressure 
(occasionally checked by Strobotac), 
turning the air off, and measuring the 
coast time. This coast time was re- 
quired to be between 8.5 and 13.5 min- 
utes. This seems like a rather wide 
tolerance and in fact it was, but in spite 
of this it sometimes required several trials 
to get a proper adjustment. 

A further objection to setting the bear- 
ings by clocking the coast times was the 
fact that rejections from the operation 
frequently ran as high as 50 per cent. As 
there were a number of other operations 
in the manufacture of gyroscopes that 
resulted in 50 per cent rejections this one 
did not seem outstandingly bad. Since’ 
some of the rejections were definitely 
caused by the burning or battering of the 


’ bearing surfaces by running at full speed 
with the rotor too tight or too loose, it 


seemed possible to improve the process 
by making the coast test from a lower 
speed. 


Paper 45-105, recommended by the AIEE com- 
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publication in AIEE TRANSACTIONS. Manuscript 
submitted December 4, 1944; made available. for 
printing May 3, 1945. 
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At lower speeds (as determined by 
operating air pressure) coast time was not 
a reliable measure of bearing pressure, 
evidently because the starting speed was 
not determined accurately. It was pro- 
posed that equipment be developed to 
measure the speed of the coasting rotor 
by determining the frequency of the tone 
generated by the buckets after the air 
supply had been shut off; two such meas- 
urements a minute apart would give an 
accurate measure of bearing pressure and 
save a great deal of time in making ad- 
justments. This development resulted in 
a workable device, but it was subject to 
the disadvantages of a low sound level at 
low speeds and standing waves at high 
speeds. 

A workable photoelectric system was 
also produced, using a photoelectric tube, 
amplifier, synchronous motor, and ta- 
chometer; a stroboscopic pattern on the 
rotor was visible through holes in the end 
of the casing (see Figure 1). There were 
objections to any method which required 
that the rotor of the horizon gyroscope be 
exposed. In the completed instrument 
the holes in the rotor housing were 
covered by-a cap secured to the housing 
by four screws. Some manufacturers 
made bearing adjustments with a ring 
assembled to the housing in an attempt to 
reproduce any distortion of the case that 
would be caused ‘by the final assembly 
with the cap, and thus eliminate the effect 
of this distortion on bearing adjustment. 

Another possible solution to the prob- 
lem was suggested by a hole in the rotor 
housing, intended eventually for the cag- 
ing screw (filled during the coast test 
with a plug) through which a probe could 


Figure 1. Bottom 
view of gyroscope- 
rotor assembly cut 


buckets and elec- 
trostatic probe 
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readily be brought up close to the rotor 
buckets. By energizing this probe with 
several hundred volts of direct current 
through about two megohms resistance, 
the variation in electrostatic capacitance 
between the probe and the buckets as 
the rotor turned would cause a variation 
in the potential of the probe that could 
be impressed on the grid of an amplifier 
tube. This voltage variation was ampli- 
fied, divided down in frequency! to the 
range of the synchronous motor and 
amplified further to run the motor; a 
tachometer driven by this motor was, in 
effect, geared to the gyroscope rotor. 


First Acceleration-Measuring 
Model 


Because it was the rate of change of 
rotor speed that was to be measured, and 
as there are a number of electric devices 
which are by their very nature such that 
they give a time differential, it seemed 
logical to measure this differential di- 
rectly instead of measuring the speed at 
the beginning and end of a time interval. 

It seemed desirable to start the coast at 
about 1,000 rpm, which would correspond 
to 60 cycles or 1,800 rpm for the syn-~ 
chronous motor to be used, and would 
allow over one minute of adjusting time 
before the speed dropped 50 per cent. 
The operation of the synchronous motor 
with the previously developed amplifier 
circuit was not reliable below 30 cycles. 
With a voltage change of two volts per 
minute from a standard tachometer mag- 
neto and with appropriate meters (which 
were not available), a meter—capacitor 
circuit would have given adequate results 
but there would have been something of a 
problem of adequately protecting the 
meter from severe overcurrents due to 
rapid speed changes. 

Some 0-500 microammeters were avail- 
able so an amplifier circuit was designed — 
around these meters, and arranged to 
give a more expanded coast-time scale 
than would have been available with the 
direct-measurement system. 
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Figure 2. Front view of gyroscope test unit 


This instrument is a combination tachometer, 
accelerometer, and vibrometer 


Figure 3. Chassis of gyroscope test unit 
showing calibration adjustments and test 
jacks 


This apparatus was developed and 
tested quite thoroughly. It was found 
practicable to set the coast time to 
within 0.5 minute of any desired value, 
and in the case of the horizon gyroscope 
this could be done in an over-all time of 
5 less than two minutes per instrument. 
‘ Since the gyroscope was not run above 

1,000 rpm until the bearings were prop- 
- etly adjusted it seemed reasonable to be- 
lieve that the only rejections from such 
an operation would be those due to de- 
fective bearings. As nearly as it could be 


Figure 4. Schematic circuit diagram of 
tachometer—accelerometer circuits 
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Figure 5., View of 

completion of bear- 

ing adjustment by 
coast test 


BEARING _ 


determined, the maximum error in de- 
celeration measurements with this equip- 
ment was about 1.5 per cent. There was 
no error between the gyroscope and the 
synchronous motor, and the principle 
subsequent error was due to the voltage 
change on the regulated side of a constant- 
voltage transformer. See appendix for 
details of test method. 

These results were so encouraging that 
it seemed certainly worthwhile to make 
some additional units, but it was found 
that certain items required a year for 
delivery. It was, therefore, decided to 
continue the development in order to 
eliminate the scarce items and reduce the 
size of the apparatus. 


Final Model, Tachometer, 
Accelerometer, Vibrometer 


It was found possible to obtain a pul- 
sating unidirectional voltage having an 
average value that was linearly related 
to the speed of gyro rotor from an ap- 
propriate vacuum-tube circuit. Most of 
the pulsation was smoothed out in a 
resistance-capacitance filter, and the 
differentiating accomplished in the same 
way as when the direct current was sup- 
plied from a magneto. It was necessary 
to use substantially more circuit damping 


+310V 
O 


=<—ecas—> 79 
v6 v7 


6SJ57 
V4 


6SFS 
V5 


Laurenson, Long—Instrument-Gyroscope Testing 


than in the earlier equipment, and in 
consequence the readings lagged behind 
the adjustment by an appreciable time, 
roughly two seconds. Other differences 
worth noticing were that the equipment 
was noiseless after the moving machinery 
had been eliminated, was less than half 
as large since it was also possible to elimi- 
nate several frequency-divider circuits, 
and the error in measuring decelerations 
was approximately twice as great as in 
the earlier model, but still of no conse- 
quence (at least in this application). 
Figure 2 shows a front view of this in- 
strument, Figure 3 a view of the chassis. 


Circuit DETAILS 


As there are some elements of novelty 
in the circuit used, it will be described in 
some detail. The tachometer—acceler- 
ometer part of the circuit is shown in 
Figure 4, in which S;, S2, S3, and S, con- 
stitute a four-pole three-position range 
switch, shown in the 1,000-rpm tachome- 
ter position. The central position is for 


- coast test and the third position provides 


a 15,000-rpm tachometer. 

There is a transient of perhaps 15 sec- 
onds duration associated with any abrupt 
change in the grid voltage of V6. Since 


-V6 is concerned only with the coast test 


and the coast test is always preceded by 
use as a 1,000-rpm tachometer it is pos- 
sible to eliminate this abrupt change, and 
with it most of the starting transient, by 


- tying together the first and second posi- 


tions of S; as shown. , 
Tubes V1 and V2 constitute a voltage 
amplifier with a gain of about 10,000. 
This permits satisfactory operation with 
the probe as much as 0.015 inch from the 
rotor. Tube V3 is a limiter and tube V4 
is a clipper whose plate voltage is a square 
wave of bucket frequency, say 400 cycles — 
per second at 1,000 rpm if the rotor has 
24 buckets. The principal use of V3 is 
to keep the meter quiet when there is no 


input on the rotation channel. The 


capacitor from plate to grid of V3 (shown 


dotted) furthered this purpose. This 
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Figure 6. Horizon-gyroscope test fixture 
with vibration pickup in operating position 


Figure 7. Test fixture for directional gyro- 
scope 


capacitor was very small and it has been 
found expedient to eliminate it by re- 
arranging some of the wires. 


Tube V5 is biased to cut off and coupled 


to V4 through a capacitance-resistance 
arrangement so that each stoppage of 
plate current of V4 causes a pulse of plate 
current in V5. This pulse of plate current 
in V5 is of such short duration that the 
average plate current of V5 is directly 
proportional to the speed of the gyro- 
scope (over a wide range) and is read on 
a meter calibrated directly in revolutions 
per minute. Because the average plate 
current of V5 is proportional to the gyro 
rotor speed, the avefage voltage at the 
V5 plate will increase as the speed de- 
creases, and speed versus average volt- 
age will be linear. This average is an 
assumed average over a few cycles. 

It is desirable at this point to be able to 
couple directly to the grid of the next 
stage and at the same time to reduce the 
magnitude of the voltage pulsation in- 
volved without losing any of the change 
in the average voltage. A glow-discharge 
device operating at low currents is essen- 
tially a constant-potential-drop device 


- and furnishes a satisfactory coupling.” 
A capacitor in the grid circuit of V6 is a» 


satisfactory first-averaging device. 

Tube V6 is used in measuring decelera- 
tion as a voltage amplifier to magnify 
the change in average voltage and inci- 


dentally to reverse the direction of the 
change. A differentiating circuit is con- 
the plate of V6 and the output 


i het e 


of this differentiating circuit goes through 
a resistance-capacitance filter to the 
grid of tube V7. The plate current of 
tube V7 is then an inverse measure of 
the deceleration, so that longer coast 
times are indicated by higher deflections 
of the meter. 

Advantage is taken of the curvature of 
the grid-voltage-plate-current character- 
istic of V6 to obtain a constant coast- 
time reading from the normally slightly 
decreasing deceleration. Since the plate 
voltage of V5 increases with decreasing 
rotor speed, the grid of V6 will accord- 
ingly become more positive. As the grid 
of V6 becomes more positive (within the 
normal operating region) the amplifica- 
tion factor increases. Therefore the 
normal gradual decrease in de/dt at the 
plate of V5 is considerably compensated 
for by a gradual increase in the amplifica- 
tion applied to the small changes in 
average voltage by V6. This results in 
de/dt at the plate of V6 being substan- 
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_ Figure 8. Coast curves of two directional- 


gyroscope rotors 


Curve A is typical, and curve B exceptional 


on account of the shape at the lower end 
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tially constant during the useful part of 
the coast period (1,000 to 500 rpm). 

The vibration circuit has not been 
shown as it consists only of a conventional 
audio amplifier and loudspeaker, with a 
G10 neon lamp that can be set to glow at 
any predetermined vibration level. The 
power supply has not been described be- 
cause it is also entirely conventional. 


MetuHop oF USE 


In the actual operation of the equip- 
ment, for instance with a horizon gyro- 
scope, the rotor assembly is placed in 
position so that air can be supplied to the 
inlet provided, and the cord is attached 
to the electrostatic probe that is already 
in place. The air valve is turned on with 
the range switch of the tachometer- 


- accelerometer-vibrometer unit in the low 


position, and the speed is brought up to 


1,000 rpm or slightly higher. Air is cut 


off and the range switch is turned to the 
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coast position. The meter will swing off 
scale to the right and then come back to 
the appropriate coast reading in about 
five seconds. This reading will usually be 
too high or too low and it is necessary to 
loosen the bearing locknut, adjust the 
bearing, and reset the locknut before 
reading again. The meter will settle 
down on a new reading within a couple 
seconds after the locknut is reset. Figure 
5 shows a picture taken after satisfactory 
adjustment. An experienced operator 
will usually have the proper bearing ad- 
justment made by the time the rotor has 
slowed to 800 rpm and will then observe 
the constancy of the coast time reading 
for another 20 or 30 seconds. A slow 
random variation over a range of one 
minute or less is to be expected. A down- 
ward drift of as much as one minute is a 
definite indication of a defective bearing 
as will be explained later. 

After the bearing tension is properly 
adjusted, the gyroscope may be safely 
operated at normal speed for vibration 
and bearing-noise test. For these tests a 


crystal pickup with a hardwood needle 


is dropped into position and lowered by a 
dash pot (Figure 6), Any vibrations are 
amplified by a conventional audio ampli- 
fier and reproduced by a loudspeaker. A 
neon lamp in the audio circuit can be set 
to glow when the vibration level is too 
high, thus making the test objective. The 
lamp adjustment is independent of the 
audio gain for the loudspeaker; the latter 
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Figure 9. Low-speed coast curves for two 
gyroscopes 


~ Curve C is normal, and curve D is abnormal, 


being convex upward. This is indicated on 
test by a pronounced downward drift in © 
the coast reading : 


is controlled by a volume control on the 
front of the instrument. 

The use of the equipment in adjusting 
directional gyroscopes is to a considerable 
extent the same as that described above 
for horizon gyroscopes, but the holding» 
fixture is different, as shown in Figure 7. 
In this case, both rotor bearings are ad- 
justable so the rotor is held horizontally 
so that both are accessible. 

The bearing tension is adjusted as 
before, and then the gyroscope is checked 
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for possible misalignment of rotor bear- 
ings by running the speed up to 2,000 or 
3,000 rpm with the pickup in place. Mis- 
alignment to the extent usually encoun- 
tered gives a recognizable rumble or beat 
in the loudspeaker and can nearly always 
be corrected by simultaneously adjusting 
both bearings to the right or left. After 
this correction it is necessary to readjust 
the bearing tension to the proper coast- 
time reading. After misalignment has 
been corrected, the vibration check at 
normal speed is made. 


PERFORMANCE IRREGULARITIES 


In Figure 8 are shown coast curves of 
two directional gyroscope rotors. Curve 
A is typical of nearly all rotors, and shows 
the agreement between coast-meter read- 
ing and coast time that is usual. Curve 
B shows the performance of a (probably) 
defective assembly. The coast-meter 
readings were nearly the same and prop- 
erly so since they were taken below 1,000 
rpm where the curves are nearly parallel. 
It seems obvious that in such a case, the 
reading of the coast meter is a better 
measure of bearing pressure than the ac- 
tual coast time. . 

Curve C of Figure 9 is in effect an en- 
largement of the low speed end of curve 
A, and shows normal performance in that 
the curve is convex downward. This cor- 
responds to a slowly decreasing rate of 
deceleration. The circuit of the coast 
meter is so arranged as to compensate for 
this curvature and give a constant coast- 
time reading. Curve D is abnormal in 
being convex upward; this causes the 
meter indicated coast time to decrease as 
the rotor slows down, the change amount- 
ing to one or two minutes or more. In- 
vestigations of rotors that showed this 
characteristic have invariably shown de- 
fective bearings. 


- Conclusion 


The practicability of an electronic in- 
strument for measuring accelerations. as 
low as 0.7 radian per second per second 
with instrument errors limited to a few 
per cent has been convincingly demon- 
strated by numerous installations, both 
‘in factory production lines and in field 
repair depots. There is no apparent 


reason why even smaller accelerations | 


cannot be measured with greater accu- 
racy if the need should arise, and by the 
present method. The instrument de- 
scribed has been entirely adequate for 
the present job. 


Appendix. Deceleration 
Measurements by Coast Curves 


As a check on apparent irregularities in 
coast-meter readings it was necessary. to 
provide an independent method of measur- 
ing deceleration. This was accomplished 


‘by measuring time with a synchronous 
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Synopsis: Increasing electric-power  re- 
quirements for large aircraft have brought 
about the introduction of a-c power systems. 
Two major systems have been developed. 
In the first. power is generated at variable 
frequency and converted to direct current; 
in the second power is generated at sub- 
stantially constant frequency, and both a-c 
and d-c power are used. In both systems 
selenium rectifiers can be used as converters. 
Rectifier units developed to supply 28.5- 
volt regulated d-c power, which include step- 
down transformers and voltage-regulating 
equipment, are described in this paper. 
Ratings vary from 100 to 800 amperes. 


S THE SIZE and complexity of 
modern aircraft have increased, the 
demand for electric power to operate ac- 
cessories has grown tremendously. The 
larger size also means that the distance 
between engine-driven generators and 
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their load has increased. - When the 28.5~ 
volt d-c power system is used, large heavy 
conductors are necessary to keep voltage 
drops within operating limits. To reduce 
conductor weight to a practical value and 
provide a more flexible power system, 
many of the still larger aircraft of the 
future will use power generated at higher 
voltage as alternating current.’ The 
Army Air Forces have standardized on a 
three-phase 208-volt 400-cycle system, 
where constant frequency is used. Vari- 
able-frequency systems also are being 
considered for some applications. 

Generation of power at 208 volts re- 
duces the weight of conductors to a frac- 
tion of that required for 28.5-volt power." 
Alternators are lighter and simpler than 
d-c generators of the same kilowatt out- 
put. With a-c generators brush problems 
are reduced, and, where simple induction 
motors can be used, motor brush troubles 
are eliminated. 

Even with the constant-frequency sys-~ 
tem, where the fullest economical use can 
be made of alternating current directly, 
there is a definite need for appreciable 
amounts of d-c power. If batteries are 
used, they must be charged. Many in- 


clock having a one revolution-per-second 
sweep, and measuring rotor bucket fre- 
quency with the Conn chromatic strobo- 
scope.?;4 The chromatic stroboscope is 
an instrument for measuring frequencies 
from 32 to 4,067 cycles per second by a 
stroboscopic method with a precision of 
+0.05 per cent. This frequency range is 
in effect distributed logarithmically over a 
scale about 336 inches long. The error in 
reading a slowly varying frequency in the 
range of interest here is around 0.1 per cent 
since a stroboscopic pattern must be held 
stationary by slowly adjusting a variable- 
frequency tuning fork. The combined error 
in time and frequency measurements over 
a ten-second period is around two per cent 
but over a period of 100 seconds should be 
below 0.25 per cent. 


Calibration 


The factory calibration procedure is 
quite straight forward. The grid bias of 


V5 is set at an appropriate value (about 


—8 volts) after a five-minute warm-up. 
Then the lower V5 plate potentiometer is 
set so that on the 1,000-rpm range the meter 
reads 1,000 rpm with 400 cycles per second 
(five millivolts or more) input. The upper 
V5 plate potentiometer is then set so that 


on the 15,000-rpm range the meter reads — 
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10,000 rpm at 4,000-cycles per second (50 
millivolts or more) input. This completes 
the speed calibration. 

The coast calibration is made by adjust- _ 
ing the V7 plate rheostat until the meter 
reads at a reference line (about 90 per cent 
of full scale) with no signal input. Then 
the V6 grid bias is set to give —0.5 volt 
on the grid at 200 cycles per second input 
and checked for appropriate change at 400 
cycles per second. Then the grid potenti- 
ometer of V7 is set so that coast-time read- 
ings correspond to actual coast times for 
a number of gyroscopes. 
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Selenium-rectifier cell for aircraft 
use 


Weight 1.75 ounces. Over-all size: 6 by 
75/16 inches 


Figure 1. 


struments now are designed to operate 
on direct current; with 28.5-volt d-c 
power available present designs of such 
instruments may be used, saving the time 
and man power required to develop new 
types. 

If 28.5-volt control power is used, pres- 
ent low-voltage control switches can be 
used on crowded instrument panels. 
Some apparatus, although it can be de- 
signed to operate on alternating current, 
may be lighter or have more satisfactory 
operating characteristics if operated on 
direct current, for example, contactor 
coils.2. In such cases the weight and effi- 
ciency of the apparatus required for both 
a-c and d-c operation must be determined. 
Then, before it is decided whether to use 
alternating or direct current, the cruising 
range of the airplane, the required duty 
cycle, and the amount of d-c power re- 
quired for other applications must be 
taken into account. 

To provide the required d-c power from 
the a-c system the selenium rectifier of- 
fers outstanding advantages. It does not 
have the high voltage drop of an electronic 
tube nor the moving parts and brushes of a 
rotating machine. It is simple, reliable, 
and easy to maintain. For three-phase 
power input a selenifim rectifier can be 
designed for 85-per-cent efficiency. athe 
weight of a complete unit including trans- 
former and voltage-regulating equipment 
compares favorably with that of a motor 
generator set of the same rating. 


~ Selenium rectifiers can be used with. 


transformers to obtain any desired output 
voltage. Input may be single phase or 


polyphase. The widest present applica- 


tion is for 28.5-volt d-c units with three- 
phase input. 


Selenium-Rectifier Cells 


A selenium-rectifier cell is made by ap- 
plying a thin layer of selenium to a base 


plate which is usually iron or aluminum. 
_ After heat treatment a low-melting-point 
alloy known as the “counterelectrode”’ is 


sprayed over the selenium surface. The 


‘resultant cell will permit current to flow 


< 


oe ae = 


freely from the selenium to the counter- 
electrode and block almost entirely the 
flow from counterelectrode to selenium. 
Characteristics of selenium-rectifier cells 
have been discussed thoroughly else- 
where.*? Although special cells have been 
developed for aircraft use, they are manu- 
factured in the same way and have the 
same general characteristics as commercial 
cells now on the market. 

The weight of any apparatus for air- 
craft use isimportant. Since the heaviest 
part of the selenium cell is the base plate, 
this plate should be as light as possible. 
The size of the cell affects the over-all 
weight; a large size will reduce the dead 
weight of inactive areas and the necessary 
connecting hardware. Large cells also 
have lower leakage current per unit area. 
Size is limited by manufacturing facilities 
and mechanical considerations. Figure 1 
shows a cell developed to meet aircraft 
requirements. This cell has 386 square 
inches of active rectifying area, the base 
plate is aluminum alloy 0.020 inch thick, 
and the finished cell weighs 1.75 ounces. 

Current density in a selenium rectifier 
normally is limited by temperature rise 
and permissible aging when cooled by 
natural convection. With forced-air cool- 
ing, however, efficiency and voltage drop 
impose practical limits. As operating life 
for aircraft applications generally is 1,000 
hours or less, aging is relatively unim- 
portant. Tests have shown that to main- 
tain a constant d-c output voltage of 30 
volts, it is necessary to raise the a-c input 
voltage to the rectifier from an initial 
value of 26.8 volts to 27.5 volts after 1,200 
hours of operation, an increase of 2.6 per 
eent. : 

Rated current of the cell shown in 
Figure 1 is 50 amperes d-c output from a 
three-phase bridge circuit for each cell in 
parallel per leg. This current density is 
considerably higher than ‘that used for 
commercial rectifiers and is based on an 
adequate flow of cooling air. The voltage 
rating of a thrée-phase bridge rectifier is 

-~ 


Figure 2. Selenium-rectifier stack assembly, 
rated 800 amperes 30 volts d-c output. 
~ Weight 35 pounds ? 
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Figure 3. Diagram of variable-frequency 
power-supply system, showing alternator, 
transformer, main rectifier, field rectifier, satu- 
rable reactor, and voltage regulator 


15 volts per cell in series. Higher-voltage 
rated cells have been produced but are 
difficult to manufacture, aging charac- 
teristics are less desirable, and ability to 
withstand overvoltage is not so good. 


Selenium-Rectifier Stacks 


Single rectifier cells act as ‘‘check 
valves” or half-wave rectifiers. For high 
efficiency a number of cells are connected 
in one of several possible circuits. The 
three-phase bridge circuit is used most 
widely on three-phase power systems. It 
is simple to build mechanically, and only 
three connections are made to the a-c 
supply. If properly designed, a simple 
arrangement of connecting hardware can 
be used, and weight can be reduced to a 
minimum. 

Figure 2 shows the three-phase sele- 
nium-rectifier stack assembly built for a 
unit rated 800 amperes 30 volts d-c out- 
put. In this assembly 192 cells are used, 
weighing 21 pounds or 0.87 pound per 
kilowatt. The complete stack assembly 
with all connecting and mounting hard- 
ware weighs 35 pounds or 1.46 pounds per 
kilowatt. Cells and connectors are as- 
sembled on insulated studs and held 
under pressure by nuts external to the 
end brackets. Elements are spaced te ob- 
tain maximum cooling effect with mini- 
mum air flow. 


Cooling 


The maximum design temperature of 
rectifier cells should not exceed 80 de- 
grees centigrade. As Air Corps specifica- 
tions call for operation in an ambient 
temperature of 60 degrees centigrade at 
sea level, sufficient air must be provided, 
either from the slip stream or a self-con- 
tained fan, to limit temperature rise to 20 


- degrees. Because of this low permissible 


rise, maximum volume of cooling air is 
réquired under sea-level conditions. 

As the maximum operating tempera- 
tures of reactors, transformers, and fan 
motors are much higher than that of the 
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rectifier, the initial permissible rise is 
greater, and more cooling air generally 
will be required at high altitudes. Ade- 
quate air must be supplied to these auxil- 
iaries to insure safe operation at the high- 
est altitude for which the equipment is 
intended. With a constant volume of air 
through a fan-cooled rectifier the load on 
the fan motor decreases with altitude, so 
that requirements are less severe than 
those for a constant-load motor. For a 
given volume of air forced through the 
motor, however, a limiting altitude is 
reached beyond which it will overheat. 

Selenium rectifiers have a negative 
temperature coefficient of resistance, and 
as the temperature falls the resistance in- 
creases. The decrease in resistance of 
copper wiring and transformer windings 
partially compensates for this increase.‘ 
Operating temperature of the rectifier can 
be raised and resistance lowered under ex- 
treme low-temperature conditions by re- 
stricting the flow of cooling air. For large 
rectifiers to be used on high-altitude air- 
planes sufficient gain in efficiency may be 
made to justify the inclusion of auto- 
matic air-regulating devices. 

Units with self-contained cooling fans 
are more satisfactory for operation within 
pressurized areas as blast-cooled units 
would require pressure-tight ducts and 
casings. There is some danger of damag- 
- ing blast-cooled units by operating them 
on the ground with no cooling air avail- 
able, unless air-flow protection is pro- 
vided. Fan-cooled units with the fan 
motor connected directly to the input 
terminals eliminate this danger, as the 
motor will be energized at the same time 
as the rectifier. The major advantages of 
_ blast-cooled rectifiers are their lighter 
- weight and the elimination of all moving 
parts. 


Transformers and Reactors 


In voltage-regulated power-rectifier 
equipments for aircraft transformers are 
used to provide the proper input voltage. 
~Saturable core reactors connected in 
series with rectifiers and controlled by 
voltage regulators are used for voltage 
control. Both transformers and reactors 
for these applications use special core ma- 
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Figure 4. Complete 
rectifier unit used in 
variable - frequency 


system rated 800 
amperes 30 volts d-c 
output 


Figure 5 (below). 
Internal arrangement 
of rectifier stacks 
and transformer in 
rectifier unit of 
Figure 4 


terials, and high-flux densities are permis- 
sible. They may be of the high-tempera- 
ture type, with operating temperatures of 
over 200 degrees centigrade. Copper 
conductors are cadmium-plated to pre- 
vent oxidation at high temperatures. 
Joints are silver-soldered. Glass fiber and 
glass tapes are used for insulation and 
impregnated with a special high-tempera- 
ture resin. Forced-air cooling makes 
high-current densities possible. 

Design of the reactor and transformer 
must be co-ordinated carefully with that 
of the rectifier and voltage regulator. 
Output-voltage variations are caused by 
changes in load, input voltage, frequency, 
and temperature. The saturable reactor 
must have sufficient range in reactance 
to permit the voltage regulator to hold 
constant voltage for extreme operating 
variation of the foregoing factors. 


Rectifiers for Variable-Frequency 
Systems 


If alternators are direct-connected to 
main engines, system frequency varies 
with engine speed. As the range of speed 
variation is usually more than two to one, 
direct application of a-c power is difficult.® 
Parallel operation of alternators is out of 
the question. . 

By furnishing a rectifier for each alter- 
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nator and using direct current, all gen- 
erating units can be made to feed power 
to the same bus. As far as distribution is 
concerned, this is a d-c system similar to 
those used at present. However, power 
is generated with alternators whose 
weight is a fraction of that of d-c genera- 
tors of the same kilowatt output and is 
transmitted to the rectifiers, which may 
be located near the load center, at alter- 
nator voltage, reducing low-voltage wir- 
ing and bus work to a minimum, 

Figure 3 is the diagram of a variable- 
frequency system in which all of the alter- 
nator output is rectified. All rectifica- 
tion, transformation, and voltage-regulat- 
ing equipment except the voltage regula- 
tor proper are included in the casing 
shown in Figure 4. This includes step- 
down transformer, main power rectifier, 
saturable reactor for controlling alterna- 
tor field current, and a field rectifier. 
Rated d-c output is 800 amperes 30 volts; 
input is three phase, 350 to 1,000 cycles, 
with maximum alternating voltage 250 
volts. Combined efficiency of the trans- 
former and main rectifier is 81 per cent 
at fullload. Weight-of the complete recti- 
fier unit is 135 pounds, and the 32-kva 
alternator developed for this. system 
weighs 50 pounds, a total weight for the 
system of 185 pounds or 7.7 pounds per 
kilowatt. This compares with a weight 
for engine-mounted d-c generators of 5.2 
pounds per kilowatt. Obviously the alter- 
nator-rectifier system cannot be justified 
on the basis of weight of equipment alone. 
However, it should be noted that the 
alternator can be mounted directly on the 
engine, whereas a d-c machine of the same 
rating would be separately mounted, re- 
quiring additional weight for support. In 
addition, the saving in weight of conduc- 
tors from generator to load center will be 
appreciable. 
it is probable that the weight of therectifier 
unit can be reduced considerably. 

The voltage-regulating system is similar 
to that of a self-excited d-c machine in 
that field power is taken from the alter- 
nator output. As alternator field current 
is of the order of 50 amperes, it cannot be 
handled directly by a standard aircraft- 
type voltage regulator, and some type of 
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Figure 6. Diagram of rectifier unit used in 
constant-frequency system, showing saturable 


reactor, transformer, fan, rectifier, and voltage 


regulator 
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d-c current amplifier must be used. In 
this case the amplifier consists of a three- 
phase saturable core reactor in series with 
a three-phase bridge-connected selenium 
rectifier. Alternating current is supplied 
to the reactor input from the low-voltage 
side of the main transformer. The im- 
pedance of the saturable reactor varies 
with the current in its saturating coil 
which is controlled by a standard-type 
regulator. The output current of the 
saturable reactor is rectified and supplied 
to the alternator field. With this arrange- 
ment the voltage regulator controls 
currents up to ten times the current it can 
control directly. To make operation more 
stable a d-c damping winding is con- 
nected across the main rectifier output. 
An equalizing winding is provided on the 
regulator so that rectifiers may be paral- 
leled, using the same scheme as that used 
with d-c generators.’ 

Under low-temperature conditions with 
the engine running at minimum speed, 
residual voltage may not be sufficient to 
cause the alternator to build up. This is 
due largely to the increased rectifier 
resistance at low temperatures, added to 
the field resistance and the impedance of 
the saturable reactor. To provide for 
positive build-up the field is connected 
across the main bus through current-limit- 
ing resistors. With the bus energized by 
a battery or other d-c source, sufficient 


- field current will flow to initiate the build- 


up cycle. When the voltage of the field- 
supply rectifier reaches normal, current 
flow through these resistors is reduced to 
a negligible value. 

The arrangement of transformers and 
main rectifier inside the casing is shown in 
Figure 5. To keep the center of gravity 
low, the transformer is mounted near the 
base. Cooling air flows in parallel paths 


through the transformer and rectifier. 


Automatic shutters regulate the flow of 
air through the rectifier stack; they are 
adjusted to begin to open when the tem- 
perature of the exit air from the rectifier 
reaches 50 degrees centigrade. At low 
temperatures, the gain in rectifier effi- 
ciency is considerable; by raising the 
operating temperature from 0 to 50 de- 
grees centigrade, the efficiency is in- 
creased by six per cent. Air flow through 
the transformer is unrestricted. Cooling 


air is supplied from the slip stream and a, 


pressure of six inches of water must be 
maintained at the air inlet. 


Rectifiers for Constant-Frequency 
Systems Pris 


By maintaining a reasonably constant 
system frequency most of the generated 
power can be utilized as alternating cur- 
rent. If alternators are driven from the 


main engines a constant-speed coupling ee riaded 
~ must be provided which will maintain _ 
- proper alternator speed regardless of en- ‘Cover removed, 
gine speed. Alternators may be showing compact 
 paralleled.® det => arrangement of parts 


Figure 7.  Arircraft 
rectifier unit — for 
constant - frequency 
system, rated 200 am- 
peres 30 volts d-c 
output 


Note open construc- 
tion; only rectifier and 
fan blade are enclosed 


To furnish the required d-c power at 
least two rectifiers are necessary for safety. 
The number and ratings of rectifiers 
should be chosen so that all vital equip- 
ment taking power from the d-c bus can 
be operated with the largest unit out of 
service. 

Figure 6 is the diagram of a unit de- 
signed for operation with the constant- 
frequency system. A saturable core re- 
actor, transformer, rectifier, voltage regu- 
lator, and fan are included. For blast- 
cooled units the fan is omitted. Output 
voltage is controlled by a standard air- 
craft-type voltage regulator and a satu- 
rable reactor. In general, the regulating 
system is the same as that of the 800- 
ampere unit, but in this case the entire 
rectifier output is controlled instead of 
alternator field current. An equalizer 
winding is provided on the regulator to 
permit parallel operation of rectifiers. 
The voltage regulator is separately 
mounted and can be located at any con- 
venient point. 

In Figure 7 is shown a transformer recti- 
fier unit rated 200 amperes 30 volts d-c 
output designed to take three-phase 
power from a 208-volt 400-cycle system. 
Cooling air is supplied by a magnesium- 
alloy fan mounted on the shaft of a 7,600- 
rpm induction motor. This unit will 
operate under all conditions encountered 
from a 60-degree-centigrade ambient tem- 


Figure 8. Aircraft rectifier unit for constant- 
frequency system rated 100 amperes 30 volts 
d-c output 


Cooling air supplied from external source 


Figure 9. Aijircraft 
rectifier unit, same 


perature at sea level to an altitude of 
40,000 feet. To save weight no enclosing 
caseisused, The fan is located inside the 
air duct extending from the rectifier stack 
and discharges air over its driving motor 


to the transformer and reactor. 
complete is 47 pounds. 

Another unit developed for the con- 
stant-frequency system is shown in Fig- 
ure 8. Itisrated 100 amperes 30 volts d-c - 
output, is blast-cooled, and requires an air ~ 
pressure of three inches of water at the 
inlet. All parts except the voltage regu- 
lator are mounted inside the casing; the 
compact arrangement of parts is shown in 
Figure 9. Over-all dimensions are 61/2 
by 65/s by 26 inches, and weight is 28 
pounds. 


Weight 


Operation 


Operating characteristics of these satu- 
rable-reactor-controlled rectifier units are 
similar to those of a d-c generator. They 
have a drooping volt—ampere character- 
istic due to the regulation inherent in the 
reactors, transformers, and rectifiers. As 
load increases, the voltage regulator keeps ~ 
output voltage constant by increasing 
saturating current in the reactor. After 
the saturating current has reached its 
maximum value, further increase in load 
will reduce output voltage. This, in turn, 
reduces saturating current, lowering still 
further the output voltage. The result is 
that a critical point is reached beyond 
which operation becomes unstable and the 
voltage breaks down. In the case of the 
variable-frequency system, short-circuit 
currents are low, as the a-c supply voltage 
also breaks down. Constant-frequency 
units, on the other hand, have short-cir- 
cuit currents of the order of 150-per-cent 
load current if a-c input voltage is main- 
tained. Current in this latter case is 
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Figure 10. Wolt-ampere characteristic curve 
of aircraft rectifier unit shown in Figure 8 


limited primarily by the maximum react- 
ance of the saturable reactor. 

Figure 10 shows the volt-ampere char- 
acteristic of the 100-ampere unit of 
Figure 8, with the voltage regulator set 
to hold 28.5 volts. Input voltage and 
frequency are held at normal values. 
Short-circuit current under these condi- 
tions is 160 per cent and maximum current 
270 per cent of rated value. The effect 
of a short circuit applied with the same 
‘rectifier carrying rated load current and 
the regulator set to hold 30 volts is shown 
in the oscillogram of Figure 11. Instan- 
taneous peak current was 411 per cent 
which decayed to a steady-state value of 
165 per cent in '/ of a second. Instan- 


’ taneous peaks as high as 600 per cent have 


been noted under no-load initial condi- 
tions. The values of peak and steady- 
state currents depend on alternating volt- 
age, frequency, load, and regulator set- 
ting. 

Maximum load and short-circuit cur- 
rents are increased if a separate source of 
reactor-saturating current is provided. 
The volt-ampere characteristic then re- 
sembles that of a separately excited d-c 
generator. For the constant-frequency 
system this source of current may be a 
small ‘‘exciter”’ rectifier. 

A “compounding” series winding may 
be added to the saturable reactor through 
which all or part of the output current 
flows. By proper design any degree of 


compounding may be obtained. Com- 


pounding reduces the required resistance 
range of the voltage regulator but adds 
to the weight of the reactor and compli- 
cates the wiring. : 

Division of load between units, even 
those of different ratings, is satisfactory. 
Figure 12 shows the load division be- 
tween the 100-ampere and 200-ampere 


units of Figures 7 and 8 under conditions | 


of normal voltage and frequency. The 
division will vary somewhat, depending 
on regulator settings and input voltage 
and frequency. 

All of the units described can be over- 
‘loaded for a short time. With maximum 


ambient temperature for which the ap- 
paratus is designed they are rated at 150-_ 


per cent normal current for three minutes. 


ve 
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At lower ambient temperatures this over- 
load rating can be increased. All over- 
loads should be applied with caution as 
the thermal capacity of the rectifier is 
low. These units never should be operated 
at higher than rated voltage, or the cells 
may be damaged permanently. 

All data so far obtained on these recti- 
fiers are the results of extensive ground 
tests, including tests in altitude chambers. 
No flight-test data are as yet available, 
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Figure 11. Oscillogram of short circuit ap- 


plied to rectifier unit shown in Figure 8 


Regulator set to hold 30 volts. Rectifier was 
carrying rated load when short circuit was 
applied 


but it is expected that thorough flight 
tests will be made in the near future. 


Applications of 
Unregulated Rectifiers 


For some applications where the d-c 
load is substantially constant it may be 
practical to use selenium rectifiers without 
voltage regulation. Such rectifiers may 
be designed to operate directly from the 
a-c line or with suitable transformer to 
provide any desired direct voltage. Varia- 
tions in direct voltage will be only slightly 
greater than those of the system alter- 
nating voltage. 

In all the regulated units described the 
transformer weighs more than the recti- 
fier stack, so that the use of rectifiers 
operated directly from the a-c lines offers 
attractive weight-saving possibilities. 
This scheme has one serious drawback; 
only three direct voltages are available, 
220, 170, and 100 volts. These are ob- 
tained by the use of a three-phase bridge- 
connected rectifier, a single-phase bridge 
connected line to line, and a single- 
phase bridge connected line to neutral, 
respectively. Some saving in transformer 
weight can be made by the use of auto- 
transformers. In either case the d-c cir- 
cuit is electrically connected to the a-c 
lines, and neither d-c terminal can be 
grounded if the a-c system is grounded 
at any point. 

In any case where the rectifier supplies 
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Figure 12. Distribution of load between 
rectifier units shown in Figures 7 and 8 


Rectifiers paralleled through 0.5-volt drop- 
ping resistors. Regulators set for 30 volts 


a fixed load no d-c switch is necessary. 
The rectifier may be connected perma- 
nently to its load and all switches, contac- 
tors, and protective devices located in the 
a-c line. 


Conclusion 


It must be kept in mind that the selec- 
tion of an electric-power system is an in- 
dividual problem for each airplane. The 
size of the airplane, its ceiling, its maxti- 
mum cruising range, and its purpose all 
must be considered. Power requirements 
for a cargo airplane, a passenger airplane, 
and a bomber will differ widely even when 
all are the same size and general design. 
Larger airplanes of all classes are being 
considered for the future, and many of 
them will have auxiliary power generated 
as alternating current. In most cases 
considerable amounts of d-c power still 
will be required, and in supplying this 
power the selenium rectifier will find a 
wide field of application. 
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Static Voltage Regulator for Rototrol 


Exciter 
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HE CONCEPT of a generator voltage 

regulator as an amplifier which pro- 
duces a large correction in field current 
for a small departure from normal volt- 
age is quite well known.! In the con- 
ventional regulator, such as a direct- 
acting type, this amplification is secured 
partly in the regulator and partly in the 
exciter. A rotating amplifier-type regula- 
tor provides the amplification almost en- 
tirely in the rotating machines. Exciters 
may be used to obtain two or more stages 
of amplification, or a single machine hav- 
ing high amplification such as a Rototrol 
exciter may be used. An example of 
two-stage excitation is a system with the 
regulator working in a pilot exciter field. 

With high amplification available in 
the excitation system, voltage regulation 
can be secured by arranging the control 
field of the exciter or Rototrol? to raise or 
lower in response to any deviation of 
generated voltage from the standard of 
reference. 

The particular Rototrol referred to in 
this paper is a d-c generator operated on 
the linear part of its saturation char- 
acteristic and completely self-excited by 
shunt and series fields. As such, it will 
support itself at any voltage from zero up 
to the point of saturation. It has one 
or more control fields which run it up or 
down in voltage as required and keep it 
operating stably at any desired point. 

The present development was under- 
taken on the basis that a battery could 
not be used for the standard of reference 
and that the voltage reference must be 
inherent in the circuit. Also vacuum 
tubes could not be used; there must be 
no moving parts except for the rotating 
machines, and these should have air gaps 
approximately as large as in conven- 
tional d-c’generators. 

The choice of voltage reference was 
narrowed down to 
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ing manner. At normal voltage two im- 
pedances are adjusted to draw equal or 
proportional currents; at least one 
impedance is nonlinear. At higher volt- 
age one impedance draws more current 
than the other, and the difference current 
is in a direction indicating voltage above 
normal. It can be used for control. At 
lower. voltage the same impedance draws 
less current than the other and the differ- 
ence thus is reversed, indicating voltage 
below normal. The currents are rectified 
before comparison. 


Static Voltage-Regulating Circuits 


A static type of circuit for the purpose 
of regulating the voltage of an a-c gener- 
ator has been used previously,* a three- 
core saturable reactor being employed 
for amplification as part of the static cir- 
cuit. Similar circuits using Rototrols 
for the amplification are illustrated in 
Figure 1. 

The voltage-measuring circuit of Figure 
1A consists of a‘resistor path Jp and a 
saturating-reactor path Jy, with the cur- 
rent in each path rectified and fed into 
the control fields of the Rototrol. This 
illustrates a circuit using a Rototrol pilot 
exciter, an exciter of conventional design, 
and an a-c generator. The Rototrol con- 
trol fields are connected to be equal and 


opposite magnetically, when the a-c ° 


generator voltage is normal at the 
regulated value. Under this condition the 
Rototrol output,voltage is maintained at 
the required value by its self-energizing 
shunt and series fields. If the alternating 
voltage rises or falls, the control fields 


adjust the Rototrol as needed to restore 
normal voltage. 

Figure 1B shows the intersecting im- 
pedance characteristics, R for the resistor 
circuit, and X for the reactor circuit. In 
regulating circuits of this kind means are 
provided for raising or lowering the point 
of intersection or ‘‘normal’”’ voltage, to 
allow adjustment of the value which the 
regulator is set to maintain. Figure 1C 
shows the same static regulator except 
used with a Rototrol exciter, thus elimi- 
nating the pilot machine. The Rototrol 
exciter is designed to have relatively high 
amplification, so that the required output 
to the field of the a-c generator may be 
controlled by a small amount of energy in 
the control field. 

Other static circuits are shown in 
Figure 2. The generator terminal volt- 
age is balanced against a reference volt- 
age, and the differential which appears 
when the generator voltage deviates 
from normal is applied to the Rototrol 
field or fields. For the reference voltage 
a separate source either direct or alternat- 
ing current may be used, or, if none is 
available, a constant potential device 
may be employed, energized by the volt- 
age of the generator with which the 
regulator is used. This device is designed 
to provide essentially constant alternat- 
ing voltage on its output terminals in 
spite of relatively large changes in its 
input voltage. 

Figure 2A shows a static regulator con- 
trolling a Rototrol exciter which has two | 
control fields. These are connected to 
have equal and opposite magnetic effect 
when the a-c generator voltage is at the 
desired normal value. Should load be 
added to the generator, thus causing 
drop in the terminal voltage, the “‘raise’’ 
field predominates and raises the Rototrol 
armature voltage thus restoring the al- 
ternating voltage to normal. .The Roto- 
trol control fields again reach a balance, 

Figure 2B shows a_balanced-voltage 
circuit arranged to feed a single control 
field. In this case the control field 
normally has no current flowing through 
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it. By reason of this, it is evident that 
there are no losses and no heating in this 
field so long as the a-c generator voltage 
remains at the normal regulated value. 
This permits using a minimum of ma- 
terial in the frame of the Rototrol, as 
winding space and winding losses are 
less than in the case where continuously 
energized equal and opposite control 
fields are employed. 


Requirements of New Regulating 
Circuit 


In the development described in this 
paper, generators having ratings exceed- 
ing 1,000 kva at 1,200 rpm were to be 
controlled, and conventional exciter air 
gaps were desirable for mechanical rea- 
sons. This fixed the control-field energy 
requirements. Previous designs of static 
regulators such as described hereinbefore 
would have been excessive in size and 
losses, had they been designed to provide 
adequate control power. It became 
necessary to make a thorough analysis of 
the design of such devices to secure opti- 
mum energy output for a given voltage 
departure from normal. 

Average three-phase (or positive-se- 
quence) voltage response was required. 
This further increased the energy re- 
quirements, as the positive-sequence net- 
work size must be adequate to carry the 
larger power of the measuring circuit. 
This problem was solved by deducting 
negative-sequence voltage from line volt- 
age rather than filtering positive-sequence 
voltage directly in the conventional man- 
ner. 

Considerable error in regulated voltage 
due to frequency was tolerated on earlier 
static regulators. In the new develop- 
ment it was desired to regulate closely for 
the same voltage level over a plus- or 


minus-five-per-cent departure from nor-' 


mal frequency. 
To meet these requirements a static 


Table Il. 


regulator of high efficiency was devised. 
Figure 3 shows a regulator of this type. 
The following paragraphs describe this 


regulating network and give its theory, 


and performance. 


Circulating-Current-Type Static 
Network—Theory 


One arrangement of the circulating- 
current type of static-regulating network 
is shown in Figure 4A, A saturating re- 
actor and resistor are used for the non- 
linear and linear branches, respectively. 
The voltage gradient may be viewed as 
shown in Figure 5. At normal voltage 
the voltage drops in the resistor, KR, 
and reactor, X, are equal and the control- 
field voltage is zero, as in Figure 5B. 
As the input voltage is raised or lowered, 
the saturating-reactor voltage remains 
nearly constant and the control-field volt- 
age becomes positive or negative, re- 
spectively. This is shown in Figures 
5A and 5C. 


Performance Calculation 


Calculations were made to determine 
the most efficient design of this type of 
network. First it was necessary to de- 
velop a method of calculating the power 
output from the network as a function of 
the parameters X, R, R’, and R; of the 
network and connected control field of 
Figure 6. Also, a method was developed 
for the calculation of the direct voltage 
on the rectifiers to determine whether 
R’ and (1 — k) R were large enough to 
keep both rectifier voltages positive over 
the necessary range of operation (usually 
for a plus- or minus-ten-per-cent depar- 
ture from normal line voltage). 

Calculations then were made using 
these methods to determine the relative 
values of the parameters X, R, R’, and 
Ry which would produce optimum con- 
trol-field input power as a function of 


Refer to Figure 6A 


The Subscript n Denotes the Value of a Quantity at the Normal Regulated Voltage Condition. 
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Calculation Based on: R’= 


line-voltage departure from normal, with 
minimum energy consumed in the net- 
work itself. 

This method of calculation assumes 
pure sine-wave currents and voltages in 
the a-c circuits and smooth direct current 
in the d-c circuits. It-is recognized that 
the actual wave shapes are considerably 


distorted and that an empirical factor 


determined from test must be -used to 
allow for this difference. This factor 
was found to be of the order of 0.5 in 
field current. The analytical method 


used with this empirical factor serves as a 


very satisfactory basis of direct design. 
The method also affords valuable insight 
into the operation of the network and a 
close approach to optimum efficiency 
which then can be further refined by ex- 
perimental work. 


Method of Calculation 


The problem may be stated as follows: 

Given the saturation curve of the re- 

actor X, such as Figure 7, and the values 
of R, R’, and Ry. 

Required to determine field voltage, 
E;, asa function of the applied line volt- 
age. 

The network of Figure 6A contains 
a-c and d-e circuits and a nonlinear ele- 
ment, and hence, cannot be solved by 
conventional methods of analysis. 

The saturating reactor can best be 
treated by assuming a value of current, 
reading the corresponding voltage from 
the saturation curve, and then calculat- 
ing the currents and voltages throughout 
the balance of the network. 

As the alternating voltages being dealt 
with are about to be rectified in single- 
phase full-wave rectifiers, it is convenient 
to use their average rather than their 
rms magnitudes. Then no factor need 
be applied when passing from alternating 
to direct current through the rectifier. 

Figure 6C shows a vector diagram 


Sample Calculation of Field Power From Static Regulating Network . 


R=En/lzn=1.02, R’=0.204, Rp=0.306 
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0.2R and Ry=0.3R . 


“ 
4 


— ‘ eee = - alee “chia 


ROTOTROL 
CONTROL 
JELD 


© LG 


Ay 


A. Rototrol-pilot-exciter regulating system 


which is a convenient representation of 
the complete circuit. To understand it, 
note first that Figure 6A can be simplified 
to Figure 6B using Thevenin’s theorem.‘ 
The values of E.g and Req, in terms of 
E, R, and R; are shown by the equations 
in Figure 6. Note that in the d-c circuit 
of Figure 6B, the voltage drop across R’ 
and Reg in series is the numerical sum of 
E, and E.,. Also note that E; is ob- 
tained from E by subtracting the J,X 
drop vectorially from E. The current 
I, must be in phase with E, as the cir- 
cuit below £,z in Figure 6B appears as 
pure resistance or in phase. Hence, the 
drop J,X must be at right angles to Eg, 
and this fixes the form of the vector dia- 
gram Figure 6C. Note that the relation- 
ships in the d-c part of the circuit all are 
treated as though in phase. 

If we start with the current J,, the 
voltage E, is readily determined from the 
saturation curve, Figure 7. Ep is ob- 
tained by multiplying J, by (R’ 
Req). E is known and E., determined 
from the equation in Figure 6. It re- 
mains to find the field voltage, Ey. This 
can be done most easily by letting @ vary 
and calculating E,/Ez and E,/E, for 
various values of @, and plotting E,/Ep 
as a function of E,/ Ep as shown in Fig- 
ure 8. From these curves the value 
E,/Ez and then & readily can be de- 
termined. A derivation and sample cal- 
culation of these curves for R’ = 0.2R 


and R; = 0.3R is given in Appendix I. 


ROTOTROL ~ 


ROTOTROL EXCITER 


CONTROL 
“FIELDS 


DEVICE 


CONST. POT — 


CURRENT (I) 


B. Intersecting imped- 
ance characteristics 


Figure 1. 


Figure 8 gives curves for R’ = 0.2R for 
various values of Ry. 

A derivation and sample calculation 
also is given in Appendix II for field 
input voltage and power as a function of 
the departure of line voltage from nor- 
mal. Figure 9A shows field power and 
voltage as a function of line-voltage de- 
viation from normal, for the range of 
operation in which the rectifier voltages 
are above zero. Figure 9B shows the 
field power over an extended range of 
line voltage drop. Another curve, Figure 
10, has been drawn for various values of 
R,; and R’, giving watts input to the net- 
work per watt input to the field, for a 
ten-per-cent a-c line voltage drop. This 
curve is based on several calculations 
similar to Table II of Appendix II. It 
indicates that the best performance is 
obtained with R’ = 0.2Rand Ry = 0.3K. 


‘However, the field resistance, Ry, may be 
varied 40 per cent from this value with- 


out reducing the control-field input, at 
ten-per-cent voltage drop, more than 20 
per cent. 

A capacitor or a linear inductance may 
be substituted for the resistor to form the 
linear branch. The capacitor has the ad- 
vantage of minimum power loss and cor- 
rection of power factor, which reduces the 
required size of potential transformers 
and compensators. 

The foregoing analysis applies equally 
well whether the impedance kR consists 
of a resistor, capacitor, or linear reactor 

¥ 


A Figure 2 (left). Static 

B voltage regulators 

c__ using fixed reference 
potential — 


A. Opposed con- 
trol fields 

B. Balanced-voltage 

network and single 
control field 


Figure 3 (right). 
Static- Voltage-Reg- 
ulator units 


A—Potential and 
compensator unit 
B—NV oltage-regula- 

tor unit — 
C—Voltage-adjust- 
ing rheostat 


Static voltage regulators using 
intersecting impedance characteristics 


OTOTROL 
CONTROL FLD: 


C. Rototrol-exciter regulating system with 
opposed control fields 


having the same ohmic value. With the 
assumption of smooth direct current, 
phase relationships are not reflected 
through the d-c circuit. If the branch, 
RR, is a capacitor or a reactor, the curves 
of Figure 10 should be interpreted as giv- 
ing the summation of volt-amperes 
(arithmetic sum) in branches, R’, (1—h) 
R, and &R, per watt in the control field. 
It may be more significant in this case 
to give the total network volt-amperes 
(arithmetic sum of volt-amperes in each 
part) per watt in the control field. This 
can be done by substituting the total volt- 
amperes for P, in Table II. The summa- 
tion of network volt-amperes is given by 


: R'+R 
Py! =Eqlen —— +1 


For the example worked out in Table II, 
P,,’ would be 2.224 and the network volt- 
ampere scale would be 2.224/1.224 times 
the network watt scale of Figure 10. 

The summation volt-amperes as used 
in the foregoing are of significance chiefly 
in providing a measure of size of the net- 
work, The volt-amperes drawn from the 
source also are important in determining 
the design of the potential transformer, 
sequence network, compensator, and so 
forth, through which this burden is drawn. 
The input volt-amperes may be obtained 
by vector addition of the volt-amperes 
of parts. Use of a capacitor for the linear 
branch then largely offsets the saturating- 
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ROTOTROL 
ROTOTROL EXCITER 


FIELD 
wad 
2 IES Wn 


x 


normal 


reactor the 


volt-amperes at 
regulated voltage and minimizes the in- 
put volt-amperes to the measuring circuit. 


Positive-Sequence Response 
The static-regulator volt-ampere parts 
are determined by the power requirements 
of the control field as outlined in the fore- 
going section. In the present develop- 
ment this burden proved to be much 
larger than the normal burden of a con- 
ventional regulator element. In order 
to provide positive-sequence response 
_ the regulator current in the past has been 
drawn through a positive-sequence net- 
work or filter.> However, this device in- 
creases in size directly with the burden 
supplied through it; consequently, some 
other plan for obtaining positive-se- 
quence response was needed. 


Sm -g 


rer 
B 


EE 


input voltage 


Figure 5. Approximate voltage gradient in 
circulating-current-type static cecuating net- 
work 
A—Overvoltage—control-field voltage posi- 
tive 
B—Normal voltage—control-field voltage zero 
~-C—Undervoltage—control-field voltage nega- 
tive 
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Figure 4 (left) 


Mess A. Static voltage- at 
regulating system 
using circulating-cur- x 


rent network 


B. Conventional 

positive - sequence 

network and reac- 

tive-droop compen- 
sator 


FREQUENCY C. Current - ener- 


CoM gized sequence net- 
MEANS work including reac- 
tive-droop compen-_ 8 ; 
sation A... Circulating-current-type © 
CURRENT static regulating “ network 
TRANS be 
Ey B. Equivalent circuit 
C. Vector diagram 
' _RRy 
aye "RFR 
R 
R’ “RES Ee ee rats ae 
REACTOR | Ee + Eeq RL Re 
c Figure 6 (right) 


The positive-sequence voltage can be 
derived by subtracting the negative- 
sequence voltage from line voltage. This 
is accomplished by passing the secondary 
currents of the current transformers 
through a network proportional to the 

_negative-sequence impedance of the gen- 
erator. The derived negative-sequence 
voltage then is deducted from the line 
voltage. The previously used voltage 
filter and the new current filter are in- 
dicated in Figures 4B and C, respectively. 
The remainder of the regulating circuit 
is the same in either case and is as shown 
in part A. The current-energized se- 
quence filter required about 1/59 of the 
volt-amperes of parts as compared with 
the voltage-type sequence network of 
Figure 4B. Tests showed it to be accu- 
rate and reliable. One potential and two 
current transformers are used in place of 
two potential transformers and one cur- 
rent transformer. 


Reactive-Droop Compensation 


With the single potential transformer 
and current-energized sequence network 
shown in Figure 4C, the reactive-droop 
compensator for parallel operation be- 
comes a resistor in the phase-C current 
and thus can be combined with the similar 
resistance of the sequence network. 
Thus, the resistor in Bierce 4C serves 
this double. purpose. 


Frequency Compensation 


As the frequency is varied the. static 
measuring circuit can be kept in balance 
only by varying the voltage applied 
thereto in a predetermined fashion. As it 
is desired to regulate for the same genera- 
tor voltage with some departure from 
normal frequency, it is necessary to in- 
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troduce between the potential trans- 
former and the measuring circuit an im- ~ 
pedance which will produce the necessary 
voltage variation with frequency on the 
measuring circuit. Network synthesis 
studies developed the proper combina- 
tion of inductances and capacitances for 
this purpose. As the inductance required 
was a series device, it was obtained simply 
by proportioning the sequence network 
to have this value of inductance as viewed 
from the output terminals. 


Conclusions and Test Results 


A static regulator was designed and 
built using the methods outlined in the 
paper. This regulator, whose circuit is 
shown in Figures 4A and C was designed 
for use with a Rototrol exciter and 1,500- 
kva generator. Tests have demonstrated 
it to be a highly satisfactory solution to 
the regulating problem outlined at the 
beginning of the paper. 

The sensitivity was well within the de- 
sign goal of plus or minus one per cent 
under steady or slowly changing load 
conditions. With the generator terminal 
voltages unbalanced due to the applica- 
tion of a single-phase load, the regulator 
maintained the average voltage within 
the sensitivity limits. For variations of 
frequency within reasonable limits, the 
regulator showed only small deviation 
from normal voltage. 

Under sudden application of a 50 per- 
cent rated current load, at’ low power 
factor, the voltage dip® was only slightly 
in excess of the initial transient-reactance 
drop in the generator. The voltage re- 
turned to normal in less than one-half 
second. The action was smooth with 
very good damping, . 

Parallel-operation tests at rated power 
factor showed the automatic wattless 
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load division to be within six per cent of 
rated generator current up to full rating. 
This excellent paralleling was obtained 
with reactive-droop compensation of 
5.0 per cent at full-load zero power factor, 
which is 3.3 per cent at full-load 0.8 power 
factor. 


Appendix!. Curve of E,/E, Versus 
5/4 28 


With reference to Figure 6C, a curve of 
E,/Ep versus E,/Ep can be calculated, 
using 9asa parameter. Ecan be takenas 1, 
since ratios of voltages are to be determined 
and the actual values are immaterial. The 
steps in the computation are as follows: 


1. Values of 6 are taken from 0 to 90 de- 
grees as the parameter. . 

2. Then E, is equal to Esiné= sin 6, and 

3. E zis equalto Ecos@= cosé@ 

4. The resistor branch is represented by 
an equivalent voltage, Eeq, and an equiva- 
lent internal resistance, Reg, where 


R R 
py ee ey eee 

R+R,  R+R;y 
and 

RR 
ee 

R+Ry 


The total voltage across Req and R’ is 
Ep=E,+Ece 


5. The ratio of E,/Epis then computed. 
6. The field voltage, E;, is a potenti- 


ometer fraction of Eg, minus Eeqg. That is: 
= Req 
£,=—— E,-E. 
t= Rr fie R a 


7. Theratio E,/Ep is then computed and 
plotted as a function of E,/Ep. 
Note that @=90 degrees is the limit of per- 
formance, according to this theory, because, 
as shown in Figure 6C, the rectifier voltage, 
E,, becomes zero at 6=90 degrees. 

A sample calculation follows; the results 
are plotted in Figure 8 for the ratio R;/R= 
0.3: 


Appendix Il. Circulating-Current- 
Type Static-Network Field Input 
Power and Rectifier Voltages 


With reference to Figure 6, and satura- 
tion curve, Figure 7, the steps in a power 


computation are as follows: 


The field power Py and voltage Ey are to 
be computed for a given departure of line 
voltage from normal, and a given set of pro- 
portions R’, Ry, and R. This calculation 
cannot be made directly. It is necessary to 
start with a given reactor voltage E,, and 
calculate the field power and line voltage 
corresponding. After repeating for several 
values of E,, curves of line voltage and field 


_ power can be drawn from which the field 
power can be read for the desired line volt- 


peers. roe 


= =- = 
AG, + he 3 ‘ S. 


It is assumed that the network is so pro- 
portioned that the field voltage and power 
are zero at normal line voltage. 

This requires that at balance: 


R=~/(R’)2?+X2, that is, equal imped- 
ances in the two branches up to the point 
of field connection. Thus, at balance the 
reactor voltage is slightly less than the line 
voltage. Itis 


eg Ea COSTS a elvar/ 14) 


where the subscript, 2, denotes the value of 
a quantity at the normal balanced condition 
or 


E,,=E,,,/cos sin7! (R’/R) 


In other words, if the reactor voltage is taken 
as unity at the balance point, the normal 
line voltage, E,, is slightly over unity as 
given by the foregoing equation. 


Procedure 


The steps of procedure are then as follows: 
The basis is stated; that is, R’ and R;, in 
terms of R from which 


RRy ; ‘ 
Rea R eR; and (R’+ Req) 
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PER-UNIT NORMAL REACTOR CURRENT 


(0.88 0.92 0.96 1.00 104 1.08 1.12 
PER-UNIT NORMAL REACTOR VOLTAGE , Ex 
cs 


Figure 7. Typical saturation curve of saturating 
reactor 


(55° 


0.10 
p= 
A—Current doubles for every ten-per-cent 
increase in voltage 
B—Balance point or normal operating point 


are determined. The coefficients in the 
equation for E in terms of Ep and E; are 
then determined. 


R R 
Aer 
(Reqat+ Kk ) ‘ Rea 
The normal line voltage is calculated from 


the normal reactor operating point voltage 
as follows: 


E=Ep; 


~ Ey =Ezn/cos sin (R1/R) 
where E,,, = 1.0. 
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And finally the normal network power is 
calculated from 


- R’+R : 
I n=Enlon where J7,=1.0 


The steps in the calculations are as fol- 
lows, item numbers being the same as the 
column numbers in the example, Table II. 


1. A value of E, is selected. 

2. The corresponding current, J,, is de- 
termined from the saturation curve (see 
Figure 7). 

3. This current flows through the re- 
sistance (R’+ Req) in series and produces 
the voltage drop Ep, where, Er= 
T,(R’+ Rea). 

4. From this value of Ep, theratio E,/Ep 
is calculated. 

5. The ratio E;/Ep is determined from 
a curve obtained as described in Appendix I 
and shown in Figure 8. 

6. The field voltage then can be calcu- 
lated as follows: 


E,;= Ep( E;/ Ep) =Item 3 Xitem 5 


7. Eis then calculated as follows: From 
Figure 6, it can be seen that Eeq equals 
the voltage on R,g minus Ey. 


Since 
R 
Eeq = BUF 
(R+ Ry) 
this may be written 
Ry p_ Rea: 
(R+ Ry) (R’'+ Req) 


but since 


E,—-E; 


R 
=———— E,-—E 
(R’$Rea) "Rea ” 


8. The per-unit line voltage is then cal- 
culated, E/E,,. 


RATIO Er/ER 


fe) 1 2 3 4 5 6 
RATIO Ex/ER 


Figure 8. Curves of E,/Ep versus E, /E, for use 
in computing power output of static regulating 
network ; 


R’=0.20R 
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A. Normal range 


R’=0.20R 
R;=0.30R 
Per-cent watts are based on network watts at 
normal voltage 
Per-unit field volts are based on average 
normal line volts 


PER CENT WATTS INPUT 
TO CONTROL FIELD 


ce] 4 8 3 16 20 24 
PER CENT DROP IN LINE VOLTAGE 


B. Extended range 
R’=0.20R 
Ry=0.30R 
Per-cent watts are based on network watts at 
normal line voltage 


Figure 9. Calculated static regulating circuit 
performance—control field 


input power versus line-voltage deviation from 
normal 


~ 9. The power consumed by the field is 
E?/Ry. 


10. The per-cent field power then can bet 


calculated as 100P,/P,. This is also the 
field watts per 100 watts drawn from the 
line by the network. 

“11. Or the network watts per field watt 
at ten-per-cent line voltage drop may be 
calculated, 


100 ote 8)} 
Item 10 0.1 
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This calculation should be made for the line 
voltage (column 8) corresponding most 
nearly to ten-per-cent voltage drop. 

12. The field voltage in per unit of the 
average value of normal line voltage is 
given by E rh ES 

Table II gives a sample calculation by 
this method, the results of which are plotted 
in Figure 9A. 

For drops in line voltage beyond the point 
at which the reactor rectifier goes to zero, 
the field power and voltage can be calcu- 


Stt1- 18 


12 


NETWORK WATTS 
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Figure 10. Calculated static-network power 
requirements 


Network watts per watt input to control field 
at ten-per-cent line voltage drop (except as 
noted) 


lated setting Eg equal to zero. The field 
power for this extended range of voltage 
deviation is plotted in Figure 9B. 


Rectifier Voltages 


In the calculations for field power and 
voltage, of which a sample is given in Table 
TI, the reactor current J, is obtained. This 
current, rectified, also flows through R’. 
Thus the equations for rectifier voltages are 


Reactor Rectifier—Refer to Figure 6C. 
Eq=E;+1,R’ 

Resistor Rectifier 
Eq! =— Ey+(Ir—Ip)(1-k)R 


At line voltage + ten per cent from 
normal the rectifier voltages should be 
checked since the performance as calculated 
only holds true if the rectifier voltages are 
positive up to these limits, (or to whatever 
limits of operation the network is designed). 

For example, if we refer to Table II, for 

=0.2R=0.204, and R,;=0.3R=0.306 


Harder, Valentine—Static Voltage Regulator 


at 90-per-cent line voltage, which is the 
point at which E, is lowest, the reactor recti- 
fier voltage is 


Ey a E;+1,R 
= —0.0816+0.555 X 0.306 
= —0.0816+0.1698 = + 0.0882 


This indicates that R’ is sufficiently large 
and could be reduced somewhat. It must 
be remembered that harmonics have been 
neglected and that these calculations there- 
fore must be used with considerable margin. 

If it is desired only to ascertain that the 
reactor rectifier voltage is positive for a par- 
ticular line voltage drop, no calculations are 
needed beyond those illustrated in Tables 
IandII. As long as the E,/Ep value used 
in Table II corresponds to 6 less than 90 per 
cent in Table I, the reactor rectifier voltage 
is positive, as explained previously. Thus 
it is convenient to stop the curves of Figure 
6, prepared from calculations like Table I, 
at the boundary @=90 degrees. They can- 
not then be used beyond the proper operat- 
ing limit. 

The resistor rectifier voltage decreases as 
the line voltage drop increases to ten per 
cent. At ten-per-cent high (a point avail- 
able in Table II) if the resistor rectifier 
voltage is just zero, then 


Eq’ =—E;+(U2z—Iy)(1—k)R 


0.0739 
-0=—0.0739 .414— ——— }(1—k)1.02 
0 0.073 +(14 0.036 \ ) 
or 
0.0739 
(1—k) =————— = 0.0617 
1.173 X 1.02 


that is, (1—k) must be about 6.2 per cent in 
order that the resistor rectifier voltage re- 
mains positive up to ten-per-cent voltage 
increase. 
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Statistics as an Aid to Engineering 


Judgment in the Manufacture of 
Lightning-Arrester Blocks 


CASPER GOFFMAN 


NONMEMBER AIEE 


N THIS PAPER we show how modern 

statistical methods may be used as an 
aid to engineering judgment in determin- 
ing the causes of variability in a complex 
manufacturing process. 

Assistant Secretary of War for Air 
Lovett has said that ‘‘a statistician is a 
man who can lead you directly from a 
preconceived idea to a foregone conclu- 
sion.” If properly interpreted, this 
statement contains an element of truth. 
But it is not the kind of statement which 
should be made under oath. For while it 
is the truth and nothing but the truth, 
it certainly is not the whole truth. The 
whole truth might be phrased in similar 
language as follows: ‘Among a given 
class of preconceived ideas, the statisti- 
cian can tell, with a definite degree of cer- 
tainty, which subclass constitutes fore- 
gone conclusions.” 

In our particular example on lightning- 
arrester blocks, the set of preconceived 
ideas are the variables in the process of 
manufacturing blocks which were thought 
to affect the electrical characteristics of 
blocks. The foregone conclusions are 
those among these variables which ac- 
tually do affect significantly the electrical 
characteristics of the blocks. The term 
“significantly” is used here in an engineer- 
ing sense—not a statistical sense. 


- Production Procedure 


A brief description will be given of the 
production and testing of blocks. 

The blocks consist of silicon carbide 
and a binder. The electrical characteris- 
tics of the silicon carbide are the deter- 
mining factor of fitness for use. 

The silicon carbide and binder are 
After 
proper mixing, the material is screened 
and stored and is ready for molding into 
blocks. F 

The amount of material to be molded 
per block is weighed, by machine, directly 
into the mold with the bottom punch in 
place. The top punch then is inserted 
and the block pressed. The blocks then 


are subjected to a 24-hour baking cycle. 
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The ends of the blocks are sprayed 
with copper, and the lateral surfaces are 
coated with an insulating compound. 

Figure 1 shows a lightning-arrester 
block cut through the middle. 


Testing Procedure 


The blocks are subjected to a life 
test and a volt-ampere characteristic test. 
We are here interested in the latter only. 
The functioning of a lightning-arrester 
block depends upon the fact that its re- 
sistance does not vary linearly. It has 
high resistance for low currents and low 
resistance for high currents. Figure 2 
shows the volt-ampere characteristics of 


Figure 1. Lightning- 
arrester block 
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a lightning-arrester block taken by a 
cathode-ray oscillograph. The block is 
subjected to a surge whose crest value is 
1,500 amperes. The time of the surge is 
ten microseconds from zero current to 
maximum and 20 microseconds to half 
value. The volt-ampere characteristic 
is read on a cathode-ray oscillograph. 
The maximum voltage attained across the 
block is called the ‘‘maximum rise’’ of the 
block. 


Variables 


Among the known factors which could 
cause electrical variations are such things 
as weight, length, and density of blocks; 
variations in the manufacturing tech- 
niques, and the character of the raw sili- 
con carbide; and variations in the testing 
equipment. 


Correlation Between Two Tests 


As the voltages across the block at both 
high and low currents are important in 
the functioning of the blocks, it is of value 
to know the degree of correlation between © 
these voltages. 

Accordingly, for a set of 30 blocks, maxi- 
mum rise was obtained for a 150-ampere 
surge and for a 1,500-ampere surge. The 
data were plotted on a scatter diagram as 
shown in Figure 3. The regression of Y 
on X is given by the equation Y = 0.5X. 
The calculation given in Table I shows 
that the regression is highly significant. 

The 0.01 probability level for F with 1 
and 28 degrees of freedom is about 8.0.. 
Hence the regression is highly significant. 

It may be of interest to note that the 
dependence of Y on X may be inferred 
from the fact that only two of the 30 
points in Figure 3 fall in the second and 
fourth quadrants. The chance that this 
will happen for uncorrelated data is 
one in 2,000,000. For that reason, plus 
the fact that the variance from the re- 
gression line is small, the test for a 150- 
ampere surge wa eliminated. 


Effect of Molding Technique on 
Electrical Characteristics 


To determine the effect of variations in 
molding technique on electrical charac- 
teristics of blocks, a batch of material 
was mixed and divided into four portions 
edie FRc A, ole Ie eh ee ee eee 
Paper 45-132, recommended by, the AIEE subcom- 
mittee on applications to statifftical methods of the 
Standards committee for publication in AIEE 
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1945; made available for printing May 15, 1945. 
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department, Westinghouse Electric Corporation, 
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from each of which 50 blocks were 
molded under different conditions. These 
will be called batches A, B, C, and D. 

Batch A was molded in the laboratory 
under controlled conditions. Batches B, 
C, and D were molded in the shop. For 
B the attempt was made to control the 
variables. For C no attempt at control 
was made, but the operator was under 
observation. Batch D was molded with- 
out letting the operator know that it was 
a special batch. 

Incidentally, since batches A, B, and C 
were molded immediately after mixing, 
and batch D was molded several days 
later, this experiment shows the effect 
of aging on maximum rise. Thus a trend 
definitely exists for batches A, B, and C, 
although it is not so evident for batch D. 
See Figure 4. The statistic 6?/o? has 
values of 0.585, 0.787, 0.693, and 1.738 
for batches A, B, C, and D, respectively. 
The 0.01 and 0.05 probability values for 
this statistic for 50 observations are 1.40 
and 1.58, respectively. 

The following application of the x? 
test was made to see whether significant 
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_pere characteristics of blocks. 


differences exist between the variances of 
the afore-mentioned four batches. 


2.3026 


a (n log S’2—Zn; log S;'*) 

with K—1 degrees of freedom, where 
S;? is the estimated ith variance with 
n degrees of freedom and S’? is the esti- 
mated total variance with 2 degrees of 
freedom. ; 


Dt) 
38(k—1) nm Nn 


In this case, 
2.3026 
x232—— (196 log 0.0462 — 
1.01 49 log 0.00000349) 
=2.3 (—261.73+267.40) 
=13.04 


C=1+ 


But the 0.01 probability level for x? 
with three degrees of freedom is 11.34. 

The conclusion drawn from these data 
is that the variables of the shop molding 
practice actually do affect the volt-am- 
Further 
attempts to determine these factors have 
not been made at this time, primarily be- 
cause a control chart showed that within- 
batch variations were small compared to 
between-batch variations. Maximum 
effort accordingly was devoted to elimi- 
nating causes of between-batch varia- 
tions. As the effect of variations in mold- 
ing technique will most likely manifest it- 
self within a batch, a critical study of 
these variations was left until some future 
date. 


Effect of Aging on Maximum Rise 


In the preceding section it was found 
that material molded without being aged 
first exhibited trends in maximum rise. 
The indication was that if material was 
aged for a suitable length of time no such 


trends existed. Of course standard prac- 


tice based on long experience and engi- 
neering knowledge was to age the material 
before using. However, statistical analy- 
sis brings a definiteness into the picture 
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which otherwise seems to be lacking and 
sometimes refutes accepted practice. 
For this reason, the data shown in Figure 
5 were obtained for eight batches aged 
for what was considered to be a suffi- 
ciently long period of time. The data are for 
every eighth blockin order of production. 
The values of 6?/o? for the eight batches 
were respectively 1.69, 1.96, 1.11, 1.67, 
1.73, 1.22, 1.34, and 1.98. That trends 
exist even after aging is evident from the 
fact that all eight values obtained are 
less than two, which is the expected 
value of this statistic if there are no 
trends. However, the trend obtained 
after aging is significantly less than that 
obtained before aging as shown by the 
ttest in Table II. 
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Figure 6. Effect of maximum rise of raw 
silicon carbide on maximum rise of finished 


blocks 


The 0.01 probability level with nine de- 
grees of freedom is 3.25. Hence the dif- 
ference is significant. 


Effect of Baking Temperature on 
Blocks 


Sixteen blocks were taken from the 
same batch. Eight of the blocks selected 
at random were baked in an oven at the 
standard temperature. The other eight 
blocks were subjected to a baking cycle 
whose maximum temperature was 75 
degrees centigrade lower. The data 
are shown in Table III. A value of t = 
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Table IV 
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¥ =12.20 
Total sum of squares=0.86 


Between positions at Tee) = 0.145 
Error =0.7 
0. ee 
= =0.69 
0.715/24 9 


1.89 was obtained, This falls between 
the 0.05 and 0.10 probability level of the 
t distribution. A retest was made with 
16 more blocks. A value of ¢ = 3.63 was 
obtained. This value is higher than the 
0.01 probability level, which shows that 
oven temperature should not be allowed 
to deviate by as much as 75 degrees 
centigrade. 

To determine whether or not signifi- 
cant differences in electrical characteris- 
tics exist between blocks baked in various 
positions in the oven, 32 blocks were ran- 
domized and placed in groups of four in 
eight positions in the oven. The data 
are shown in Table IV. An analysis of 
variance performed with these data yields 
a value of F = 0.696 with seven degrees 
of freedom for the between-position vari- 
ance and 16 degrees of freedom for the 
etror term (within-position variance). 
This test indicates strongly that signifi- 
cant differences do not exist between po- 
sitions in oven as far as electrical charac- 


teristics are concerned. 


Effect of Clearance Between Mold 
and Punch on Electrical 
Characteristics of Blocks 


There had been some indication in the 
shop that blocks molded with large clear- 
ance between mold and punch had differ- 
ent electrical characteristics from blocks 
molded with small clearance. Although 
there was no apparent reason for this dif- 
ference, a test was made to determine 
whether or not such a difference actually 


_ exists. 


Fourteen blocks taken from the same 
batch of material were molded as special 
blocks; every other block was molded 
with a certain large clearance between 
molds and punches. The remaining 
blocks were molded with a certain small 
clearance between molds and punches. 
The results are shownin Table V. A value 
of tf = 10.1 was obtained. This shows sig- 
nificant difference. That a significant 
difference exists also may be seen from 
the fact that every block molded with 
large clearance had a higher maximum 
rise than every block molded with small 


clearance. 
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31 degrees of freedom 
7 degrees of freedom 
24 degrees of freedom 


Characteristics of Raw Silicon 
Carbide 


The electrical characteristics of raw sili- 
con carbide are obtained by getting the 
volt-ampere curve for a sample of the 
raw material. It would be of value to 
verify the degree of correlation between 
the maximum rise of raw material and 


finished product although theoretically | 


the two should be proportional. How- 
ever, at the time the test was run only 
two varieties were available. One had a 
maximum rise of 7.5 kv, the other 8.2 
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kv. The data are plotted in Figure 6 and 
show that the maximum rise of finished 


blocks is roughly proportional to the | 


maximum rise of raw silicon carbide. The 
test should be repeated with batches of 
silicon’ carbide whose electrical charac- 
teristics vary along the scale to determine 
the regression lines. 


Conclusion 


As applied to lightning-arrester blocks, 


statistics helped engineering judgment 
by verifying that some of the variables 


’ which had been thought to affect electrical 


characteristics actually did so. This led 


to emphasis of control of these factors” 


at the expense of others which had been 


thought to affect maximum rise but were 


found, by statistical analysis, to have a 
less significant effect. As a consequence 
of this study a more uniform product is 
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New Transmission-Line Diagrams 


A. C. SCHWAGER 


FELLOW AIEE 


N THE DESIGN and operation of 

transmission lines the following quan- 
tities are of primary importance: send- 
ing-end power, receiving-end power, send- 
ing-end voltage, receiving-end voltage, 
power angle between sending-end and 
receiving-end voltage. Numerous dia- 
grams have been developed for the solu- 
tion of transmission-line problems, graph- 
ically illustrating relations between 
some of the afore-mentioned quantities. 
Among these, the modified Evans and 
Sels charts, based on the general circuit 
constants ABCD, have found wide ac- 
ceptance.!::3 In these charts the deter- 
mination of the power at one end with the 
power given at the other end requires a 
transfer of points from one chart to 
another. It is one of the purposes of this 


paper to supplement the modified Evans 


and Sels diagrams in such a manner that 
this transfer of points can be eliminated. 
This can be accomplished by relating 
power at one end to power at the other 
end directly, without intermediate quan- 
tities such as voltage ratio and power 
angle. The diagrams developed are 
essentially admittance-circle diagrams, 
relating admittance at one end to ad- 
mittance at the other end. 

It is a further purpose of this paper to 
develop corresponding circle diagrams for 
the impedances, directly relating the im- 
pedance at one end to the impedance at 
the other. These diagrams might be use- 

ful in conjunction with impedance-relay- 
ing problems where a transfer through 
voltage ratio and power angle is not 
essential. 

The modified Evans and Sels charts 
apply to fixed circuit constants. For 
each new set of values ABCD, a new chart 
must be prepared. Numerous charts 
have been developed to eliminate this 
shortcoming, resulting in universal trans- 
These charts permit 
the determination of the performance of 


any line with arbitrary constants. In 


many of these charts it is necessary, how- 


P. Y. WANG 


ASSOCIATE AIEE 


ever, to execute certain constructions to 
arrive at solutions. It is a further pur- 
pose of this paper to develop a universal 
transmission-line chart based on general 
circuit constants from which all the de- 
sired values can be read directly. 

The following equations and notations 
will be used: 


Es=AE;+Blp (1) 
Ig=CEp+DI, (2) 
AD-—BC=1 
Ep _|Ex\/_5 
Bo skdae 


where bars enclosing a quantity indicate 
magnitude. 


5=angle that Es leads Ez =power angle 


Vector power usually is defined by its 
components P, Q. In order to simplify 
the following formulas a single symbol de- 
noting vector power representing a com- 
plex quantity is introduced: 


p=P+jQ =power vector 


aa = Vs =Gsg+jBys =sending-end (input) 
S admittance 
oper A, ne : ara 
lz lp r=GrtjBr=receiving-end 

3 (load) admittance 
PELE Age Peas! 
ee Coe [ze 


Circle Diagram for the Calculation of 
Power at One End From Power at 
the Other End 


The modified Evans and Sels charts are - 


essentially admittance diagrams. For 
practical purposes, however, they are 
labeled in terms of power divided by the 
square of voltages. As the use of admit- 
tances produces more compact equations, 
admittance quantities will be employed 


pemewoeen ee eee fe 0 ene ee 


being made, and an appreciable reduction 
in the scrap loss during manufacturing 
has resulted. 

’ Statistical methods now are being fur- 
ther applied to determine superior de- 
signs. The main tool being used for this 
purpose is the designed experiment. 
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freely, the results later being interpreted 
in power quantities. The four charts are 
based on the following equations: 


Vg ala SO (3) 
[Bs[ty BB isl ss 

=Vr=—--— — 4 
(Eel * B* B\Ea\— 
Ps ees DiEs? _1 Es\ é (5) 
[Eal? B\Ex| BlEp 
Pay oe ee Gees (6) 
| Es |? B Eg B\Eg|— : 


The four corresponding diagrams are 
shown in Figures 1A, 1B, 1C, 1D. - Dia- 
grams of Figures 1A and 1B are the most 
widely used because the power circles are 
concentric. Figures 1C and 1D consist 
of eccentric circles, which limits their use 
considerably. Referring to Figures 1A 
and 1B, these diagrams permit the deter- 
mination of the power and voltage quan- 
tities at one end from the power and volt- 
age quantities at the other end. For in- 
stance, if it is desired to determine Ps+ 
jQs for a given Pe+jQr and a known re- 
ceiving-end voltage Er, Pr/|Er|? and 
Qr/\Er|? are computed, locating a point 
in the receiver-end chart, Figure 1B. 
This point determines the value of |Es/Er| 
and 6. Thé corresponding point with 
identical |Es/E,| and 6 next is located in 
the sending-end diagram, Figure 1A 
whereupon the values Ps/|Es|? and Qs+ 
|Eg|? can be read, and Ps, Qs, and Es can 
be computed. The necessity of transfer 
of points is common to all these modified 
diagrams since, essentially, they relate an 
admittance to the voltage ratio and power 
angle. It can be eliminated only if 
sending-end admittance and receiving- 
end admittance are brought in direct 
relation, as follows: 


_Is _CE+DIn_C+DYp 
SEs AEgt+Blp A+BYp 


a apiece 1 (7) 


B A 
a vat) 


or, in vector-power form: 


bs PstjQg D 


|Zs)? |zs)? B 
waited ley 1) a pe 
ol Pa tiOe a ae 
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In equation 7, Ys is represented as an 
analytic complex function of the inde- 
pendent variable Vp. Analytic functions 
have interesting properties which are par- 
ticularly useful in the analysis of electric- 
circuit diagrams and which are described 
in detail in mathematical texts.456 
Analytic functions map the plane of the 
independent variable into the plane of the 
dependent variable in such a manner that 
corresponding infinitely small configura- 
tions are similar. Such mappings are 
called conformal mappings. Conformal 
mapping retains the angle between corre- 
sponding intersecting lines, in particular, 
an orthogonal system of lines in one plane 
transforms into another orthogonal sys- 
tem in the other plane. 

Ys is called a linear fractional trans- 
formation of Vp. Since the mappings 
produced by this function have been dis- 
cussed in detail before,‘ it will be suffi- 
cient to indicate the steps leading to the 
final Ys=f(YR) diagram. Analyzing the 
expression 1/(Yg+A/B), the Yr plane 
with origin OYp and axis G and B is 
drawn (Figure 2). Addition of A/B pro- 
duces the Yp+A/B plane with origin O. 
In this plane, lines B,;=constant and 
G,=constant aredrawn. Itis well known 
that the expression 1/(Yzg+A/B) can be 
obtained by a process of complex inver- 
sion. Inversion transforms circles into 
circles. Specifically, the straight lines 
B,=constant and G;=constant are trans- 
formed into the circles Bj=constant and 


Ps IQs Ps 


— +. —,, = =, =Y 
IERI2 lEnl2leelz “RS 


eal © 
Figure 1. Modified Evans and Sels charts 


i 
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Gi=constant respectively, as shown. 
Additional lines G= constant and B=con- 
stant all intersect at O and produce an 
orthogonal system of circles. Centers of 
the G=constant circles are located on the 
real axis, centers of the B=constant cir- 
cles on the imaginary axis. The diameter 
of the circles is the reciprocal of the short- 
est distance of the straight lines from the 
origin and readily can be computed as 
shown in Figure 2. The final expression 
of Ys requires multiplication of 1/(Yp+ 
A/B) by —1/B? and addition of D/B, 
resulting in Figure 3, which lists in detail 
the steps necessary to arrive at the circles 
G=Pp/|Er|?=constant and B=Qr+ 
|\Er|?=constant in the Ps/|Es|?-+ j0s+ 
|Es|* plane. If numerous circles repre- 
senting varying Pr/|E|? and Qp/|Er| 
values are drawn, Ps/|Es|?+ jQs/|Es\? 
can be determined readily as co-ordinates 
of the intersection point of circles repre- 
senting P,p/|Ex|? and Qp/|Er|? values 
applying to the particular problem. If 
Figure 3 is used as a separate chart, the 
additional use of the modified Evans and 
Sels chart, Figure 1B, is required to deter- 
mine the voltage ratio necessary for the 
calculation of the sending-end power and 
for the determination of the power angle. 
It is apparent that the separate use of the 
chart of Figure 3 has no advantages over 
previous charts. However, if this chart 
is superimposed upon the modified Evans 
and Sels sending-end power chart, Figure 
1A, what appears to be a useful new chart 
is produced. 

This superposition is éxecuted in Fig- 
ure 4, using data and nomenclature of a 
previously published chart for easy com- 


JQpr c oil Part ed 
JEr|? 


Esl iy ee (0) 
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parison.* Ascan be seen, all receiving-end 
power circles intersect in the center of the 
|Er/Egs\=constant circles. Since all cir- 
cles Pr=constant, Qg=constant inter- 
sect at right angles, the intersecting points 
are determined accurately. The chart is 
therefore more convenient to use than the 
synchronous-machine charts which it re- 
sembles. 

The chart is equally useful in determin- 
ing receiving-end quantities with sending- 


Gy= CONST, 


q A + Yr 
O63 2 
By = CONST. 


Ry 4 + JB 


Figure 2. Complex inversion of Y;+A/B 


end quantities known, the steps being re- 


verse of those indicated in the preceding | 


problem. Essentially, the advantages of 
the Figure 4 chart are that power and 
voltage at either end can be determined 


from power and voltage at the other end 


by the use of a single chart, eliminating 


the transfer of points required on previous 


charts. 
In a similar manner Yp can: be ex- 
pressed as a function of Vy: 


Vp= Pr _PrtiQr_ A 
*"|Exl? | Eel? B 


A diagram similar to Figure 4 results, 


mapping the sending-end plane upon the 
receiver plane. 
Evans and Sels diagrams, Figures 1C and 
1D, two additional diagrams exist for the 
transformation of the 


versa. “It, will be sufficient to list the 


formulas for one of these transformations, . 


, Yrs= f(V sr) 
PstiQs _D por age 
1 Rove ® 
p{ Petite A\Er ’ (9) 


|Es|?  BlEs 


Corresponding to the 


Ps/\En}?= Yes 
plane into Pp/|Es|?= Ysr plane and vice 
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The resultant diagrams are still circle 
diagrams, however, the circles do not 
intersect in one point. They have similar 
practical limitations as do the diagrams of 
Figures 1C and 1D. 


y { 
2jeje (x(A)+ Ee) 

= P 
zie ee(A)+ e8,) 


Figure 3. (above) Construction of circle dia- 
grams relating receiving-end power to send- 
ing-end power 
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Circle Diagram for the Calculation of 
the Impedance at One End From 
the Impedance at the Other End 


In conjunction with protection prob- 
lems involving impedance relays with 
phase-angle control, circle diagrams re- 
lating impedances to |Er/Es| and 6 
have found wide application.’ These dia- 
grams follow readily from equations 3, 4, 
5, and 6. It will be sufficient to analyze 
but one specific case. 


(10) 


Since Zs is a linear fractional trans- 
formation of the independent complex 
variable |Ep/Es|/—5, straight lines and 
circles in the plane of the independent 
variable transform into circles in the Zs 
plane. In particular, the circles |Ep/Es| 
=constant and the lines 6=constant 
transform into circles. Since the lines 
|\Ep/Es|=constant and é=constant are 
orthogonal, they will produce an orthog- 
onal system of lines in the Zs plane.* A 
similar diagram can be developed for the 


Figure 4. Chart relating receiving-end power 
to sending-end power, voltage ratio, and 
power angle 


| 


Vi 


(Ps 2 
(Ws) 


50000 
200000 


_ Schwager, Wang—Transmission-Line Diagrams 


impedance Zp. If itis required to deter- 
mine the value of Zs for a given value of 
Zp, it is necessary to determine the values 
of |Ep/Es| and 6 from the Zp diagram and 
transfer the point to the Zs diagram. 
This procedure is analogous to that re- 
quired in the Evans and Sels diagrams. 
In the following, circle diagrams will be 
developed for the direct determination of 
one impedance from the other, without 
transfer through the intermediate vari- 
ables |Ep/Es| and 6. Since these dia- 
grams closely resemble the admittance 
diagrams developed previously, it will be 
sufficient to consider one specific case, for 
instance, the mapping of ZpintoZs. Re- 
ferring to equations 1 and 2, it follows: 


Es AEpt+Blp_AZr+B 
Sg. CEn-+DigsCZr 1? 
A 1 


faces D 
fini?) 
and with Zp=RretjXr: 


i! Ai 
D 
c{ Retixat2) 


yee 
ais (11) 


As in the admittance diagrams where 
B=constant and G=constant lines 
mapped into circles, the foregoing equation 
transforms lines Re=constant and Xz= 
constant into circles which intersect at 
one point. A particularly simple dia- 
gram results when the phase of the circuit 
constant C equals 90 degrees, as is shown 
in Figure 5. From such a diagram in- 
cluding numerous Re=constant and 
Xp=constant circles the value of Zs is 
determined as the intersecting point of 
appropriate Re and Xz circles. This 
type of diagram might find application in 
conjunction with special impedance-relay- 
ing problems where voltage ratio and 
power angle are of secondary importance. 


Universal Transmission-Line 
Charts 


The modified Evans and Sels charts 
apply to one specific set of ABCD con- 
stants. They are simple to construct and 
furnish information concerning a specific 
line very quickly. As has been pointed 
out, the diagrams of Figures 1A and 1B 
are used most commonly. Figures 1C 
and 1D diagrams are used rarely as they 
do not furnish information conveniently, 
ordinarily requiring construction of par- 
ticular 6 lines. There is, therefore, still a 
need for charts which furnish sending-end 
power from receiving-end power and send- 
ing-end voltage, and vice versa, in a direct 
and convenient manner, and without con- 
struction. 

Furthermore, in planning new trans- 
mission lines, the preparation of charts 
according to Figures 1A and 1B for 


numerous ABCD values is time consum- 


ing. Universal charts, giving data for 


\ 


“ ~ 


"7 
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scissa and |Er/Es| as ordinate. 
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any line of arbitrary ABCD constants, 
are -preferred. Most of the existing 
charts, however, again require construc- 
tions to arrive at solutions. In the fol- 
lowing, four charts similar to the Evans 
and Sels charts will be developed which 
will permit the quick calculation of power 
and voltage quantities for any ABCD 
constants without construction and with 
a minimum of computation. These 
charts also will eliminate the shortcom- 
ings inherent to the charts shown in 
Figures 1C and 1D. 

The principal handicap against the 
modified Evans and Sels charts being 
suitable for universal charts is the fact 
that each new value of B and D intro- 
duces a new distance and, more particu- 
larly, produces a change in angular rela- 
tions. Different diagrams result even if 
|\D| and |B| do not change, but A and g 
only. This suggests that the method 
used in Figure 1, representing the angular 
relations, should be modified, and that 
more emphasis should be placed on the 


+JXs 


Xp CONST. 
Rp CONST. 


Figure 5. Diagram relating receiving-end im- 
pedance to sending-end impedance 


angular co-ordinates. For instance, it 
seems indicated to identify sending-end 


‘power, not by Ps=Pst+jQs, but by |p 


and the power-factor angle #3. Further- 
more, the power-factor angle #3 is not as 
suitable as the angle ¢s to which it is 
related by ¢s=8—A+?s. 
given preference in the following. In 
Figure 6A, the chart Figure 1A is repro- 
duced with emphasis on these angular 
quantities. ps is represented by |ps|= 
constant circles (only one shown) and 
¢s=constant lines (only one shown). As 


can be seen, each set of values 6 and 


|Ep/Es| determines a corresponding set 
of values for |ps| and ¢s. 

In the following chart, Figure 6B, a 
new orthogonal co-ordinate system for 6 
and |Ep/Es| is introduced with 6 as ab- 


values of |ps| and ¢s corresponding to 
various values of 6 and |Ex/Es| are deter- 


a ae. or 
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Figure 6. Transformation of conventional 
power diagram into Ep/Es, 5 diagram 


Figure 7. Og-¢g diagram 


mined from Figure 6A and entered in 
Figure 6B, a useful chart results if the 
\ps|=constant and ¢s=constant lines 
are indicated. In this manner |Pg| and 
¢s can be determined for any given values 
of 6 and |Er/Es| and conversely. In 
order to arrive at a universal diagram, 
equation 3, representing Figure 6A, is 
divided by |D/B\, resulting in 


Be 


Denoting the real quantity |psB+ 
E;?D|=Os, the Figure 7 diagram results, 
from which the following trigonometric 
relations can be established for the deter- 
mination of the lines Os=constant and 
¢s=constant in the |EsD/Ex|, 6 co- 
ordinate system: 


B 
Es*D 


Er 
EgD 


ps 


R 
1+|— =] -05? 
EgD 
cos (65+ A)= s (12) 
Er 
EsD 
| EgD _sin (Ca A) (12a) 
Er sin ¢g 


Figure 8 shows the resulting plot cover- 
ing a wide range of values. This chart 
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Figure 8. Universal transmission-line chart in 
ERp/Es, 5 co-ordinates 


Eg and Ep in kilovolts 
6=power angle between Eg and Ep 
os =B— A+6g,0g=power-factor angle 

Os =(kva)s X | B/Es*D | 


represents conditions at the sending end 
and corresponds to the modified Evans 
and Sels chart, Figure 1A. For the re- 
ceiving-end chart corresponding to Figure 
2A the following formulas can be derived 
when |ppB/Ex?A|=Op, ¢2=B—at+rp. 


E 2 
1+ —Or? 
cos (6—a)= Bs (13) 
ERA 
ErA\ sin (¢r—6—a@) 
= 13 
Es sin op Se 


Comparison of equations 13 and 13a 
with equations 12 and 12a brings out the 
fact that identical plots are produced in 
slightly different co-ordinate systems. 
Figure 8 therefore could be used readily 
as receiving-end chart as well, with 
|EpA/Es| as ordinate and (6—a) as 
abscissa. This feature brings out the in- 
herent symmetry in the choice of the co- 
ordinates. In order to avoid confusion it 
appears advisable, however, to physically 
separate the two charts. Figure 9 shows 
one possible method suitable for practical 
use. The left-hand side of this chart is 
marked for receiving, the right-hand side 
for sending-end quantities. Figure 10 
shows a section of chart of Figure 9 which 
covers the range of most common operat- 
ing conditions. The use of these charts is 
illustrated best in conjunction with a> 
practical example. 

Given a transmission line with the fol- _ 
lowing constants, 


A=0.917/1.06°=D 
B=153/78.56° é 
C=0.00106/90° 


Determine sending-end power, power 
factor, and voltage if 75 megawatts at 99- 
per-cent power-factor leading is delivered 
at the receiving end at 154 kv. 


Solution: 


(kva)p cos 0g=(kva)pX0.99=75 mega- 
watts; (kva)p=75.75 megavolt-amperes, 
OR = 8,1 e 
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pS Z D 

Ors = (kva)s Ep? 
AB 
Osr=(kva)r el 


_ (kva)r| B| 
1542| A | 


ea =0.533, bp =8.1°+78.56° 
—1.06° =85.6° 


With the foregoing values, the operat- 
ing point is located in the left-hand side of 
Figure 10, giving 
| EpA/Es | =0.856 


6—a=27.2° 
from which 


0.917 
E, | =——— X154=165 kv 
| Es 0.856 


§ =27.2°+1.06 ° =28.26° 


Next, computation of |EsD/Er|= 165 X 
0.917/154=0.983 and 6+ A=29.32 fur- 
nishes the operating point for the right- 
hand side of the Figure 10 chart, which 
corresponds to 


(kva) 5B 
05-014! EeA 


giving 

(kva) 5 = 83.1 megavolt-amperes 
og=77.7=B—A+4s 

giving 

65= —0.4°, cos 0s=1 


From the foregoing example it can be 
seen that this universal chart furnishes 


the desired information quickly and with 


‘a minimum of calculations. 

Whereas the charts in the first two sec- 
tions of this paper were obtained as map- 
pings of analytic complex functions, the 
universal charts are obtained by a purely 
geometrical process and do not represent 
such mappings. The orthogonal system 
of Os=constant and ¢s= constant lines of 
Figure 7 does not map into an orthogonal 
system, as can be seen by inspection of 
Figure 9. An orthogonal system could be 
obtained if Figure 7 were mapped accord- 
ing to the function 1|Ep/EsD\/O+ A; 
however, this would produce a logarithmic 
scale for the ordinate which is less practi- 
cal than the linear scale employed in Fig- 
ure 9. 

Charts of Figures 9 and 10 are applica- 
ble for the solution of problems where 


power and voltage at one end of the trans- 


mission line are given. Similar universal 


charts can be developed with power given 


at one end and voltage at the other. 
Since the derivation of the charts is simi- 
lar to that of the preceding ones, it will be 


sufficient to list the relations correspond- 

ing to equations 12 and 13. The follow- 
ing notations and abbreviations are used 
in deriving them: 
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Figure 9. Universal chart for power and voltage given at one end of line 
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Universal chart for power and voltage given at one end of line, normal 


operating range 


 ¢r=B-—at6, Or=(kvae E,2A 
resulting in 
DEsg|? |\DEs\* 
Ba | Bq | TOR 
‘ R R 
cos (6+ A) = DE«| (14) 
ER 
EsD\_ sin (@s+6+ A) 
Er as sin og (i4a) 
AEp|?. |AEp'4 
pee +8Ex ZG on? 
cos (6—a) = Bs | Bs (15) 
j oes 3 
. Es 
ERA| sin —6 
Ea) oth toe 85g) asa) 
Es sin Rr 


The resulting charts are shown in Fig- 
ure 11, covering a wide range of values, 
and in Figure 12, applying to the normal 
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os=B— A+0, Os=(kva)s E.*D 


operating range. Since appearance and- 
use of the charts is similar to the previous _ 
ones, it will be sufficient to compute one 
example. 

Referring to the afore-mentioned trans- 
mission line it is required to determine 
the receiving-end voltage and sending-end 
power when 50 megavolt-amperes at 96- 
per-cent power-factor lagging is delivered 
at the receiving end with the sending-end 
voltage maintained at 160 kv. 


Solution: 
As given, 


cos Oz =0.96 
therefore 


Op = —16.3°- ) f 
On=6—a+0n = 78:56°— 106° . 
(—16.3°) =61.2° 
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Than eh 


a eer eee Dee A 


che 


_ 51.2 153.16 X0.917 


Osr = (kva)r fen 


BA 
E;? 
= 0.286 


Referring to the left-hand side of chart 
Figure 12, the intersection of ¢g=61.2 


and Osr = 0.286 furnishes 

| EpA/Es | =0.77 

from which 

| fl | _0-77 X160 “194 5 ey 
0.917 

6—a=19° 


from which 
6=19°+1.06°=20.06° 


To find the sending-end power, compute 
160X0.917 _ og 
ee i es 
5+ A=1.06°+20.06°=21.12° 


|EsD/Ep|= 


Referring now to the right-hand side of 
Figure 12 


os = 66.3 ° Ors =0.48 
giving 

0.43 X 134.2 

oe tateaiae eee 

- - 153.16 X0.917 


=55 megavolt-amperes 


65 =66.3 °— 78.56 °+1.06° 
= —11.2°, cos @=0.981 lagging 


Sending-end power. 55 X0.981=54 
megawatts. 

From the foregoing example it can be 
seen that the desired information can be 
Obtained quickly. It is particularly in- 
teresting to note that in this universal 
type of diagram none of the difficulties in- 
herent in the modified charts of Figures 
1C and 1D are encountered. 

Additional data follow readily from 
these charts. The dotted line in Figure 
10 indicates the optimum-power-limit 
line, corresponding to the envelope of the 
nonconcentric circles ifi the conventional 
diagram. This line corresponds to the 
line O=1 in Figure 10 and therefore can 
be constructed readily. 

The power-limit parabola which is the 
locus of the maximum power transmitted 


at regulated potentials in the conven- . 


tional diagram coincides with the con- 
stant-power-angle line where 6=8. 


Power-angle curves can be developed » 


quickly from these charts. 


Conclusions 


1, A circle diagram is developed, relating 
power at one end to power at the other end 
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Figure 12. 


BA 
dr=B—atd, Osr=(kva)e F. 
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2. A circle diagram is developed, relating 
impedance at one end to that at the other, 


3. Universal transmission-line charts are 
developed based on a new co-ordinate system 
from which the essential data pertaining to 
any line readily can be computed. The diffi- 
culty enountered in the conventional charts 
with power and voltage given at different 
ends is eliminated by this type of chart. 
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The S-Function Method of Measuring 


Attenuation of Coaxial Radio-Frequency 
| Cable 


CHANDLER STEWART, JR. 


NONMEMBER AIEE 


URING the last few years coaxial 
radio-frequency cable has been pur- 
chased in large quantities by the Army 
and the Navy for use in aircraft and sur- 
face vessels as radio and video transmis- 
sion lines. Inspection of this cable has 
been carried out at the factories in accord- 
ance with the requirements of the appli- 
cable specifications, the latest of which is 
the Joint Army-Navy Specification JA N- 
C-17. These specifications require fre- 
quent measurements, at the factories, of 
the characteristic impedance and attenua- 
tion during production. 

Characteristic impedance generally has 
been determined from results of capaci- 
tance and velocity of propagation tests on 
samples of cable approximately five feet 
long, by means of a formula similar to 
equation 32 of this paper. Accuracy of 
meastirements by this method easily can 
be kept to within one per cent. 

Attenuation measurements generally 
have been made at one or more frequen- 
cies such as 100 megacycles or 400 mega- 
cycles, by a method involving samples 
approximately 100 feet long. It has been 
shown by a series of comparison tests that 
results of measurements by this method 
on different equipments and at different 
laboratories may vary by as much as 20 
per cent on one sample. This can be par- 
tially attributed to the use of nonstand- 
ard equipment and to the highly skilled 
‘technique required in making the meas- 
urements. 

A new method of measuring attenua- 
tion, known as the S-function method, 
is here proposed. This method has been 
found to be simpler, faster, and more 

‘convenient than any other in general use. 
Also, it required samples which are 
shorter and the lengths of which are less 
critical than do other methods so far pro- 
posed. For example, the best length of 
radio-frequency cable RG-8/U for a 100- 
megacycle test is 11 inches. Although a 
knowledge of the characteristic imped- 
-ance is required, an error in its value 
generally will not affect adversely the at- 
tenuation results, which is in contrast to 
some methods using resonant lengths of 
Paper 45-134, recommended by the AIEE com- 
mittee on communication for publication in AIEE 
TRANSACTIONS. Manuscript submitted Septem- 
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cable, which are subject to errors in di- 
rect proportion to the relative error in the 
supplied value of the characteristic im- 
pedance. This method, however, is 
limited by the design of presently avail- 
able equipment to frequencies from about 
1 to 100 megacycles. 


Measurement Procedure 


To measure the attenuation of a cable, 
cut a sample of total length approximately 
equal to (see Figure 1A) 


44V 


me 


ae 


c= 


feet (26) 


TIN THIS AREA 


: 


t 
Figure 1. Preparation of the cable sample for 
measurement 
Figure 2. Schematic diagram 
of the measuring circuit 
Standard Q meter such as 
Boonton type 160A or 170A 
A—Auxiliary silver-mica ca- 
pacitor as required 


where 


V =relative velocity of propagation of cable 
fme= test frequency in megacycles 


Strip back outer covering for about 11/, 
inches from one end and apply solder to 
the outside of the braid in a circular band 
as ‘shown in Figure 1B. Cut through the 
braid and insulation to the inner con- 
ductor at about three-quarters inch from 
the end (Figure 1C), exercising care not to 
cut into the inner conductor. Solder a 
lug to the braid (Figures 1D and 3), mak- 
ing certain that a large part of the lug 
surface makes contact with the braid 
and that the entire region around the 
lug is well soaked in solder. An iron with 
about 200 watts capacity should be used. 
Strip back the covering at the other end of 
the sample for about three-quarters inch 
(Figure 1E), and soak solder into the braid 
in a circular band. Cut through the 
braid and insulation as shown in Figure 
1F, and bend back the central strands 
radially and solder to the braid (Figures 
1G and 3). It is important that each 
strand and this entire end of the braid be 
well soaked in solder to insure a low-re- 
sistance connection. It has been found 
that making only ‘‘spot” contacts has the 
effect of raising the values obtained for 
attenuation, N, by as much as ten per 
cent. 

The prepared sample is connected to 
the Q meter (Figures 2, 5A, and 5B), 
which is operated in the usual manner for 
testing coils, and values of f, Q, and C re- 
corded. These are applied to the solid 
curve of Figure 6 to obtain the value of 
S, which is inserted in the following for- 
mula for attenuation: 


Sy} 
N “04 decibels per 100 feet (20) 


As a guide in subsequent sample cutting, 
the dashed line of Figure 6 gives the ratio 
of preferred sample length (do) to the ac- 
tual sample length (d). 

At the lower frequencies it may be- 
come necessary to employ auxiliary ca- 
pacitors. These should be of the silver 
mica type, and are connected to the 
“Cond” terminals of the Q meter. The 
amount of external capacitance required 
is determined easily from the fact that the 
total capacitance in micromicrofarads re- 
quired to resonate a cable sample of 


~ length dp will be 
c._. 120,000 
aut, pie (29) 


B—Cable sample under test C—Inner conductor soldered to outer conductor at end 


Stewart—A ttenuation of Coaxial Cable 
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Figure 3. Prepared ends of cable samples for 
attenuation measurement 


Radio-frequency cable RG-8/U 
Radio-frequency cable RG-7/U 
Radio-frequency cable RG-8/U 
Connection to Q meter 

Short-circuited ends of cable samples 
Ghould be well soldered in this fashion to in- 
sure minimum resistance and _ inductance) 


MOOQR> 


where 


Fmc=test frequency in megacycles 
Zo=characteristic impedance of the cable in 
ohms 


From equation 30 it may be noted that 
the lowest frequency at which 50-ohm 
cable can be tested on a type-160A Q 
meter without external capacitance is six 
megacycles. 

Following is a typical example of data 


obtained in making an attenuation meas- 


urement on a sample of radio-frequency 
cable RG-8/U: 


d=3.0 feet 
Zo=52 ohms 
Smc=30 megacycles 
Q=89 
Cyys= 82 micromicrofarads 
S=274 
N=1.03 decibels per 100 feet 


Appraisal of the Method 


A typical sample of coaxial cable, 
about 200 feet long, was tested at several 


government and commercial laboratories. 


by various methods at 100 megacycles. 
The results are listed in Table I. It will 
be seen that the result obtained by the S- 
function method agrees closely with the 
average of the results of the other meth- 
ods. 

In Figure 7 results Stand on a sample 
of radio-frequency cable RG-7/U at fre- 
quencies from 1 to 100 mega¢ycles by the 
S-function method have been plotted 
and compared with nominal values listed 
in the Joint Army-Navy Specification 


_ JAN-C-17. The measurement results 
fie almost in a Pinbelsy line on ‘‘log—log”’ 


Figure 4. Cable samples prepared for attenuation measurement at 100 megacycles 


A. Radio-frequency cable RG-7/U 


By use of equations 18 and 33 it can be 
shown that if the sample length, d, is held 
to within ten per cent of the length dp, 
prescribed by equation 26, a ten-per- 
cent error in Zo will cause less than a two- 
per-cent error in attenuation, N, and 
likewise a 20-per-cent error in Zp will 
cause less than a six-per-cent error in JN. 

Tests were attempted at 200 mega- 
cycles, but in each case the results were 
from 10 to 15 per cent higher than 
values obtained from other methods or 
by extrapolation from lower frequencies. 
This is probably due to losses in the Q 
meter and its terminals, and possibly to 
some radiation. At frequencies below 
one megacycle, for most types of cable 
now in use, the Q values are too low to be 
read accurately. Consequently, it is rec- 
ommended that for presently available 
equipment this method be limited to 
frequencies from 1 to 100 megacycles. 


Definitions of Terms 


a=attenuation constant of the cable 
sample in nepers per foot 
8=wave-length constant of cable sample 
in radians per foot : 
y=atjs 
c=velocity of light in vacuum in feet per 
second = 983.57 -108 _ 
C=distributed capacitance of cable in 
farads per foot 5 
Cy) =capacitance required to resonate cable 
at test frequency in farads 
d=length of cable sample in feet 
d)=preferred length of cable test specimen 
in feet 
€=base of naperian logarithms 
f=test frequency in cycles per second 
G=distributed conductance of cable in 
mbhos per foot 
j=V=1 : 
L=distributed inductance of cable in 
henrys per foot 
M=Zo/X gc, introduced for convenience 
M,y=value of M for least error in N caused 
by an error in Zo 
N=attenuation of cable in decibels per 100 
feet 
P=power factor of the cable dielectric 


'Stewart—A ttenuation of Coaxial Cable. 
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B. Radio-frequency cable RG-8/U 


Figure 5A. Connection of cable samples to 

Boonton type 160A Q meter for attenuation 

measurement by the S-function method at 
frequencies from 1 to 35 megacycles 


1. Care must be taken that outer braid clears . 


all metal except LO terminal by at least one- 
eighth inch 
2. LO terminal 
3. Connect silver-mica auxiliary capacitor to 
these terminals if required (usually unnecessary 
above six megacycles) 


Figure 5B. Connection of cable sample to. 


Boonton type-170A Q@ meter for attenuation 
measurement by the S-function method at fre- 
quencies from 35 to 100 megacycles 


1. Care muse be taken that outer braid clears 
all metal except LO terminal by at least one- 
eighth ine 

2, LOterminal 
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Figure 6. Plot of 


S= 
Sia ht 2,000 loge ___ 
4 M+1/M+ 
1/arccot M 
12 (solid line), and 
. do/d = 0.923. + 


arccot M=ratio of 

preferred to actual 

sample length 
(dashed line) 


aeoy 
| | 


f 2,C,= M/2TT 


Q= X s¢/Rsc 
R=cable-conductor resistance in ohms per 
foot 
R,-=input resistance of short-circuited 


cable sample in ohms 
S=function of M defined in equation 18 
and plotted in Figure 6 
V=ratio of velocity of radio-frequency 
potential in cable to velocity of light 
w=angular velocity of test voltage in 
radians per second 
X,e= input reactance of short-circuited cable 
sample in ohms 
Z»)=absolute magnitude of cable character- 
istic impedance 
Z,=complex cable characteristic impedance 
in ohms 
Zre=input impedance of short-circuited 
cable sample, in ohms = Ree+jX ac 


Derivation of Formulas 


From fundamental transmission-line 
theory is obtained the following group of 
formulas?: 


amt/,(GV/L/C+RV C/L) (1) 

B=wV LC (2) 

Zy=VL/C//2(G/wC-R/oL) (3) 

From basic capacitor theory‘ 

G=PaC (4) 
 P=G/oC (4a) 
: Tf we divide equation 1 by equation 2, 

ee/8=1/2(G/oC+R/oL) (5) 


“Subtracting equation 5 from equation 4a 
yields 


P—a/B='/2(G/wC— R/wL) 


(6) 


Combining equation 3 and equation 6 


produces 
Zy=VL/C/P-a/8 (7) 
. which, by definition, becomes 
| £,=2,/P—a/B (7a) 
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RATIO OF PREFERRED TO ACTUAL 
SAMPLE LENGTH do/d (DASHED LINE) 


0.25 


IN CYCLES OHMS FARADS OR MC nF 


In practice P<1 and a/s<1, so that 
the following approximation is accurate: 


Z,22Z,[1—j(P —a/8)] (7) 
From transmission-line theory :* 
Zse=Zo tanh yd (8) 


Substituting equation 7b in equation 8 
yields 


Zsc=Zol1—j(P — a/B) |(sinh 2ad + 


j sin 28d) /2(cosh? ad—sin? Bd) (9) 


As these tests are made on short lengths 
of cable such that ad<1, the following 
approximation of equation 9 is justified: 


Zsc=Zyl|2ad —(P —a/B)sin 2Bd— 


j sin 2Bd]/2 cos? Bd (9a) 
By definition and from equation 9a, 
Q=Xoe/Rse=sin 26d/[2ad— 
(P—a/B) sin 28d] (10) 
1/Q = (2ad/sin 28d) — (P —a/) (10a) 
Xsce=Zo sin 26d/2 cos? Bd=Zytan Bd (11) 
By definition and from equation 11, 
M=Z)/X3,=cot Bd (12) 
6=(arecot) M/d (12a) 


1/sin 26d =1/.\/ 2+ tan? Bd+cot* Bd (13) 
If we combine equations 10a, 12, and ee 
1/Q=adV/2+M?+1/M?—(P—a/8) (14) 
From equations 14 and 12a we obtain 


a=(1/Q+P)/d(M+1/M-+1/arccot M) 


(15) 
N= (2,000 logie)a (16) 


so that > 


‘N=(1/Q+P)2,000 logiwe/d(M +1/M+ 
1/arccot M) (17) 


Let 

S=2,000( logi €)/(M+1/M+1/arccot M) 
(18) 

‘This is plotted in Figure 6. Then 

N=S(1/Q+P)/d » (19) 


Stewart—A ttenuation of Coaxial Cable 


American Society for Testing Mate- 
rials specifications require polyethylene 
to have a power factor of less than 0.005 
at 1 megacycle and at 100 megacycles. 
Meastirements made on various samples 
of radio-frequency cable RG-8/U with 


' 3 10 


FeTEST FREQUENCY IN MEGACYCLES 


N= ATTENUATION IN DECIBELS PER WOFT. 


Figure 7. Results of attenuation measurements 
on radio-frequency cable RG-7/U by the S- 
function method (@) compared with engineer- 
ing data listed in Joint Army-Navy Specifica- 
tion JAN-C-17, paragraph E-3 (X) 


© Results of S-function test on typical sample 
x Engineering data listed in joint Army— 
Navy specifications 


Q meters showed power factors of the 
order of 0.0002 at 10 megacyles and of 
0.0003 at 100 megacycles. Consequently, 
for most work involving cables with this 
insulation, the assumption P<1i/Q is 
justified, in which case equation 19 be- 
comes 


N=S/Qd (20) 


This assumption introduces an error in 
opposition to the effect of losses in the 
Q meter and cable-sample terminals, so 
that even in cases where P is as great as 
two or three per cent of 1/Q, equation 
20 in practice may yield results as accu- 
rate as does equation 19. 


From equation 18 is obtained 


1/S=(M+1/M-+1/arccot M)/2,000 logiwe 
e (21) 


From inspection of equations 12, 19, and 
21, it is seen that the value of d resulting 
in the least possible error in N intro- 
duced by a given error in Zp would re- 
sult from the condition: 
d(1/s)/dM=0 (22) 
Solving equations 21 and 22 for Mo 
yields 


My=cot(M/V/1— M)420.7567 (23) 
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From equations 23 and 12a, the length of 
cable which would give least error in N 
by an error in Zp is 


dy=(arccot Mo) /8 =0.923/8 (24) 
From fundamental theory,® 
8 =2nf/Vc (25) 


So that equation 24 becomes 
dy= Ve(arecot Mp) /2af=144.5-10°V/f (26) 


In the case of a cable with V=0.65, such 
as those with polyethylene or polyiso- 
butylene dielectrics, this becomes about 


dy =94-108/f (26a) 


For cables with air dielectrics, V=1.0, in 
which case 
dy=144-108/f (26b) 


If the measurement of X,, is made on a 
Q meter, 


sc=1/wCy (27) 
from which, with equation 12, 
M = ZqwCo = 2nfZo Co (28) 


and the setting obtained for the pre- 
ferred length of cable will be, from equa- 
tions 23 and 28, 

Co= My /wZv20.12/fZo (29) 


For 50-ohm cables, such as radio-fre- 
quency cable RG-8/U, 


Cy=2,400-10-5/f (29a) 
Table | 
Decibels 
: Labo- Per 
Method ratory 100 Ft 
Diode voltmeters at ends of long } { Y ee ae 1.65 
terminated sample!...... Taft Siete 2eoe 
Tuned circuit-coupled-oscillator 
and diode voltmeter (most E..... 2.01 
commonly employed at radio- T..... 2.13 
frequency cable factories). .... B..... 2.0 
Short resonant (d=19 in.) Peer Po Lads Sy Pee 
i raed (d= 38 in.) eeeee Si dette a La 
(A= BO in Voce OD pie aie oe Le 
The S-function method 
Sitesee's 2.13 


(HE 610s) ite Ae ee ie eres Tae 


It will be found in practice that the low- 
est frequency at which tests by this 


~ method can be made on the type 160A Q 


meter without auxiliary capacitors is 


limited by the size of the tuning capacitor, 


whose highest usable capacitance is ap- 
proximately 400 micromicrofarads. This 
frequency is given by equation 28, and 
for a 50-ohm cable would be 


f =2400-10-/400-10-17=6-10° cycles per 
second =6 megacycles per second (30) 


: Obviously, the frequency range can be 


extended: downward by SePHECHDE low- 


Line Drop Produced by Resistance 
Welders 


R. L. LONGINI 
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Synopsis: Resistance-welding machines 
normally form a very reactive pulsating 
load on a power system which sometimes 
produces undesirable line regulation. The 
regulation can be calculated, and, if it is 
too high, it can be reduced by operation di- 
rectly on 2,300 volts or by power-factor-cor- 
rection means. From a line-regulation 
point of view, the system of 2,300-volt opera- 
tion is usually the most satisfactory. The 
effect of electronic controls on line drop is 
also discussed. 


aes CURRENTS flowing across 
the junction between two metals 
evolve heat because of the contact and 
material resistance. Both the resistance 
and current are controlled in a resistance- 
welding machine so that the heat will be 
just right to produce a fusion weld. The 
contact resistance is controlled by proper 
surface cleaning and control of the con- 
tact forces by the welding machine. 
Current is controlled as to duration and 
magnitude by timing, heat-control 
circuits, and welding-transformer taps. 
The currents involved are very large, be- 
ing between a few hundred and a few 
hundred thousand amperes, depending on 
the welding operation. 

It is often necessary for mechanical 
reasons to have long arms on the welding- 
transformer secondary. This structure 
will have an inductance of the order of 
one microhenry. This inductance, al- 
though small, will be the main impedance 
to the welding current. In order to pass 
10,000 amperes through this inductance 
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at 60 cycles the transformer secondary 
must produce about four volts. The 
transformer will thus involve 40 kva just 


for this relatively small welding current. , 


Welding currents are normally of 


N 


WELDING 
TRANSFORMER 


TO THREE-PHASE ° 
POWER SUPPLY 


Power circuit of three-phase to 
single-phase low-frequency converter 


Figure 1a. 


S1OW. +h 


VOLTAGE 


CURRENT 


Figure 1b. Voltage and current waves 


The solid lines are the actual voltage and 

current. The dashed lines are the values as- 

sumed in the mathematical analysis in the ap- 

pendix. Numerals indicate which ignitrons 
are conducting 


loss fixed capacitors to the capacitor ter- 
minals of the Q meter, so that the total 
capacitance at the center of the dial 
range will be approximately that given 
by equation 29. 

From equation 7 and by Menon of 
Lo 


Zo=VL/C (31) 
which, with equations 2 and 25, yields 
Zo=1/VcC (32) 


From equations 12a and 24, 


d)/d= (arccot M,) /arecot M= = 
-- . 0.923/arccot M (33) ° 


Longini—Line Drop I From Resistance Welders 


This has been plotted as a dashed line 
in Figure 6. 
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short duration. In production there ordi- 
narily will be several pulses of current per 
second. Thislarge, pulsating, low-power- 
factor (usually 0.25 to 0.4) single-phase 
load frequently requires a power system 
designed from a regulation point of view 
entirely without regard for thermal char- 
acteristics. 


Line-Drop Calculations on 
Uncorrected Systems 


The most common complaint occa- . 


sioned by line regulation concerns light 
flicker. The eye is extremely sensitive to 
flicker if it occurs 2 to 12 times per second, 
less than one-per-cent voltage fluctuation 
being objectionable. The voltage drop 
producing flicker is not the reduction in 
rms voltage as read on a voltmeter but is 
the largest average reduction lasting for 
a time interval of about 0.02 second, a 
time determined by the physiology of 
visual response. This time interval varies 
greatly with different people and even 
with one person under different condi- 
tions. Some welder installations produce 
enough regulation to upset control cir- 
cuits. It is desirable to know what the 
regulation will be for a system before 
installing a welder. 

Regulation can be calculated by the 
relationship (developed in Appendix I): 


. AE vine 
Per cent line drop = 100 ——— 
Eine 
HH? P 
Sa 6. in 6, tan @ 1 
100(Bua) (cos 62 + sin 6: tan :) (1) 


/ 


where 


Ezine =line voltage 
H=electronic heat control setting= 
per cent maximum rms current 
P=kilowatts dissipated during a weld 
at 100 per cent heat 
(kva)s¢=short-circuit kilovolt-amperes of 
power-supply system 
6:=phase angle of total circuit im- 
pedance 
6,=phase angle of power system im- 
pedance 


A given welding operation will require 
a certain value of the kilowatts, P, dis- 
sipated during the weld. It is of interest, 
however, to see how the other parameters 
enter into the line drop. The power fac- 
tors or impedance phase angles enter into 
the line drop critically. The phase angle 
of the power system, 92, is normally be- 
tween 60 and 85 degrees so that the term 
sin 0, tan 0, is of primary importance in 
this factor. The total impedance of the 
circuit is largely that of the load so that 
6, is almost entirely determined by the 
load power factor. The phase angle A is 
usually greater than 65 degrees, thus a 
slight improvement in power factor may 


_ reduce the line drop very greatly as the 


tangent varies rapidly in this region. 
Since low-load power factor is largely due 
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Figure 2. Comparison of the power factor at 

60-cycle operation with the power factor of 

the same machines at low-frequency square- 
wave operation 


to the inductance of the secondary loop, 
the loop should be designed with as low an 
inductance as is compatible with other 
considerations. 

It is apparent from the formula that it 
is desirable to have the short-circuit kilo- 
volt-amperes of the power system, as 
seen from the welder, as large as possible. 
On low-voltage power systems the short- 
circuit characteristics are determined 
largely by the step-down transformers 
which limit the short-circuit current 
greatly. This limitation is avoided and 
the short-circuit kilovolt-amperes greatly 
increased by working directly from the 
high-voltage distribution lines. Welder 
controls for direct operation on 2,300-volt 
distribution systems are now available. 
Operation from these may be direct or 
may be through a transformer used for the 
individual welder only in which case the 
step-down transformer should be con- 
sidered to be a part of the welding system. 
Line drop for 2,300-volt operation may 
be as little as ten per cent of its value for 
low-voltage operation. Though 2,300- 
volt operation is usually desirable it is 
not always possible. Some power-factor- 
correction means therefore may be re- 
quired. 


Low-Frequency Systems 


Certain electronic frequency-changing 
circuits draw almost balanced three- 
phase power from the line and have a low- 
frequency single-phase output. Because 
power factor is increased when the load is 
operated at low frequency a double ad- 
vantage can be had from such an elec- 
tronic circuit. There are a number of cir- 
cuits, all fundamentally alike, designed 
to produce single-phase low-frequency 


- power from a polyphase system. By a 
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Figure 3a. Current and voltage waves for cor- 
rected and uncorrected commutation faults 


Numerals indicate which ignitrons of Figure 18 
are conducting 
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Figure 3b. Region of commutation fault 


system of rectifiers, current is first passed 
through the load in one direction, then, 
after one-half cycle of low frequency, the 
current is passed through the load in the 
opposite direction. 

_ Figure 1 shows a circuit for three-phase 
to single-phase conversion with resultant 
voltage and current waves. The low- 
frequency voltage wave can be approxi- 
mated very closely by a square wave plus 
some high harmonics. The current wave 


will have these harmonics but only to a 


very slight degree due to relatively high 


reactive impedance to these high fre- 
quencies, The power factor and other 
properties of the secondary loop resulting 
from low-frequency operation can be cal- 
culated. (See Appendix II.) The power 
factor of the entire welder depends on the 
type of rectifier and the regulation of the 
transformer involved. Figure 2 shows. 
power-factor curves for a low-frequency 
welding system having good transformer 
regulation, being used at full heat. Heat 
control, which involves delaying the igni- 
tion of the rectifier ignitrons, reduces the 
power factor greatly. 


Voltage and Current Reversal 


Each ignitron carries current until an- 
other ignitron with properly applied volt- 
age takes over this task or until the load. 
current becomes zero. When it is desired 


to reverse the voltage no subsequent ig- _ 


nitron is fired to which the current can 
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x 


- 
®t 


_ Sppremper 1945, VoLume 64 


o! SERIES 
ro) CAPACITORS —~+~ 
ae —4 t 
Or 
ae 
=| 
fu 
=| 
0) 
Sz 
wO 
22 
Oo 
Bis 
oo 
a 


ie) 0.2 0.4 0.6 0.8 
POWER FACTOR ON 
.60-CYCLE OPERATION 


Figure 4. Light flicker for low-frequency and 

series-capacitor systems compared with 60- 

cycle uncorrected systems (equal 100 on 
voltage scale) 


The voltage drop producing light flicker de- 
pends on the physiology of the eye 


commutate so that the last ignitron fired 
in each voltage pulse carries current until 
the current ceases. 

Before the last ignitron extinguishes, 
the voltage of the corresponding rectifier- 
transformer secondary winding reverses. 
The current is then flowing against the 
applied voltage and is quickly reduced in 
magnitude, but continues to flow against 
the applied voltage because of the reac- 
tive nature of theload. When the current 
finally reaches zero the ignitron extin- 
guishes. The operation can best be seen 
by referring to Figure 1b. Tube 3 is the 
last tube to be fired in the upper portion 
of the voltage wave shown. It continues 
to carry the current until time &, at 
which instant the currentis zero. At that 
time, or very shortly thereafter, tube 4 is 
ignited. This tube applies the voltage to 
the loop in such a way as to reverse the 
direction of the current. The subsequent 
firing order is shown in the figure. 

If the load is so reactive that t > 1/120 
second, the rectifier transformer voltage 
again reverses and the current will be 
built up again instead of being reduced to 
zero. Therefore the ignitron will continue 
to conduct. This condition, known as a 
commutation fault, is shown in Figure 3a. 
The boundary of the commutation-fault 
region (calculated in Appendix II) is 
shown in Figure 3b. 


Commutation Fault and Limitations 
and Correction . 


Commutation fault introduces draw- 
backs to the use of low-frequency systems. 
During one or more cycles (on supply- 
frequency basis) the entire load is single 
phase, resulting in a momentarily in- 
creased voltage drop of twolines. Though 
this momentary drop will have a very 
small value when read on an rms meter 


Bs, jt may cause objectionable light flicker, 
The drop that must be considered is the 


drop on the loaded phase lines. 
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Figure 5. Cost of controls for various systems 
having a resistance-to-inductance ratio giving 
35-per-cent power factor at 60 cycles 


It is possible to avoid commutation 
fault by a different method of operation. 
Refer again to Figure 3a. The dashed 
curve shows a system corrected for com- 
mutation fault. At the time tube 3 (left 
of the corrected-voltage-wave, lower part 
of the figure) is fired, its anode is more 
positive than that of tube 1 so that the 
current can commutate to it readily. 
Very shortly after the commutation is 
completed, however, the applied anode 
voltage of tube 3 goes negative, thus the 
current continued to be opposed. This 
process is repeated until the current 


‘reaches zero. The operation described is 


that of an inverter. Power from the re- 
active energy of the electrode loop has 
thus been fed back into the power-dis- 
tribution system. After the current 
reaches zero, the system is again operated 
as a rectifier. This inverter-rectifier op- 
eration eliminates any single-phase opera- 
tion such as occurs during a commuta- 
tion fault. _The power-factor-correction 
curves of Figure 2 are based on this in- 
verter—rectifier system. 


Series-Capacitor Systems 


The power factor of a welder can be 
corrected by inserting capacitors in se- 
ries with its primary winding. The ca- 
pacitance is of such a value that it tunes 
to resonance, or close to it, with the in- 
ductance of the welding transformer. 
Thus the capacitor and welding trans- 
former in series have no 60-cycle reactive 
component. The current is limited en- 
tirely by the reflected resistance of the 
welding-transformer secondary winding. 

At full heat a series-capacitor-corrected 
welder operates on unity power factor. 
When reduction of current by electronic 


- heat control is used, the ignitrons are 


fired later in the cycle than at 100 per cent 
heat. This makes the 60-cycle component 
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of current lag behind the line voltage, 
therefore making the load appear reactive. 
Because the current is large at 90 per 
cent heat and is lagging behind the line- 
voltage the regulation is actually greater 
than at 100 per cent heat. As the heat is 
reduced below 90 per cent the regulation 
improves. 

The inductance of the system may be 
altered by adjusting the secondary loop 
for different welding operations, or, very 
slightly, by varying the amount of iron 
in the secondary loop. Any large induc- 
tance changes require readjustment of 
the capacitor bank if perfect power-factor 
correction is desired. 


Light-Flicker Comparisons 


Figure 4 compares the light flicker pro- 
duced by series-capacitor and low-fre- 
quency systems with the flicker resulting 
from uncorrected-power-factor systems. 
The curves are based on a power line with 
0.3 power factor. Series capacitors cor- 
rect the power factor completely at 100 
per cent heat, but when the ignition is de- 
layed harmonics are introduced which 
destroy this perfect correction. Asare- 
sult, maximum line drop occurs at about 
90 per cent heat, for which the series: 
capacitor curve is shown. The drop pro- 
duced by the low-frequency system was 
on the basis of full heat. At reduced heat 
the system utilization is poor and recti- 
fier power factor differs very appreciably 
from unity so that the greatest drop will 
be at reduced heat. The drop produced 
by low-frequency operation will, of 
course, pulsate at a low frequency to 
which the eye is very sensitive. 


Metallurgical Considerations in 
Power Factor Correction 
Problems 


Power-factor correction alters one 
metallurgical factor, the heat generated | 
at the weld being dependent in a different 
way on work resistance. A slight change 
in resistance at the weld on uncorrected 
systems has only a very slight effect on the 
current as the current is largely induc- 
tively limited. In the low-frequency sys- 
tem the current is almost entirely resist- 
ance limited. In series-capacitor circuits 
the welding transformer gets its voltage 
by virtue of a resonant condition, the 
ptimary voltage on the welding trans-_ 
former being, as a result, approximately 
inversely proportional to secondary re- 
sistance. The secondary current is thus 


“dependent on secondary resistance as it is 


in low-frequency systems. 

The resistance of the work depends on 
surface conditions, electrode pressure, and 
materials being welded. The power de- 
livered to the spot, /?R, will vary with the 
work resistance depending on how the 
current varies with resistance. In low- 
power-factor uncorrected systems, where 


Transactions 621 


aes 
oe 


te; 022 TRANSACTIONS 


the weld current is independent of resist- 
ance, the power dissipated at the weld is 
directly proportional to the weld resist- 
ance. Incorrected systems the heating is 
inversely proportional to the secondary 
resistance. The quality of the weld is 
determined to a large extent by the power 
dissipation at the spot and therefore on 
the power factor of the welding machine. 


Cost 


Both the low-frequency systems and 
the series-capacitor systems are expen- 
sive. The cost depends on many factors, 
among them: duration of ‘‘on”’ and ‘‘off’’ 
periods, power factor before correction, 
type of control, and power, required. 
Figure 5 shows how the cost of the con- 
trols varies. The cost is dependent on 
the power factor before correction and 
on the power demand. To put the sys- 
tems on a comparative basis, the power 
demand is plotted as that for an equiva- 
lent uncorrected system. 


Conclusions 


The line drop of a system can be readily 
calculated for a given welder. If the line 
drop turns out to be too great there are 
several alternatives possible to reduce it, 
the most satisfactory and least expensive 
usually being operation on 2,300 volts. 

Not only power line but also welding 
properties must be considered in deter- 
mining the desirability of using a power- 


-factor-correction system. The depend- 


ence of power dissipated at the weld on 
the power factor is pronounced. No gen- 
eral statement can be made as to the most 
desirable power factor but it should be 
pointed out that power-factor correction 
may be, on some jobs, very undesirable 
rom a welding point of view. Depend- 
ing on the welding job it might be desir- 
able or undesirable to use power-factor- 
correction systems. 

Series-capacitor systems are less expen- 
sive than low-frequency systems for the 
same improvement in light flicker and 
kilovolt-ampere demand, though they 
are still single phase. If the welding loop 
is to be varied appreciably in any dimen- 
sion there must also be adjustments of the 
series capacitors if perfect power-factor 
correction is to be maintained. Low- 
frequency systems do not require read- 


_ justment with change of the welding loop, 


but may be subject to commutation fault. 


‘Appendix I. altace Drop for 


Single-Phase Uncorrected-Power- 
Factor Electronically Controlled 
Welder 


i) 


An oscillogram of the voltage and current 


waves of a heat-controlled wave appear as 


shown in Figure 6a. The inductive nature 


of the load causes the current to continue to 
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Figure 6. Analysis of applied welder voltage 


ELECTRONIC 


=. 


SUBPIEY, 
IMPEDANCE 


POWER 
GENERATOR 


LINE 
VOLTAGE 


WELDER 
IMPEDANCE 


Figure 7a. Schematic circuit with assumption 
of linear elements 
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Supply voltage = —1.0 


flow even after the voltage has reversed in 
direction. It will be noted, on examination 
of the voltage wave, that it is the sum of the 
two voltages shown in b and c of Figure 6. 
Figure 6b is the voltage supplied by the 
power system and Figure 6c is the voltage 
generated by the electronic controls. By 
this division of the electromotive force it is 


possible to treat the circuit as though it were 


composed entirely of linear impedance ele- 
ments. The circuit then has two voltage 
sources, the power system and the electronic- 


control system, as shown in Figure 7a. 


The voltage generated by the electronic- 
control system, though very rich in har- 
monics, has a considerable line-frequency 
component. Figure 7b shows an analysis 
of the voltage generated by the electronic- 
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control system as a function of the phase of 
firing. To determine the total applied 
fundamental-frequency voltage the two volt- 
ages must be added vectorially. The har- 
monic voltages have as their sole source the 
electronic-control system. They, therefore, 
tend to increase the rms line voltage. Their 
contribution to the rms voltage turns out to 
be negligible, however, as their contribu- 
tion is less than one tenth of one per cent. 
In these calculations, therefore, they have 
been neglected entirely. 

Equation 1 was derived on this basis. It 
is interesting to note that the line drop is 
the same for input cut down by electronic 
heat control as for reduction of P by tap 
adjustment. 


Appendix Il. Calculation of 
Three-Phase to Single-Phase Low- 
Frequency Welder Characteristics 


Calculations of power factor on the basis 
of a perfect square-wave generator. Actual 
power factors may be only 60 per cent of Fy. 


F,=kw/kva=1,000P/VIpms (2) 
where 

F,=power factor at low frequency, f 

P =kilowatts 

*V =square-wave voltage 

I+ms =low-frequency rms current 
= 1,000P 3 
rms Ry (3) 


where 


Ry=resistive component of low-frequency 
impedance 


_LimsRy 


Fy Vv 


(4) 
The current resulting from the square 
voltage wave will have an exponential form 
for each half cycle given by 
Jeo 
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; Where f is the square-wave frequency, @ 
is the R/L ratio of the secondary loop and is 
given by 


~ ( 1 —1/. 
=377( —-1 
: Fa? ) 


where Fo is the power factor for the given 
R/L ratio when operated on a 60-cycle sine~ 
wave voltage. The time ¢ is measured from 
the instant of voltage reversal. 

From the definition of I,ms 
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Coincidence-Factor Relationships of 


Electric-Service-Load Characteristics 


CONSTANTINE BARY 


MEMBER AIEE 


Synopsis: This paper contains a demon- 
stration of the existence in practice of rela- 
tionships between group coincidence factors 
and number of consumers, and between 
group coincidence factors and consumers’ 
load factors. Empirical relationships de- 
veloped from test observations are analyzed 
from theoretical considerations, formulated 
in a general manner, and qualified as to the 
significance of the quantitative values. 


HE STUDY of electric-service loads 

may be divided into two major parts; 
one dealing with the gradual ebb and flow 
of loads which are integrated over speci- 
fied intervals of time measured in terms 
of minutes, and the second dealing with 
momentary surges of load which last for 
short intervals of time measured in terms 
of seconds. The load characteristics of 
each of these parts in turn may be sub- 
divided into four distinct components; 
one taken as at the terminals of the indi- 
vidual appliances and applications, the 
second one as at the service entrance of 
individual consumers of electric service, 
the third one for the diversified conditions 
of groups of consumers or groups of speci- 
fied appliances and applications, and the 
fourth for all classes of consumers or for 
all classes of appliances and applications, 
which results in what may be called the 
“‘system’’ conditions. 


Paper 45-116, recommended by the AIEE com- 
mittee on domestic and commercial applications 
for publication in AIEE Transactions. Manu- 
script submitted April 27, 1945; made available for 
printing May 21, 1945. 
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This paper will be confined to a dis- 

cussion of the interrelation of some of the 
factors of the first part of the subject. It 
will outline two fundamental relation- 
ships which have been found in practice 
to exist between the probable behavior 
of coincidence factors of individual con- 
sumers’ loads and 
1. A change in the number o° consumers. 
2. A change in their individual load 
factors. 
These basic relationships were selected 
for this paper because they have the 
greatest significance in the engineering 
and economic features of central-station 
supply and because comparatively little 
is known of their probable behavior. 

Diversity factor, which is a measure of 
the degree of diversity present between 
maximum loads of individual parts of a 
system, is defined by the AIEE as ‘‘the 
ratio of the sum of the maximum power 
demands of the subdivision of the system 
or part of the system to the maximum 
demand of the whole system or part of 
the system under consideration meas- 
ured at the point of supply.’ For pur- 
poses of this discussion, however, it will 
be easier to visualize and deal with the 
reciprocal of this relation, that is, with 
the coincidence in maximum power de- 
mands.’ Its measure is expressed as a 
“coincidence factor” and will be defined 
as the ratio of the maximum coincident 
total power demand of a group of con- 
sumers to the sum of the maximum power 
demands of the individual consumers 
comprising the group, both taken at the 
same point of “supply and for the same 
period of time. 


While the diversity factor can never 


be lower than unity, the coincidence factor 
can never be greater than unity and, 
therefore, in dealing with the coincidence 
factor, we deal in values between zero and 
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than second. 
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reversal, is greater 
From equation 5 
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mutation fault, 
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unity, while in the case of diversity factor 
we deal in values between unity and in- 
finity. Since a large part of the facilities 
required to render electric service de- 
pends upon the coincident or diversified 
maximum demands of groups of con- 
sumers, it is evident from the foregoing 
definition that the higher the coincidence 
factor, the larger becomes the amount of 
facilities required per kilowatt of the non- 
coincident maximum demands of indi- 
vidual consumers, and the lower the co- 
incidence factor, the smaller it becomes. 


Major Factors Affecting the 
Coincidence in the Use of Service 


The manner in which electric service 
is used by individual consumers or groups 
of consumers, and thus the degree of co- 
incidence in this use, is determined by 
many factors. Among the more impor- 
tant ones may be mentioned population 
habits, community and business prac- 
tices, weather and other climatic condi- 
tions, design of utilization equipment, 
and methods employed in the control of 
use of the service rendered. The signifi- 
cance of these factors may become clearer 
from the following discussion. 
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Figure 1. Probable trend in relation between 


group coincidence factor and number of 


consumers in group. 


Based on one-half-hour integrated demands in 


December reflecting 1938 and 1939 test data, — 
and for a range in average of consumers’ 


monthly load factors, as follows: 


Domestic, without electric ranges: 
A—12-per-cent load factor 

B —93-per-cent load factor 
C—31-per-cent load factor 
Domestic, with electric ranges: 
D—10-per-cent load factor 
E—16-per-cent load factor 

Retail light and power, industrial: - 
F —17-per-cent load factor 

Retail light and power, commercial: 
G—18-per-cent load factor 
H—28-per-cent load factor 
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PopuLATION HasITs AND COMMUNITY 
AND BUSINESS PRACTICES 


Population habits and community and 
business practices exert a powerful in- 
fluence upon the degree of coincidence in 
the consumers’ use of electric service. 
The difference in the time when people 
get up; when they go to bed; how, when, 
and what they eat; where they live; the 
holidays they observe; where, when, and 
at what they work; the amount of leisure 
they have; and, generally speaking, how 
they live, work, and play on different days 
of the week and in different seasons of the 
year; all of this is reflected in the degree 
of coincidence of consumers’ use of elec- 
tric service. These conditions are not 
subject to precise mathematical formula- 
tions, and their resultant effect will be 
different for different communities and 
different climatic, social, and political 
conditions. But for any given commu- 
nity, operating under a given set of social 
and political conditions, the resultant 
effects of population habits and commu- 
nity and business practices upon the man- 
ner of use of electric service usually fall 
into some general pattern and thus result 
in some determinable values of the degree 
of coincidence of individual consumer’s 
use of service. These forces are gener- 
ally too strong to be subject to control by 
individuals, although major policies of 
service-supply may have some minor in- 
fluences upon them. They are, however, 
very susceptible to social and political 
controls, as, for example, by the general 
behavior of the community during a war 
as contrasted to its behavior in peace- 
time; by the artificial changes in the 
setting of clocks from the normal setting 
on sun time; by social and political revo- 
lutions and by the lack or the presence of 
regimentation of the people’s lives. 


WEATHER AND OTHER CLIMATIC 
CONDITIONS 


Weather and other climatic conditions 
also exert a powerful influence upon the 
degree of coincidence in the consumers’ 
use of electric service. For example, 
the advent of severe darkness because of 
an oncoming storm during otherwise day- 
light hours may create a full coincidence 
of the power and lighting loads, wiping 
out the normal diversity between their 


_ individual maximum demands and thus 


increasing the coincidence factor. A 


' severe cold spell causing the almost con- 


tinuous operation of individual heating 
plants increases the extent of coincidence 
in the use of electric service in connec- 
tion with such plants. A severe hot spell, 
causing an almost continuous operation 


of individual air-conditioning plants and 


other forms of cooling and ventilating 
equipment, increases the extent of co- 
incidence in the use of electric service 


in connection with these appliances. — 


These forces are beyond the control of 
individuals. They are not subject to 
exact mathematical determinations. But 
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Figure 2. Illustration of the significance of 
certain lines on chart of coincidence factors 
versus consumers’ load factors 


they are susceptible, in general, to ap- 
praisals from available weather records 
for average, maximum, and minimum 
conditions. 


DESIGN OF UTILIZATION EQUIPMENT 


The design of utilization equipment 
has a considerable influence upon the de- 
gree of coincidence of consumers’ use of 
electric service. For example, gener- 
ally speaking, to perform a given task 
through expenditure of a given amount 
of energy, devices which are ‘‘overca- 
pacitied” may have lower coincidence fac- 
tors than devices which are ‘‘under- 
capacitied,” although the coincident maxi- 
mum demand of the former may be higher 
than the coincident maximum demand of 
the latter. Devices designed for full auto- 
matic operation under intermittent cycles 
may have lower coincidence factors than 
those designed to accomplish the same 
purpose under manual operation. These 
design features are well within the con- 
trol of design engineers, although it should 
be realized that the effects of different de- 
signs cannot be ascertained from labora- 
tory tests, but must be obtained from ex- 
tensive research and tests of sample ap- 
plications in actual use. 


MeEtHops oF CONTROL 
Methods for artificial control in the use 


of service also have important influences: 


upon the degree of coincidence of con- 
sumers’ demands. Generally speaking, a 
group of identical devices operating with- 
out any restrictive control will experience 
a smaller coincidence in their individual 
amaximum demands than the same group 
of devices operating under a predeter- 
mined control cycle, even though the 
group of uncontrolled devices may possess 
features which are undesirable from other 
considerations affecting the system while 
the controlled devices may not have such 
undesirable features. 

Notwithstanding the complexity of 


forces which affect the degree of coinci- — 


dence in the use of electric service, ex- 
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perience has demonstrated the existence 
of two general phenomena relative to the 
behavior of group coincidence factors. 
One is the relationship between group co- 
incidence factors and the number of con- 
summers in a group, and the other, which 
only recently has received closer atten- 
tion, is the probable relationship between 
group coincidence factors and average 
load factors of individual consumers of a 
group. These constitute the two basic 
coincidence-factor relationships of elec- 
tric-service-load characteristics and are 
of fundamental significance in central- 
station service supply. They find appli- 
cations in engineering and economic stud- 
ies dealing with load forecasting for sys- 
tem planning, design of distribution sys- 
tems, provision of service facilities, de- 
velopment of utilization appliances and 
applications, determination of cost to 
serve for widely different characteristics 
of service requirements, design of rates, 
and determination of service-sales-promo- 
tion policies for best economic results. 


Coincidence Factor Versus 
Number of Consumers 


In a general way the coincidence- 
factor-versus-number-of-consumers rela- 
tionship may be formulated as follows: 


For consumers of equal size, with no arti- 
ficial restrictions placed in the way of their 
service use, and with all other things equal, 
the degree of coincidence of the maximum 
power requirements of a group of consumers 
decreases along a path resembling that of a 
rectangular hyperbola from unity for. one 
consumer in a group to values approaching 
the asymptote of the rectangular hyperbola 
for an infinite number of consumers in a 


group. 


Figure 1 depicts a mathematical grid 
of the simplest equation for a rectangular 
hyperbola and demonstrates that the 
results of actual test observations for 
various types of consumers of the domes- 
tic, commercial, and industrial classifica- 
tions in general follow the mathematical 
relationships of the assumed empirical 
equation reasonably well. It also illus- 
trates two very important conditions 
present in this relationship in practice: 
first, that the convergence of the rela- 
tionship toward the asymptote is com- 
paratively rapid for all values of E,. 
indicating that beyond 100 consumers in 
a group the change in coincidence factors 
is relatively small, and, secondly, that the 
convergence to the asymptote is more 
rapid for the higher values of EZ, than 
for the lower ones. ; 

The practical significance of these 
conditions is found in the fact that sta- 
tistically stable results, as to diversified- 
load characteristics, may be expected in 
the practical range of E,,, when as few as 
100 consumers are involved in any one 
group, and results of sufficient engineer- 
ing stability can be obtained even from 


ELECTRICAL ENGINEERING 


_ GROUP MONTHLY COINCIDENCE FACTOR -¥% 


groups of only 30 to 50 consumers for 
values of E,,, of 20 per cent and higher, 


Coincidence Factor Versus 
Load Factor 


The subject of the probable behavior 
of coincidence factors of groups of con- 
sumers with a change in their individual 
load factors only recently received closer 
attention throughout the electric-utility 
industry. In the past there existed a 
feeling among students of this problem 
that, in a general way, the extent of co- 
incidence in time of the load requirements 
of a group of consumers of electric serv- 
ice ordinarily increases as the load factors 
of the individual consumers of a group 
increase. But, in general, the practical 
nature of the relationship was not known. 
It was in 1937 that the author first 
demonstrated the existence of a probable 
relationship between coincidence factors 
and individual load factors of groups of 
consumers over the complete load-factor 
range.! Subsequently it has been studied, 
in a thorough manner, by a subcommittee 
(F. M. Terry, chairman)? and H. E. Eisen- 
menger rationalized and verified the shape 
of the author’s original empirical curve, 
in aclassical manner, from mathematical 
considerations. The following discussion 
will elaborate upon some of the more im- 
portant theoretical aspects of this subject 
and will expand upon the author’s original 
findings in the light of new and additional 
information. secured since the original 
demonstration of the relationship. 


THEORETICAL CONSIDERATIONS 


It is obvious that a group of consumers, 
each having a 100-per-cent loadfactor,has 


Figure 3. Empirical trend in the relation 
between coincidence factor and load factor 


Based on one-half-hour integrated demands in 
_ December for groups of 30 consumers 
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AVERAGE OF CONSUMERS’ 
MONTHLY LOAD FACTORS — PER CENT 


Figure 4. Empirical trend in the relation 
between coincidence factor and load factor 
for different numbers of consumers in group 


Based on one-half-hour integrated demands in 
December 
Numbers affixed to curves indicate number of 
consumers in group 


a coincidence factor equal to unity. Fur- 
thermore, it may be demonstrated that a 
group of many consumers, each having a 
load factor approaching zero, and being 
unrestricted in the manner of operation 
throughout the entire period under con- 
sideration, will have a coincidence factor 
which will approach the value of one 
divided by the number of consumers, and 
which will approach zero for small de- 
mand intervals and for a very large num- 
ber of consumers in a group. Thus, with 
the two extreme values known, it may be 
expected that, for a large number of con- 
sumers and under natural conditions of 
load behavior, there will exist some prob- 
able relation which will connect these 
two points. 

It also may be demonstrated that under 
no condition can the value of the coinci- 
dence factor of a group of consumers, each 


having the same load factor, drop below 
the load factor, nor can it, by definition, 
exceed the value of unity. With these 
limits set, the probable relations should 
lie between these limits marked AB and 
CB in Figure 2. Theoretically, of course, 
for any given value of consumers’ load 
factors, the group coincidence factor can 
have any value between these limits. 

From theoretical considerations of an 
equal probability in the influence of the 
two limits upon the coincidence factor of 
a group of consumers with a given load 
factor, one may expect to find the path 
of the probable relationship to follow the 
line BD whose points for a given load- 
factor value will be equidistant from the 
limits of the possible relationships de- 
picted by lines AB and CB. Straight 
lines emanating from B above or below 
line BD, for example, line BD’ or BD", 
produce relationships with unequal 
weights in the probability of the influence 
of the upper and lower limits upon a given 
group coincidence factor, the line above 
the line BD giving greater weight to the 
influence of the upper limit, and the lines 
below giving greater weight to the in- 
fluence of the lower limit. 

Actual experience has demonstrated, . 
however, that the most probable relation- 
ships between group coincidence factors 
and individual consumers’ load factors 
do not follow the straight lines depicting 
certain predetermined and constant rela- 
tive weighing of the values of the upper 
and lower limits over the entire range of 


Figure 5. Comparison of empirical trends in 
the relations between coincidence factors and 
load factors of different classes of consumers 


Based on one-half-hour integrated demands in 
December for groups of 30 consumers re- 


flecting 1936 test data for the wholesale light 


and power consumers and 1939 test data for 
! domestic consumers 
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load factors. 
relationships can be obtained only from a 
large number of test observations of the ac- 
tual behavior of loads of different classes of 
consumers. 

At this point it may be well to pause to 
consider the theoretical significance of 
certain lines and slopes depicted in Figure 
2. It may be demonstrated that any 
straight line, such as AE, from the origin 
upward and above the lower limit line 
AB, represents the path of the coinci- 
dence-factor-versus-load-factor relation- 
ship for the theoretical conditions when 
the predominant and, therefore, the maxi- 
mum use of service for a large group of 
consumers is confined to a certain portion 
of the entire period under consideration, 
and when all the changes in the con- 
sumers’ load factors are accomplished 
through changes in energy use in that 
period. Hereinafter it will be referred to 
as the period of high load probability. 
The shorter this period, the steeper the 
slope of the straight line, so that, for ex- 
ample, line AC represents the shortest 
period or the full coincidence of maximum 
demands of all consumers in a group. 
Line AB, however, depicting the lower 
limit of the relationship or, as it may be 
called, the ‘‘best possible line,” represents 
the longest period of high load probability 
as it applies to conditions when the loads 
of all consumers have the same probabil- 
ity of occurring throughout the entire 
period under consideration. The meas- 
ure of the length of this period of high load 
probability in relation to the total period 
under consideration is obtained by pro- 
jecting upon the abscissa the point of 
intersection of such a line as AE with the 
upper limit of the possible relationship 
indicated by line CB. 

A horizontal line such as FG drawn 
from the ordinate or from any line such 
as AE toward the ‘‘best possible line’ 


will be the path of the coincidence-factor- | 


versus-load-factor relation when the 
change in the individual consumers’ load 
factors is accomplished outside the orig- 
inal period of high load probability of 
the group. It should be noted, however, 
that as this period gets filled up with in- 
creased energy use of individual consum- 
ers, it in itself causes an extension of the 
original period of high-load probability 
until the consumers’ load factors reach 
values at which their group coincidence 


factor intersects the ‘“‘best possible limit,”’ 


_ line AB, at which point the entire period 
_ under consideration becomes the period 
of high load probability. 


EmpriricAL RELATIONSHIP FROM TEST 
DaTA 


ah Figure 3 presents the results of research 
conducted by the author over a period of 


: many years in establishing the general 
i _ features of a probable relationship be- 
tween coincidence factors and load factors 


of groups of consumers as determined 
from the service loads of one large electric- 


The existence of the probable 
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PER CENT OF EVENING-TYPE CONSUMERS 
IN A GROUP OF DAYTIME-AND 
EVENING-TYPE CONSUMERS 
Figure 6. Illustration of effects of different 
mixtures of load types, for groups of 30 con- 
sumers, upon group coincidence factors of the 
retail light and power class reflecting 1938 
test data 


A—Consumers with 10-per-cent monthly load 
factors 

B—Consumers with 20-per-cent monthly load 
factors 

C—Consumers with 30-per-cent monthly load 
factors 


utility system operating in metropolitan, 
suburban, and rural territories in the 
eastern part of the United States. 

The test observations were obtained 
generally for the month of December over 
a period of several years from integrated 
half-hourly load records and from a large 
number of consumers of several classes of 
the general service. They include test 
data for almost a decade before World 
War II, data during the defense period 
of this country and, finally, data at the 
height of this country’s war-production 
activities. The procedure of analysis 
was uniform throughout. Consumers 
studied were arranged into groups, each 
falling into specified rather narrow load- 
factor limits. Each group consisted of 30 
consumers, a sufficient number to produce 
representative results of the coincidence 
factors. The maximum load values of all 
consumers in each group were placed on 
the same relative-size basis either by 
grouping consumers with maximum de- 


mands of about the same magnitude, or. 


by expressing each half-hour demand of a 
consumer in per cent of the consumer’s 
maximum half-hour demand. Coinci- 
dence factors shown in Figure 3 were ob- 
tained from an analysis of individual 
consumer’s daily load curves. 

The relationship for the industrial and 
commercial consumers of the wholesale 
and retail classes of service, for which ob- 
servations were available for practically 
the entire range of monthly load factors, 
starts out from a value close to zero* at a 
load factor approaching zero, rapidly in- 


creases along almost a straight line to 
a coincidence-factor value of about 75 


* For 30 consumers in a group used in this study, 


“the starting point at load factor approaching zero 


is actually 1+30=0.0333. 


per cent at 20-per-cent load factor, theré- 
after bends sharply to the right and rises 
slowly to 84 per cent at 40-per-cent load 
factor and then remains substantially 
fixed at that level of coincidence factor 
until reaching a load factor in excess of 
70 per cent beyond which it turns up 
sharply and approaches the “‘best pos- 
sible line’ in the ultrahigh load-factor 
range. 

Thus, from the foregoing theoretical 
considerations, the broad generalized be- 
havior of the coincidence-factor-versus- 
load-factor relationship in practice ap- 
pears to follow three distinct phases, al- 
though, as may be expected, the condi- 
tions obtained toward the end of the first 
phase merge with the conditions obtained. 
at the beginning of the second phase, and 
the conditions obtained at the end of the 
second phase merge with the conditions 
obtained at the beginning of the third 
phase. 

Phase one, obtained in the low-load- 
factor range, appears to indicate that, for 
a given classification of consumers, the 
high probability for the occurrence of the 
consumer’s predominant energy use is 
confined to a certain well-defined portion 
of the entire period under consideration, 
and the predominant changes in the in- 
dividual-consumer’s-load factors are ac- 
complished through changes in the extent 
of energy use almost entirely in that 
period.** Thus, in this load-factor re- 
gion, the coincidence factor rises rapidly 
and almost in direct proportion to the rise 
in individual-consumer’s-load factors. 
This phase of coincidence-factor-versus- 
load-factor behavior approximates that 
depicted by the theoretical line AE in 
Figure 2. Projecting upwards the portion 
of the empirical line which approaches a 
straight line from zero, we find it inter- 
sects the upper limit of the possible rela- 
tionship at a point which corresponds to 
an individual consumer’s monthly load 
factor of about 22 per cent, indicating 
that the length of the period of high-load 
probability is 22 per cent of the total 
period under consideration. Since the en- 
tire period is the month of December, the 
length of the high load probability thus 
becomes about 164 hours, or slightly 
more than four weeks of 40 working 
hours each. 

Phase two, obtained in the medium- 
load-factor range appears to indicate that 
beyond individual consumers’ monthly 
load factors of 30 per cent, a further im- 
provement in their load factors is ac- 
complished almost entirely outside the 
period of the group’s original high load 
probability. Thus in this load-factor 
range the coincidence factor remains 
** Actually, minor changes must be occurring out-- 
side of this period because the empirical relation- 
ship as determined by test observations in the low- 
load-factor range is not strictly a straight line, but 
is a curve sloping toward the lower limit of the pos- 
sible relationship, thus indicating the presence of a 


small horizontal component, in addition to a major 
upward one. 
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respect to load factor approximates that 
depicted by the theoretical line FG in 
Figure 2. This phase of the relationship 
was of utmost significance in appraising 
the combined load requirements of in- 
dustrial consumers during this war as a 
result of substantial changes in the in- 
dustrial-consumers’ load factors through 
the addition of the second and third 
shifts and through the extension of the 
working periods into Saturdays, Sundays, 
and holidays. Actual experience through 
this war period, and as indicated by the 
test points in Figure 3, substantiate the 
fundamental nature of the empirical rela- 
tionship developed from actual test ob- 
servations before the war. 

Phase three, obtained in the ultrahigh- 
load-factor range, appears to indicate that 
beyond an 80-per-cent monthly load fac- 
tor the entire period under consideration 
becomes the period of high load prob- 
ability for the occurrence of the consum- 
ers’ predominant use of service so that 
further improvement in consumers’ load 
factors are accomplished at random 
throughout this entire period. Thus in 
this ultrahigh-load-factor region the co- 
incidence-factor-versus-load-factor  rela- 
tionship approaches the lower limit of the 
possible relationship or what may be 
called the “‘best possible line.” 

Present indications point to the fact 
that this general relationship is basic and 
fundamental over the entire range of load- 
factor values, but the numerical values 
obtained in practice will be different, not 
only for different classes of consumers, 
or different appliances and applications, 
but also for the same types of consumers 
and appliances in different communities. 

The slope of. the line in the low-load- 
factor range depends upon the relation- 
ship between the length of period of high 
load probability of the classification to 
the total length of the entire period under 
consideration. That relationship is de- 
termined largely by factors mentioned at 
the beginning of the paper such as popula- 
tion habits, community and» business 
practices, weather and other climatic 
conditions, and, in addition, also depends 
upon the relative composition of the 


types of load represented by a given 


classification. ee 
Based on the foregoing discussion it is 


now possible to formulate qualitatively, 


the coincidence-factor-versus-load-factor 


_ relationship as follows: 


Fora large Hacaber of consumers, of equal 
size, with no artificial restrictions placed in 
the way of their service use, and with all 
other things equal, the degree of coincidence 
of the maximum power requirements of 
individual consumers in a group changes 


with the change in their individual load 


factors. In the low-load-factor range the 
coincidence factor increases rapidly with 
the increase in the individual consumers’ 
load factors. Its rate of change is sub- 


stantially constant and is inversely propor- 


- tional to the relative length of the high load 
Goer aaet of the class. In the medium 
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Figure 7. 


range of load factors the magnitude of the 
group coincidence factor remains substan- 
tially fixed, until very high-load-factor 
values are reached, when the relation be- 
tween load factor and coincidence factor 
approaches the lower limit of the possible 
relationship. 


Care should be exercised in the inter- 
pretation and the use of this relationship 
and the following qualifications must be 
borne in mind: 


1. It is an empirical relation and is based 
on the conditions and experience of one 
utility system supplying a given community. 
Other communities with different popula- 
tion habits, different definition as to what 
constitutes a class of service, different 
weather and other climatic conditions, may 
differ in the actual magnitudes of the coin- 
cidence factors shown throughout the entire 
load-factor range. 


2. The relation is confined to consumers of 
substantially the same size, taking the same 


class of service, operating at the same load . 


factors, and always taken in sufficient num- 
bers for each type, size, and load factor to 
produce representative results on a coinci- 
dence factor of the group. It is obvious that, 
unless these qualifications are observed fully, 
different coincidence factors may be ob- 
tained. 


3. The coincidence factors obtained from 
Figure 3 are those for individual consumers 
within a group applied to monthly condi- 
tions. There will be additional coincidence 
factors between different groups of any one 
class of service, for longer periods than a 
month, and between different classes of 
service of a-system. 


It should be noted also that the fore- 
going empirical relationship depicted the 
coincidence factors which, when applied 
to the consumers’ individual maximum 
monthly demands, would, by definition, 
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produce the coincident maximum demand 
of the group without indicating its time 
occurrence. Additional information is 
required for translating these coincident 
maximum group demands to load values 
for different hours of the day or for differ- 
ent days of the month. Such informa- 
tion can be secured only through exten- 
sive study of load-curve shapes of individ- 
ual groups or classes of consumers. 


EFFECT OF NUMBER OF CONSUMERS ON 
THD COINCIDENCE-F ACTOR-VERSUS- 
LOAD-FACTOR RELATIONSHIP 


The results of practical observations 
reflected in Figure 3 are based upon 30 
consumers in a group. Obviously, for one 
single consumer in a group, by definition 
the coincidence factor is unity no matter 
what the load factors, and for an infinite 
number of consumers, from Figure 1, the 
coincidence factor may be expected to be 
lower than for groups of 30 consumers, 
throughout the entire load-factor range. 

Referring to Figure 1, it is possible to 
construct a set of curves depicting the co- 
incidence-factor-versus-load-factor rela- 
tionships for various numbers of con- 
sumers in a group ranging from one to, 
infinity. These relationships are shown 
in Figure 4, employing the equation of 
Figure 1 and the coincidence-factor- 
versus-load-factor relationship of the 
commercial and industrial classification 
shown in Figure 3. It should be noted 
that these relationships too, insofar as 
numerical values are concerned, are sub- 
ject to the same qualifications as the rela- 
tionship depicted in Figure 3. 


PuHE INFLUENCE OF DIFFERENT CLASSES 
OF CONSUMERS, OR OF CONSUMERS 
WitH DIFFERENT TYPES OF LOADS, 
UpoN THE  COINCIDENCE-FACTOR- 
VeERSUS-LOAD-FACTOR RELATIONSHIP 


Figure 5 shows the coincidence-factor- 
versus-load-factor relationship for do- 
mestic consumers without electric ranges, 
and for domestic consumers with electric 
ranges, in comparison with the relation- 
ship for consumers of the commercial and 
industrial classification shown in Figure 3. 

It will be noted that the relationships 
for the domestic consumers follow the 
general trend of the commercial and in- 
dustrial consumers in the lower-load- 
factor range, although at a lower level. 
No test observations were available for 
these classes of consumers in the medium- 


and high-load-factor ranges, although it 1S" 


believed that the extended relationship 


‘beyond the available test observations 
will merge with the horizontal portion of 


the relationship for the commercial and 


industrial consumers and thereafter follow 


it to the lower limiting value. The slope 
of the relationship for the domestic- 
service class without ranges is lower than 
that for the commercial—industrial classi- 


fication. This would indicate that the — 


period of high load probability. for the 


domestic consumers is relatively. es 
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than for the commercial and industrial 
ones, sitice the use period of domestic 
consumers without electric ranges can 
extend easily to twice the number of hours 
per week than that of consumers of the 
commercial and industrial classes whose 
individual load factors correspond to 
those of the domestic consumers, es- 
pecially since Saturdays, Sundays, and 
holidays are days of fairly high domestic 
activity insofar as the use of electric 
service is concerned. For some of the ap- 
pliances, the electric refrigerator for ex- 
ample, the entire period under considera- 
tion becomes the period of high load 
probability. However, the difference in 
the coincidence factors of the domestic 
and commercial classes of service practi- 
cally disappears with the introduction of 
the electric range load in the domestic 
class because the period of high load prob- 
ability of the range, with its predominant 
load requirements, is confined to much 
shorter periods during the day. , 

Figure 5 also shows the individual co- 
incidence-factor-versus-load-factor _ rela- 
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PER CENT OF EVENING-TYPE CONSUMERS 

WN A GROUP OF DAYTIME-AND 
EVENING-TYPE CONSUMERS 
Figure 8. Illustration of the effect of different 


mixtures of load types upon the intergroup 
coincidence factor of the retail light and 
power class reflecting 1938 test data 


tionship for three major types of con- 


‘sumers in the wholesale light and power 


classification, in comparison with the 
general relationship for the commercial 
and industrial consumers. For purpose 
of this comparison a classification depend- 
ing upon the period of maximum average 
use of energy was employed. The day- 
time-type consumer was defined as one 
having maximum average use between 9 
a.m. and 4 p.m.; the evening type as 
having the maximum average use be- 
tween 4 p.m. and 9 p.m.; and the full- 


time type as having about an equal use 


in each of these periods with a resulting 
high load factor. This classification of 
load types caused the industrial consum- 
ers to fall principally into the daytime 
and full-time groups, whereas the com- 


mercial consumers fell principally into the 


evening group. 


It will be noted that the coincidence- 


factor-versus-load-factor relationships for 


‘individual types of consumer loads of a 


given classification follow the general 
trends of the formulated relationship, 
but the numerical values of the coinci- 
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dence factors of the individual types are 
generally higher than those of the entire 
class. 

Figure 6 illustrates the effect on group 
coincidence factors of a different mixture 
of load types for given consumers’ load 
factors. The curves on this chart show 
the variation in group coincidence factors 
of a mixed group of thirty consumers 
with variation in the degree of mixture 
of daytime and evening load types, aver- 
aging 10-per-cent, 20-per-cent and 30- 
per-cent load factors. They bring out 
the fact that higher coincidence factors 
are obtained for groups of consumers 
homogeneous as to load type than for 
heterogeneous groups, and the greatest 
deviation between homogeneous and non- 
homogeneous groups is found at the lower 
load factors. 

Figure 7 shows the coincidence-factor- 
versus-load-factor relationships for two 
special types of commercial consumers. 
From Figure 7a it will be observed that 
the coincidence-factor-versus-load-factor 
relationship for commercial consumers 
with air conditioning is higher than for 
the same consumers without air condi- 
tioning. The difference is substantial in 
the range of consumers’ load factors com- 
monly encountered in practice (between 
20 per cent and 40 per cent). 

From Figure 7b it will be observed that 
the coincidence-factor-versus-load-factor 
relationship for commercial consumers 
with electric counter cooking equipment 
is lower than for the same consumers 
without the counter cooking equipment, 
indicating the beneficial effects of this 
load upon consumers’ load characteristics. 
It should be noted, however, that one of 
the reasons for this is due to the fact that, 
for the consumers tested, the relative size 
of the connected electric counter cooking 
load did not exceed three times their other 
connected load. 


INTERGROUP COINCIDENCE FACTORS 


It is apparent that with any grouping of 
consumers there will exist, in all probabil- 
ity, an additional factor of coincidence 
between the groups. In general, when 
consumers are subdivided into small 
groups, the degree of coincidence in con- 
sumers’ use of service of individual groups 
will be greater than when they all are com- 
bined into.one big group. In addition, 
when, as a result of the difference in the 
average load factor of each group, there 
is a difference in the load-curve shapes of 
the various groups, an additional coinci- 
dence factor between groups becomes a 
practical certainty. 

The intergroup coincidence factor may 
be defined as the ratio of the actual coinci- 
dent maximum demand of all consumers 
of a given class to the sum of the diversi- 
fied demands obtained by the applica- 
tion of the coincidence-factor-versus-load- 
factor relationship to the individual con- 
sumers’ load characteristics. * 

The intergroup coincidence factors for 
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consumers homogeneous as to load type 
may be expected to be higher than for 
the entire group of consumers of diverse 
types of load. Figure 8 illustrates the 
trend in the intergroup coincidence factors 
for various combinations of daytime- 
and evening-loading-type consumers, 
bringing out the point that higher inter- 
group coincidence factors will be obtained 
for groups with highly homogeneous- 
type loads, than for groups with compara- 
tively high heterogeneous load types. 


From the indicated curves of Figures 3; 
4, and 5, and actual test-load-curve data, 
the intergroup coincidence factors were 
found to vary from between 93 per cent 
and 100 per cent for the commercial and 
industrial classes of consumers, and from 
92 per cent to 95 per cent for consumers 
of the domestic classification with and 
without electric ranges. 


Conclusion 


From the foregoing discussion, it is 
possible to make the following significant 
observations: 


1. The degree of coincidence in the use of 
electric service depends upon many factors. 
Among the more important ones are popula- 
tion habits, community and business prac- 
tices, weather and other climatic conditions, 
design of utilization equipment, and meth- 
ods used in the control of service. 


2. Numerical values of coincidence factors 
will differ for different load applications, dif- 
ferent classes of consumers, and different 
composition of load types in a given classi- 
fication. They can be obtained with any 
degree of certainty only. from actual test 
observations, and must be checked period- 
ically to detect the effects of changing condi- 
tions. In view of the complexity of forces 
influencing group load characteristics, it is 
obvious that no single mathematical formula 
with a given set of constants can be right 
for all conditions. Mathematical considera- 
tions can serve only as a means for rationaliz- 
ing the results of practical observations. 


8. In general, the degree of coincidence in 
the maximum requirements of electric 
service of a group of consumers homogeneous 
as to some controlling characteristic de- 
creases along a path resembling that of a 
rectangular hyperbola from a value of unity 
for one consumer in a group to values ap- 
proaching the horizontal asymptote of the 
rectangular hyperbola for an infinite num- 
ber of consumers in a group. The conver- 
gence of the relationship toward this asymp- 
tote is comparatively rapid for all asymp- 
totic values of coincidence factors, and is 
more rapid for the higher values than for 
the lower ones. 

Statistically stable results in coincidence 
factors may be expected in the practical 
range of load factors for as few as 100 con- 
sumers in a group and results of sufficient 
engineering stability even can be obtained 
from groups of 30 to 50 consumers. 


4. In general, the degree of coincidence in 
the _maximum requirements of electric 
service of groups of consumers changes with 


the change in their individual load factors. 
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Synchronous Starting of Generator 


and Motor 
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SYNCHRONOUS motor, generator, 

or condenser can be started from rest, 
by means of shaft torque, induction- 
motor (amortisseur winding) torque, or 
synchronizing torque. This paper pre- 
sents data on the last method of starting. 
The system studied consists of a prime 
mover driving a synchronous generator, 
and a synchronous machine driven elec- 
trically by the generator. The whole 
system is started from rest by means of 
torque applied to the generator shaft, the 
motor being accelerated to normal speed 
by the synchronous torque developed. 
The performance of such a system was 
determined both by tests on several 
machines and by calculations with the aid 
of the differential analyzer at the Uni- 
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versity of Pennsylvania, and limiting 
conditions and criteria for successful 
starting were found in terms of the vari- 
ous pertinent system parameters. In a 
few cases a system consisting of a gener- 
ator and two motors was studied. 


Synchronous motors and condensers 
ordinarily are started by means of the 
induction-motor torque developed by 
their amortisseur windings. In some 
cases, however, for example when a gen- 
erator is used as a condenser, it becomes 
necessary to start the machine in some 
other way. A _ salient-pole generator 
may have no amortisseur winding or one 
of insufficient torque and thermal capac- 
ity. A turbine generator will, in general, 
develop a large starting torque but will 
have insufficient thermal capacity. In 
many such cases the machine has been 
started by electrically connecting the 
motor and generator with both machines 
at rest and excited, then starting the 
generator by applied turbine torque and 
pulling up the motor by the synchronous 
torque developed at very low speeds. 
This method has been used for many years 
in the field testing of water-wheel gener- 
ators and in miscellaneous shop tests. In 
case of extremely large motors with high 
starting torques, it may be convenient to 


em 


In the low load-factor range the coincidence 
factor increases rapidly with the increase in 
the individual consumers’ load factors. In 
the medium range of load factors its magni- 
tude remains substantially fixed at a level 


of around 84 per cent until very high load-— 


factor values are reached when it approaches 
the lower limit of the possible relationship. 


5. The general level in the degree of coin- 
cidence in the maximum requirements of 
electric service are higher for groups of 
consumers homogeneous as to load type 
than for heterogeneous groups, and large 
deviations between homogeneous and non- 
homogeneous groups are found at the lower 
load factors than at the higher ones. 


6, Intergroup coincidence factors for homo- 


geneous-type loads may be expected to be 
higher than those for diverse types of load. 


References 


- 


1. Economic SIGNIFIANCE OF LOAD CHARACTER- 
Istics AS APPLIED TO Mopern ELEcTRIC SERVICE, 


Constantine Bary. Proceedings, 53rd Annual Meet- 


4 


ivf Mel 


ing of the Association of Edison Illuminating Com- 
panies, 1937 volume (not published). 


2. Reports of Subcommittee on Coincidence Fac- 
tors of the Special Committee on Load Studies of 
the Association of Edison Illuminating Companies. 
Proceedings, 55th and 56th Annual Meeting of the 
Association of Edison Illuminating Companies, 
1939 and 1940 volumes (not published). 


3. Strupy OF THE THEORETICAL RELATIONSHIP 
BETWEEN LOAD Factor AND DIvERsITY FAcTor, 
H. E. Eisenmenger. Proceedings, 55th Annual 
Meeting of the Association of Edison Illuminating 
Companies, 1939 volume (not published). 


4. Economic AND SALES PROBLEMS OF ELECTRIC 
Urmiry SERVICE IN THE SMALL COMMERCIAL 
Market, J. F. Gaskill, Constantine Bary. Pro- 
ceedings, World Power Conference, Vienna, Austria, 
1938. 


5. Factors ArrEcTING GENERATING CAPACITY, 
N. E. Funk. Edison Electric Institute Bulletin, 
volume 7, 1939. 


6. CHARACTERISTICS OF COMMERCIAL LIGHTING 
Loap, R. R. Herrmann. Journal of Land and 
Public Utility Economics, February 1937. 


7, Discussion by Constantine Bary of SUMMATION 


or Loap Curvgs, R. F. Hamilton, AIEE TRANs- | 


ACTIONS, volume 63, 1944, pages 1361-3. 


8. SyNnTHETIC OR EQuivaLenT Loap Curves, R. 
F, Hamilton. AIEE Transactions, volume 61, 
1942, pages 369-81. - 


1 


arrange the electric-system connections 
so that a generator may be assigned the 
job of starting the motor on its syn- 
chronizing torque, thus permitting a 
reduction in the required capacity of the 
amortisseur winding. 

The conditions required for successful 
starting in this manner have been studied 
in an approximate way by several in- 
vestigators!? and certain rules have been 
developed. However, it is believed that 
the problem is sufficiently complex and of 
sufficient general interest to justify the 
presentation of a more exact treatment, 
particularly since this more exact treat- 
ment has been found necessary to predict 
starting performance correctly in the 
range studied. 

The problem is very similar to that of 
synchronizing or pulling-into-step of 
synchronous motors at normal speed? 
except that now the performance of two 
or three machines must be considered 
simultaneously, and the speed range is 
relatively very much greater. 


Conclusions 


From the results of the tests and calcu- 
lations discussed in this paper, the fol- 
lowing conclusions can be drawn regard- 
ing starting performance in the range 
covered: 


1. The optimum ratio of motor excitation 
to generator excitation is such that the ratio 
of the normal speed, open circuit voltages 
is about 0.8. That is, at this ratio the 
maximum: motor friction torque can be 
started (Figure 1). In general, the gener- 
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Figure 1. Motor and generator starting from 


standstill with applied generator shaft torque 


Maximum motor friction torque Tz which can 
be started, as function of excitation ratio E2/E,. 
Fig) 53, Ev—4 3 
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MOTOR FRICTION TORQUE — Ta 
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LINE RESISTANCE —T 


0.05 


Figure 2. Motor and generator starting from 
standstill with applied generator shaft torque 


Maximum motor friction torque Tz which can 
be started, as function of circuit resistance r. 
A, =5.05, H,=2.53, x=1.0 


ator excitation should be as great as possi- 
ble. 


2. Considerable motor torque can be de- 
veloped by synchronous starting when the 
total armature-circuit resistance is low, but 
high resistance reduces the maximum allow- 
able motor friction torque (T2) very much. 
With line resistances greater than five per 
cent, JT, becomes less than seven per cent 
(Figure 2). * 

3. With small line resistance r (r=0.01) 
the maximum motor friction torque 7» 
which can be started is practically inversely 
proportional to line reactance x, while with 
high r (r=0.05) T» is nearly independent of x 
(Figure 3). 


4. The initial angle between motor and 


generator field axes has little effect on the 


maximum motor friction torque 7; which 
can be started, but has a very great effect 
on the maximum torque 7, which can be 
applied to the generator for successful start- 
ing with small T>. 


5. Neither motor nor generator inertia 
have very much effect on the starting per- 
formance. In general, low motor inertia 


and high generator inertia are slightly bene- 


ficial. 
6. For each circuit condition there is an 


optimum value of applied generator torque 
- which will start the maximum motor friction 


(Figures 8 and 4). For torques smaller 
than the optimum value, 7» is approximately 


proportional to 7,; it is, in general, some- 


what greater than the proportional value. 
For torques 7 greater than the optimum 
value, T; decreases rapidly to zero, and if T; 
is too large the generator will run away 
leaving the motor oscillating about zero 


_ speed. 
Rio! 
resistance amortisseur winding on both 
motor and generator if they are not of solid- 
8  pole-face construction. 


It is desirable to have a fairly low- 


8. When motor and generator are direct- 
_ly connected electrically, turbomachines 
' should, in general, be easier to start than 
salient-pole machines. 


t 


r=0.01, E;= 
=~==—pe 0.05) £1= 
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® START 
X FAILURE 


0.8 


TORQUE 


° 
® 


0.4 


0.2 


1.0 2.0 


REACTANCE — X 


0 0.5 1.5 
Figure 3. Motor and generator starting from 
standstill with applied generator shaft torque 


Maximum motor friction torque T2 which can 
be started, as function of circuit reactance X. 
H,=5.0, H,=2.55 


Analysis : 


The systems considered are shown in 
Figure 5. In order to reduce the per- 
formance equations of these systems to 
practically soluble forms, it was assumed 
chatoeee, 


1. All machines have symmetric rotors. 


2. The effective machine excitations and 
reactances are constant during the starting 
period. This may be interpreted as mean- 
ing that the rotor flux is constant or that 
some average value is taken as representa- 
tive. 


8. Amortisseur effects are negligible. 


The system equations for the case of 
two machines, in an integral form suitable 
for solution on the differential analyzer, 
are then (see appendix) 


=+F) cos 6;— E2 cos 0.— S riadt 
xig= +E, sin 0;—Ey sin — J rigdt 
M,p0.=—Ei JS cos 6d Sf isdt+E,X 
JS sin dS igdt— J Tidt 
M2p).= aM & cos 62d f iBdt — E,X 
S° sin 6d Sf igdt— f° Todt 


(1) 


where 


t=per-unit time 
x =per-unit armature-circuit reactance 
r=per-unit armature-circuit resistance 
E= per-unit excitation 
@=rotor angle ‘ 
M =per-unit rotor inertia 
M=4nfH, where # is the inertia constant 
as conventionally defined in stability 
studies 


2) 
@ 


te) 
) 


9° 
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APPLIED GENERATOR TORQUE-—T, 
° 
tN 


1.0 


0.6 
MOTOR EXCITATION PER 
GENERATOR EXCITATION 


fe] 0.2 0.4 0.8 


Figure 4. Motor and generator starting from 
standstill 


Required generator shaft torque Ti to obtain 
maximum motor friction torque Te, as function 
of excitation ratio E,/Fi 


H,=5.05, Hp=2.53, x=1.0, &:=1.3 


_0.231XWR*X (rpm)? 
108 kva (base) 


f=rated circuit frequency in cycles per 
second (f =60 in all numerical examples) 
ig, ig =per-unit equivalent two-phase arma- 
ture currents of machine one 
T =per-unit load torque — 


Subscripts 1 and 2 refer to generator 
and motor, respectively. A schematic 
diagram of the required analyzer connec- 
tions is shown in Figure 6. 

With the motor (machine two) at 
standstill 4, is constant and the perform- 
ance is determined by the first three 
parts of equation 1. The motor torque is 


(2) 


torque =igpE2 cos 62—teF2 sin 62 


so the motor may be started (that is, the 
fourth equation may be connected in the 
circuit) when its torque becomes equal to 
the friction torque selected. 

The procedure followed on the differ- 
ential analyzer was as follows. For each 
value of resistance, reactance, motor in- 


_ertia, generator inertia, motor excitation, 


generator excitation, and applied genera- 
tor torque, the motions of the two ma- 
chines were determined up to a point 
where it was decided that the motor could 
or could not be started successfully. This 
was done for several values of motor 
friction and initial motor—generator angle 
until the maximum friction torque which 
could be started at any angle was found. 
Occasionally this procedure was varied 
in detail by finding the limiting generator 
torque for a given motor torque. Figure 
7 shows a typical limiting curve and 
illustrates the fact that the allowable 
motor friction torque increases to a max- 


imum and then decreases to zero as the 


applied (constant) generator torque. is 
increased. 


In most of the work done, the motor 
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friction torque was maintained at its 
static breakaway value throughout the 
starting period. The friction torque 
actually will decrease somewhat, but, for 
generators with large numbers of poles, 
the total mechanical angle through which 
the motor has turned by the time it 
either definitely has pulled in or failed to 
pull in is very small, since the total elec- 
trical angle is only two or three revolu- 
tions. For machines with two or four 
poles the results may be somewhat pessi- 
mistic in the sense that the calculations 
may indicate a failure to start when a 
start actually might be accomplished. 
An investigation of this point in a par- 
ticular case showed about a 40-per-cent 
increase in the allowable motor static 
friction, if it were dropped to zero at the 
instant of motor starting. 

The generator excitation E, was 1.3 in 
nearly all cases. This was considered to 
correspond to about the highest value of 
field flux which could be maintained in a 
normal machine without exceeding the 
capacity of the field winding. The motor 
excitation EH, was varied from 1.3 down to 
0.65 since one of the principal objects of 
the study was to determine the optimum 
excitation ratio as a function of the other 
system parameters. In order to inter- 
pret the results in terms of other gener- 
ator excitations, and, in general, to obtain 
the maximum amount of information 
from the results, one may note that the 
system behavior may be expressed in 
terms of the six groups: 
xMy, xM, xT, xT2 f Ey 


E;?’ B2’ Ey’ EY’ x Ey 


The attempt to start was taken as suc- 
cessful if the motor speed exceeded the 
generator speed at least twice. That is, 
in a successful start the motor usually 
would start up and oscillate about the 
generator. Since all rotor damping was 
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Figure. 5. Motor and generator starting from 
standstill with applied generator shaft torque 


System diagrams 
; <n J 


+a aS 


f 
- 


neglected it sometimes was observed that 
these oscillations tended to increase in 
magnitude. A calculation for the condi- 
tion of small oscillations about a constant 
average speed shows that in the speed 
range considered the system treated here 
is damped negatively. At very low 
speeds the damping is positive, but at be- 
tween one per cent and two per cent speed 
the damping becomes negative, reaching 
a negative maximum at about two per 
cent speed and remaining negative but 
becoming continually smaller in magni- 
tude thereafter. Calculations have 
shown that an amortisseur winding of 
normal design on both motor and gener- 
ator is adequate to keep the damping 
positive at all speeds. Moreover, even if 
damping is negative over a certain speed 
range, the machines may not drop out of 
step unless the period of operation in the 
range is sufficiently long. 

Calculations were made to find the 
effects of line resistance and reactance, 
excitation ratio, motor—generator initial 
electrical angle, inertias of motor and 
generator, and applied torque on the 
starting characteristics, that is, on the 
permissible motor starting friction. The 


Figure 6. Motor and generator starting from 
standstill with applied generator shaft torque 


Differential-analyzer connection diagram 
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total reactance was taken as 1.0 per unit, 
which should correspond approximately 
to the total transient reactance of the 
usual two-machine system. This react- 
ance was varied in a few cases between 0.5 
and 1.5. The total line resistance was 
varied from 0.01, which could correspond 
to that for two machines tied directly to- 
gether, to 0.05, which allows for some tie- 
line resistance. 

Depending on the initial displacement 
angle, the motor starts either forward or 
backward and may or may not synchro- 
nize if it isa border-line case. The worst 
initial angle of the motor relative to the 
generator was usually between —90 
degrees and —180 degrees. In most 
cases only 90-degree intervals were 
checked, but in a few cases 45-degree 
intervals were considered. The effect of 
angle was not sufficiently great to make it 
necessary to consider smaller intervals. 


Test Checks 


In order to check the validity of the 
simplified equations used to represent the 
system, several tests were made. A 
9,000-horsepower 18-pole vertical syn- 
chronous motor having a static friction of 
17 per cent was started from a 20-pole 
horizontal machine of about equal size. 
The prime mover was a d-c motor and the 
system was started by closing the motor 
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Figure 7. Motor and 
generator starting from 
standstill with applied 
generator shaft torque 
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Motor friction torque Ts 

which can be started, 

as function of generator 
applied torque Ti 
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armature switch with field already ap- 
plied. The torque thus was built up very 
rapidly and decayed slowly as the d-c 
motor accelerated. With excitation 
ratios of from 0.5 to 1.0 the lowest gener- 
ator excitation (about 65 per cent) at 
which the a-c motor could be started was 
found. 

The critical excitations for this system 
then were calculated on the differential 
analyzer and checked very closely. (See 
Table I.) There were, however, some 
differences between the test and analyzer 
conditions which are enumerated in 
the following. 

In the calculation the motor friction 
torque was reduced to zero as soon as the 
motor started, while the friction of the 
tést motor may be presumed to require 
some little time to fall to a completely 
negligible value. This indicates that the 
calculation may be really pessimistic 
since the consideration of an additional 
motor friction would have increased the 
critical excitations obtained. An in- 
crease of about five to ten per cent in ex- 
citation would be expected. 

On the other hand, an armature resist- 
ance of r=0.015 was used in some of the 
calculations, while the test d-c resistance 
was closer to r=0.01. This indicates a 
somewhat optimistic calculation. The 


‘resultant decrease in critical excitation is 


shown by Figure 2 to be not more than 
about five per cent (torque varies as the 
square of excitation). Thus the two 
differences between calculation and test 
offset each other to a considerable degree. 
Moreover, the calculations at F,/F,=0.5 
were made with r=0.01 and showed little 
deviation. 

Other factors which should be con- 
sidered are that the test machines had 
rather small field time constants, which 
would indicate that the calculations would 
be more pessimistic for larger machines, 
and rather effective amortisseurs, which 
would indicate that the calculations might 
be somewhat optimistic for machines 
with little or no amortisseur effect. The 
machines were represented by their tran- 
sient reactances in the calculations. 


Results and Discussion 


The results obtained directly from the 


. differential analyzer are in the form ‘of 


curves of motor and generator speeds, 
and of the two components of armature 
current. The motor and generator angles 
also were determined in most cases. 


_ Figure 8 shows a few typical curves of 


motor and generator speed. 

The information taken from these 
curves is summarized in Figures 1-4. 
Figure 1 shows the effect of excitation 
It is seen 
that regardless of line resistance the 


optimtim excitation ratio is about 0.8, 


and that for the highest resistance (fe, 


é' 0.05) the permissible motor friction at a 
ratio of 1.0 is relatively much lower. For 


this high-resistance case an optimum 
ratio of 0.7 might apply, since it is possible 
to draw the curve in several ways through 
the check points. 

Figure 2 is a replot of some of the curves 
of Figure 1 to show the effect of line re- 
sistance more directly. This curve brings 
out very clearly the importance of a low 
tie-line resistance if this method of start- 
ing is to be used on a motor having any 
very large breakaway torque, and also 
shows that if the tie resistance is kept 
down considerable torque may be de- 
veloped. 

Figures 3 and 4 show the generator 
torque 7\ which should be applied in order 
to start the maximum possible motor 
torque. These 7, curves are only ap- 
proximate, as the optimum value of T; is 
not very critical (see Figure 7). From 
Figure 7 it is seen that the optimum 7; 
should not be greatly exceeded. Each 
point of the summary curves (Figures 
1-4) was determined from curves similar 
to Figure 7, and each point of Figure 7 
was, in turn, determined from curves 
similar to those of Figure 8. 

Figure 9 shows the results of a calcula- 
tion for the case of one generator starting 
two motors simultaneously, each of half 
the generator rating. One motor is at an 
initial angle of 90 degrees, the other at 180 
degrees. If both motors are initially at 
180 degrees, they may be considered as 
one. The starting performance is then 
the same as that of the two-machine case 
of Figure 10A, which is slightly worse 
than that of Figure 9. In general, it 
would seem that the two-machine case, 
with the motor at the worst angle, ade- 
quately should represent also the worst 
three-machine case. The case of Figure 
10B differs only slightly from that of 
Figure 10A. It was worked out on the 
differential analyzer as an approximate 


check of the step-by-step calculations 


required for Figures 9 and 10A. 


Appendix 


In this appendix the performance equa- 


tions for three electrically connected sym- | 


metric rotor machines will be derived first, 
since they may be of interest, not only to 
study, for example, the case of a single 
generator starting two motors simultane- 
ously or of two generators starting a single 
motor, but also as an indication of the 
phenomena to be expected when several 
machines are so connected together. The 
equations for two machines studied in detail 


in this paper then will be derived as a 


special case. 
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The voltage equations for machine one 
areé 


a1 = P¥ai— Titer 


; 3 
epi = pypi— 11181 8) 


Under the assumptions, the flux linkages 
are® 

va =Li- xt 
Y= 


The d-, g-axis quantities are related to the 
a-, B-axis quantities by the relations® 


(4) 


—Xilgi 


ig=ig cos O+ig sind | 
ig= —te sin 6+7g cos 0 


(5) 


with similar relations for y and e. Substi- 
tuting equations 5 in equations 4, yields 


Wa, = E; cos moet (6) 


Ye. = EF, sin 6 —Xy1B1 
Now by substituting equation 6 in equation 


3, the voltage equations become 


€a, = Lip cos 61— ees, (7) 


epi =E\p sin 0,— (pxitri)iBi 


Similarly, for machines two and three 


Cay = Eop cos 62— ne (8) 
8) = Esp sin 0.—(px2+12)ipy 
Ca3 = E3p cos 03 — aan (9) 
€B3>= Esp sin 83 <— (pxst+rs)tp3 


To connect the three machines together, one 
puts 

Cx = Care = Ca3 
€p1 = €62 = Bs 
dog = — te — Lee 
183 = — 161 — 16x 


(10) 


whence equations 7, 8, and 9 become 


(Ap?+ Bp+C)ias = [(xs+x2) p+ | 
(13+ 12) \pEy cos 6; — (xsp+12) Xx 
pia cos 62 — (xep+ 2) pE3 cos 63 


(Ap?+Bp+C)ipy = [(xs-+x2) P+ 
(73+ 12) |pE; sin 0;— (x3p-+ 13) X 
se pE2 sin 6.— (xep+re) pEs sin 63 


(11) 
(A p?+Bpt+ Ch)taz ne [(x3-to1) b+ 
(r+) |pE2 cos 62—(xsp+1s) X 
pE. cos 6; —(«ip+11) PEs cos 6; 
(Ap?+Bp+ C)ig, = [(xs +1) p+ 
(r3+11) |pHe sin 02— (xsp-+1s) X 
pEy sin 6,— (ap+n) pe; sin 63 
_ where 
A =x1X2+x2%3+%5%1 
B=1,(xo+a%3) + 12(xs-+%1) +73(x1+%2) 7 (12) 


where T is the load torque. 
tions 5 and 10, the three torque equations 


C=nfot rors + rari 


The torque equation of each machine is 


of the form 


Mp*+Ei,+T=0 (13) 


From. equa- 


SERS 


Map + Ea cos a4- 
To Sin 6) +7, = 
Mop'.+ Ex(igy cos 0.— 


OnP sin 62) + T2= 4) 


— Map6s+Es[ (iar ties) sin 03— 


(tg; +7g32) cos 63)+ T3;=0 
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MOTOR (NO.2) 
GENERATOR (NO.!) 
MOTOR(NO.3) 


THREE-MACHINE 
CASE 


SPEED —PER UNIT 
{e) 
je) 
i) 


= L— 
0.8 1.0 1.2 1.4 
TIME — SECONDS 


-0.014 
Figure 9. Two motors and generator starting 
from standstill with applied generator shaft 

torque 


Speed versus aie 


T,=0.985 =T;=0.20* 
—aees E E3= 0.65 
ahs) (0) HyShs = 1865 
—=(0)5/5 X.=xs= 1.0 
mr =0.008 pO Oike) 
616 =0 degrees, 6% =90 degrees, 43 = 180 
degrees 


*T, and Ts reduced to 0.008 when motors start 
(Compare with Figure 10A for effect of com- 
bining the motors) 


Although equations 11 and 14 may be put 
directly in an integral form for solution 
on the differential analyzer, the number of 
integrations required is large. They may 
be simplified with little loss in generality by 
making the ratios of resistance to react- 
ance the same in all three machines. If 


Se (15) 
Pla as 
then 
B=2pA and C=p?A 
and 
Ap*+Bp+C=A(p+e)* 
The current equations 11 are reduced to 
A(b+p)ien = (xs-+%2)PE1 cos 
x3pE2 Cos 02—xX2pE3 cos 83 
A (b+p)iay= (#22) PEs sin @1— 
xXgpE2 sin 02—xX2pE; sin 65 (16) 


A(ptp)ia2 = (%3+%1)pE2 cos 02— 
xapEy cos 0; —x pF; cos 83 


A (p+p)iga = (x3-+%1) PE: sin 62— 
xspFi sin 6:—xpE; sin 03 


Machine number three may be eliminated 
by letting x=, te=—taz=ta, and 
ig1=—ip,=ig. The first and last pair of 
equations 16 become identical and are repre- 
sented by 


(xp+1)ta = p( Ei cos 61 — 
(xpt+r)ig =p(Ei sin 61 — 


where 


E2 cos 62) ( 17) 


Ep sin 62) 


X=xX1+x%2 and r=ntr 
The torque equations 14 become 


Mip*6i+Ei(ig cos #:- 
ta sin 6:) +7; = 
Mxp?02+ Es (ta sin O.— (18) 


ig Cos 2)+T2= 


i 


0.06, gua yea 
TWO-MACHINE CASE yi 
0.05- 
A ys 
Z 0.04+ 
) 
& 0.03 
ao 
a 0.02 
WwW 
4 0,01 
vy) 
° 1 pe ee Sa ES) je 
[@) i 5 x 4 fs 24 1:65) 1S. 
Eh TIME —SECONDS 
(A) 
i OF 985 Is=O0045 
ales Es=O%405 
Hy Ce 5 3 O 3 ‘ 3 
x=1.0 r=0.016 


609 = 180 degrees 
*T, reduced to 0.015 when motor starts 
(Compere with Figure 9 for effect of two half- 
size motors) 


SUT seR 


0.05; 


GENERATOR 


SPEED — PER UNIT 
{e) 
[e) 
o 
T 


MOTOR 
CASE 23 


iA apo ee SEAL ee ES 
6 02 aoa 0.6 08 LO Mbeki 7-6" LB 
TIME — SECONDS 


(B) 
T=1.0 JT2=0.409 (Reduced to zero 
Ey=153.- 96s =0.65 when motor 
H,=5.0 H,=3.4 starts) 
x=41;°0 r—O02015 
62 = 180 degrees 


-0.01l 


Figure 10. Motor and generator starting from 
standstill with applied generator shaft torque 


Speed versus time 


Equations 17 and 18 are integrated once 
to obtain equations 1. 
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Biased-Core-Current-Transformer 


Design Method 


THEODORE SPECHT 


ASSOCIATE AIEE 


HAT peculiar improvement in per- 

formance often occurred when a cur- 
rent-transformer core was divided into 
two parallel magnetic circuits, with 
different turns on each, has been well 
known for years, and the reasons for it 
have been understood in a general way. 
The calculation of performance of the 
transformer, however, has been a most 
baffling problem—one that could be 
worked out only on a tedious trial-and- 
error basis. The lack of a practical and 
straightforward method has been a 
serious handicap to full use of the method 
of construction, despite strong evidence 
that this method of construction, which is 
both practical and simple, would produce 
real improvement in performance. 

The difficulty of calculation lies in the 
fact that the flux densities in the cores are 
different by an amount depending on the 
ratio and phase angle between the pri- 
mary and secondary currents and that 
the ratio and phase angle depend in turn 
on the two flux densities. 

Solution depends on the conception of 
series magnetizing impedances for the 
two magnetic circuits, representing the 
impedance curve functions in such a way 
that simultaneous solution is not tedious. 
The principal purpose of the paper is to 
develop a method of calculation which is 
sufficiently simple, yet sufficiently accu- 
rate, to be used in engineering design. 

The conventional current-transformer 
core operates at a relatively low flux 
density (less than 1,000 gausses), because 
only in this way can the ampere turns re- 
quired to circulate the flux in the core be 
kept to a sufficiently low value for high 
accuracy of current transformation. Un- 
fortunately, however, magnetic materials 
generally have a low permeability at 
small values of flux; thus, if the flux 
could be greater, the permeability would 
be higher. 
iary biasing ampere turns from an inde- 
pendent source to raise the total flux 
density to a value where the core would 
have good permeability was conceived 
long ago, but has been little used in prac- 


tice, partly because of the complications 


involved in supplying the bias, but mostly 
because it is by no means clear that the 
effective permeability will be raised to 
any easily determined value. 

A method invented by Wilson! in 1929 
supplies bias to a very small element of 
the core simply by passing the secondary 
conductor through a hole in the core. 
The improvement in performance is 


The idea of supplying auxil- 


difficult to calculate with any degree of 
exactness, and is not so great as that 
obtained when the whole core can be 
biased. A method described by Boyajian 
and Camilli? has the disadvantage of re- 
quiring auxiliary apparatus for excita- 
tion. 

The general method to be described in 
this paper is illustrated by Figure 1. 
The core is divided into two separate 
magnetic circuits. The primary winding 
links both, but (for the general case) the 
secondary main windings and the second- 
ary biasing windings are wound sepa- 
rately on each core, Then the main 
windings on the two cores are connected 
series aiding and the biasing windings 
series opposing—an arrangement that 
will give the minimum of coupling be- 
tween the total main secondary winding 
and the total biasing winding. This can 
be seen more clearly from Figure 1. 

It is not obvious that the biasing wind- 
ing can produce a flux density correspond- 
ing to maximum permeability; nor is it 
obvious that this maximum permeability 
would be the effective permeability which 
would govern the performance of the 
transformer; nor is it clear how the bias 
can be practically obtained. These diffi- 
culties have prevented wide practical 
application of the idea, although many 
patents have been issued on various 
schemes for using the idea. 

A practical and almost obvious method 
for using the biasing idea shown generally 
in Figure 1 is the double core with a single 
secondary winding shown in Figure 2, in 
which the,bias is obtained by bringing 
the secondary conductor through be- 
tween cores. The biasing ampere turns 
are then proportional to the secondary 
current. This construction is obviously 


practical, but the calculation of flux : 


density in the two cores, the effective 
permeabilities, and the resulting perform- 
ance of the current transformer, present a 
most tedious problem. The calculation 
process is not fundamentally obscure, but, 
like any problem in parallel magnetic 
circuits, solution by conventional methods 
is a cut-and-try procedure, is incredibly 
tedious, and is not practical from an 
engineering design’ standpoint. Thus, 
although a structure has been devised 
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which is practical, economical, and prom- 
ises real improvements in performance, 
it has been impossible to apply it to ad- 
vantage, because no method of calculation 
has existed whereby performance could be 
calculated. It has been impossible to 
determine analytically the proper propor- 
tions of the cores and the best degree of 
bias. 

This paper will develop the theory 
of a method for calculating performance. 
Since the arrangements of Figure 1 with 
the main and biasing windings in series, 
and of Figure 2 and Figure 4, to be used 
later for the actual development of the- 
ory, are all identical fundamentally, the 
theory will be equally applicable to any 
one of them. 


Theory of Operation 
On closer examination of Figure 1, the 


following facts are evident, which will 
assist analysis of the operation. The 


(hl a 
! i f ‘ 
t 1 ' 


XI Bl x2Be 


Figure 1. General construction of a biased- 
core current transformer 


The primary winding H1-H2 links both the 
cores. The main secondary windings are 
connected series aiding and are labeled 


_X1-X2. The biasing secondary windings 


are connected series bucking and are labeled — 
B1—-BQ ' 


XI X2 


Figure 2. Practical construction of biased- 
core current transformer 


Bias is secured from secondary current by 
having a few additional secondary turns 
around one core 
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Figure 3. Nominal 60-cycle characteristic 
curves for the cores used in the tests and 
calculations 


The ampere turns and the coefficients for the 

formulas for the resistance, reactance, and im- 

pedance of the equivalent series circuit for 

the core are plotted as functions of the volts 
per turn 


' main secondary windings in Figure | are 


main secondary current. 


connected in series aiding, and the second- 
ary biasing windings are in series buck- 
ing; that is, with a voltage applied to the 
primary winding the sum of the voltages 
of the main secondary windings appears 
across the two in series, and the difference 
of the voltages of the biasing windings 
appears across the two in series. 

At first it will be assumed that the main 
secondary turns on each of the cores are 
equal and that the biasing turns are so 
arranged that, when voltage is applied to 
the main secondary winding of the trans- 
former, no voltage appears across the 
biasing winding; or conversely, when 
voltage is applied to the biasing-winding 
terminals, no voltage appears across the 
.main secondary terminals. In practice 
this restriction may or may not be neces- 
sary, depending on the source for the 
biasing winding. If the coupling between 
the main and biasing windings is not zero, 
an error current will flow in the main 
secondary windings proportional to the 
current in the biasing winding. This 
error current can be used to compensate 
the transformer. If the biasing current 
does not vary with the main secondary 
current, this error current will become an 
increasingly large percentage of the main 


secondary current as the main secondary 
_ current decreases. 


If, however, the bias- 
ing current is made proportional to the 
main secondary current, the error current 
will remain a constant percentage of the 
Therefore, for 
the former condition it is important that 
the coupling be zero, whereas for the 


_ latter it is not so important. 


If it is assumed that the coupling be- 
tween the main and biasing windings is 
zero, the current in the biasing winding 
can be adjusted until the cores are biased 


at their point of maximum permeability 


without affecting the main secondary 
current. Var ous methods of supplying 
the biasing winding are possible, but the 
most usual one is simplv to put it in series 


_ with the main secondary winding. This 


-' 
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puts an additional burden on the main 
secondary winding, but for a small current 
transformer this will be less than five volt- 
amperes. Inasmuch as this burden is 
largely reactive, it usually will reduce the 
phase angle of the current transformer. 

In an actual transformer, the windings 
will be arranged in a different manner 
from that just described. The two cores 
are put end to end with a spacer between 
them. The larger portion of the winding 
is wound about both cores, and then a 
few additional turns are wound about one 
core only. See Figure 2. This arrange- 
ment then can, by properly proportioning 
the turns, be made exactly equivalent to 
the arrangement in Figure 1. 


The Derivation of the 
Mathematical Theory 


The double-core current transformer is 
difficult to analyze, because simultaneous 
solution of the flux densities in the two 
cores must be made, and, unless a simple 
mathematical expression for the exciting 
current in terms of the induction is avail- 
able, the equations cannot be solved. 
Any number of trial-and-error methods 
have been devised, all of which have been 
found to be impractical on account of the 
amount of numerical work involved. 
The method given in the following analy- 
sis is based on the equivalent circuit of 
Figure 4 (see Table I for explanation of 
the symbols). The arrangement of the 
windings in Figure 4 is fundamentally the 
same as in Figure 2, since the turns linking 
each of the cores are the same in the two 
figures. With the arrangement shown in 
Figure 4 the equivalent circuit for the 
transformer is much more apparent, as 
Figure 4 is essentially two current trans- 
formers in series. In the equivalent cir- 
cuit the primary as well as the secondary 
windings are connected in series. The 
exciting impedance for each core is shown 
external to its transformer. In this 
analysis it was found more convenient to 
use an equivalent series circuit consisting 
of a resistance and reactance to represent 
the exciting-current branch. The funda- 
mental procedure based on Figure 4 is as 
follows: 


(a). Estimate the approximate value of 
the volts per turn per square inch in the core 
as the sum of the zero-burden biasing volts 
per turn per square inch (obtained from the 
biasing ampere turns per inch and a curve) 
plus the volts per turn per square inch re- 
quired for the burden. 


(b). Determine the resistance and react- 
ance of the equivalent circuit for the cores 
from a curve, and, assuming the resistance 
and reactance to be constant, recalculate 
the volts per turn per square inch in each 
core. The use of a curve is the key to a 
rapid solution of the problem. 


(c). Continue recalculating until the volts 
per turn per square inch calculated is that 
first assumed. This then represents the 
actual operating condition of the trans- 
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former. Usually the second calculation is 
sufficiently accurate. 
(d). Calculate the transformer ratio and 
phase angle at the final values of volts per 
turn per square inch. 


The principal reason this method has 
merit is that an initial value quite close 
to the actual value of volts per turn per 
square inch can be determined and that 
the resistance and reactance of the 
equivalent circuit for the core do not 
change too rapidly with changes in volts 
per turn per square inch. Usually the 
second estimate is sufficiently close to the 
final value. 

An equivalent series circuit for the core 
was found to be the most convenient for 
this analysis. To obtain the curve we 
must secure a general expression for the 
resistance, reactance, and impedance of 
the equivalent series circuit for the core in 
terms of the volts per turn per square inch 
at 60 cycles as follows. 

The flux density in the core is given by 


pie ewes 
NA 4.44f 10-8 


and, if f =60 cycles, 


E 
B=3.75X 10( =) lines per square inch 
(1) 


The watts, volt-amperes reactive, and 
volt-amperes necessary for the core are 


W 
W=\| — }slA 
(7) 


(2) 


NO, 2 CORE “Whi 
i 


ACTUAL TRANSFORMER 


NO.2 CORE 
Np 


NO.! CORE 
Np 


EQUIVALENT CIRCUIT 


Figure 4. Arrangement of double-core cur- 
rent transformers used for development of the 
theory of calculation 


The transformers are considered ideal, and the 

exciting branches, Z,; and Z», are placed 

across the secondary windings of the trans- 
formers 
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VAR ~( 3 nd (3) 


VA= ( Aa (4) 


The impedance of the equivalent circuit 
for the core is 


pean tela) NPA 
VA A\ | N? 
Say (4) a4 is 
# 
(a) 
_ NA aa) ss 
i ( va ohms (5) 
# 
The resistance component of this im- 
pedance is 
W 
R=Z — 
VA 


Substituting in this the values for Z, W, 
and VA from equations 5, 2, and 4, we 
find 


wal (ia) |G) 
LEG) 
Tee | 


The equation for the reactance com- 
ponent of Z can be developed in a similar 
manner and is 


( E y VAR 
NA # 
x= at (zs ) (7) 
# 
The quantities in the brackets in equa- 
tions 5, 6, and 7 are only functions of the 


flux density in the core. For conveni- 
ence they will be called Kz, Kp, and Kx 


as follows: 
ale 
Kar oe # (8) 


a) . ‘. (10) 
# - i 


These constants, Kp, Kx, and Kz then 
can be plotted in curve form. The equa- 
_ tion for the inppadance can be written 


‘N2A | N?A ; 
aeons Stier neh 


(11) 
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Kz=Krtjkx | (12) 


It will also be necessary to know the 
volts per turn per square inch induced as 
a function of the ampere turns per inch. 
This is developed as follows. 

The exciting current for the core is 


vA 4 
Te ENE ow 


E E 


Solving equation 10 for VA/#, sub- 
stituting it in the above equation, and re- 
arranging the terms gives 


E NI 
NA Ke ( l ) 

It is also possible then to plot as a func- 
tion of E/NA, the value of NI/Il which, 
as will be explained, leads to solution of 
the problem. 

In the equivalent circuit of the double- 
core current transformer as shown in 
Figure 4, it is assumed that the mean 
lengths of flux paths are equal. MN, is 
greater than or equal to No, but A; can be 
greater than, equal to, or less than A». 
The transformers also are assumed to be 
ideal and their exciting impedances repre- 
sented by shunt impedances external to 
the transformers. It is desired first to 
develop three sets of equations: 


(13) 


(a). For calculating the volts per turn per 
square inch in each core for values of Kz 
corresponding to estimated values of volts 
per turn per square inch. 


(b). For estimating the approximate values 
of volts per turn per square inch in each core 
for the first try in (a). 

(c). For calculating the ratio and phase 
angle when the actual values of volts per 
turn per square inch have been determined. 


From Figure 4, the following equations 
may be written 


Ni (Ist) = No(Is+I2) 


¥ 


(14) 


Table I. $00-to-5-Ampere Current Trans- 
former, Biased-Core Through-Type Construction 


Burden: 92.5 VA, 90 Per-Cent Power Factor 
Frequency: 60 Cycles 
Per-Cent Per-Cent Phase Angle, 
Data Current Ratio Minutes 


* Calculated values from nominal core data using 
method of this paper. = 


** Calculated values corrected for ratio instability, 
—0.11 per cent, due to cores with different charac- 


teristics. 
+ Test values of actual WE as a biased 
current transformer. 


++ Test values of actual transformer as an un- 
biased current transformer. 
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TsZp=hAathZ: (15) 


Solving equations 14 and 15 simultane- 
ously for J; and J; yields 


NoZp—(M—N2)Z2 


i eH 
a Be NENG (19) 
NiZp+(Ni—N)Zi 
Let. ee 
bya) ON Zeta an 
f,=1,Z;. Substituting in this equa- 


tion the value of J, from equation 16 and 
the values of Z, and Z. from equation 11, 
yields 

Ey _IsKn eee 
N,A, 1 


Na) N2A2K go 
NA2Kg+MAiKa 
(18) 


Similarly, 


Er, _IsKz, | 2x (Ni— Nz) NA Aa) 
NA l NeAK y+ MAiKn 


(19) 


With equations 18 and 19, if the values 
of Kz, and Kz, for the cores are known, 
the values of volts per turn per square 
inch can be calculated. It is necessary 
to know initially an approximate value 
for the volts per turn per square inch in 
each core so as to have some place from 
which to start. Equations 18 and 19 


now will be modified, so that Rin mee 


values can be calculated. 
If equations 18 and 19 now are re- 
written, assuming that Kz,,=Kz.=Kz, 


lote™ IsZ 7 -[ ee] 
NiAy NeAotMA1 1(N2A2+ NiA1) 


(20) 


Ey -. Isér eeoesrn 
NoA, NeA2t Ai 1(N2A2+ NiA1) 
(21) 


The first terms in each equation may be 
calculated now, but the last terms still 
contain Kz. The last term in each 
equation is a function of the secondary 
current and the difference in turns be- 
tween the two cores; or in other words, 
it is proportional to the biasing ampere 
turns. This can be shown as follows: 
rewriting equations 16 and 17, substitut- 
ing in the values of Z, and Z, from equa- 
tion 11, letting Kz,=K ze, and multiplying 
the equations respectively by N,/l and 
N./1 gives: 


L (N2A2+N1A1) Kz 


Is(Ni— No) Node 
| i(N2A+ MsAi) | (28) 


Nsl____IsZr 
1 (N2A2+N1A1) Kz 
| ee No) NiAi ] ee 
1(N2As+M1A1) 
If equations 22 and 23 are multiplied 
through by Kz, they are identical to equa- 
tions 20 and 21. 


terms also should be equal was shown by 
: ; 
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equation 13. The last terms of equations 
22 and 23 then represent the approximate 
biasing ampere turns per inch for each of 
the cores. From equation 13 it is seen 
that the last terms of equations 20 and 21 
then can be read from the curve where the 
volts per turn per square inch are a func- 
tion of the ampere turns perinch. Equa- 
tions 20 and 21 then may be rewritten 
in functional notation where the last term 
of each equation is read from the curve as 
a function of the ampere turns per inch. 


E, NAS 
MA, NoAotMAi 


| Boe Ny) wi] bi 
1(.NoAo+N1A1) 


E, Isa 
NeAy NoAr+MiA1 


Is(Ni— No) MiA1 
j| 1(.N2A2+ MA1) | ee 


For the first approximation it is suffi- 
ciently accurate if only the arithmetic 
sum of the two terms is taken. 

With the values of E/ NA, calculated by 
equations 24 and 25, the values of Kz may 
be read from the curve and new values of 
voltage determined from equations 18 and 
19. Sufficient calculations are made un- 
til no further significant changes in the 
voltages result. Usually only two calcu- 
lations are required. 

The actual transformer ratio then can 
be calculated when the correct values of 
voltage have been determined. The re- 
versed primary current then is 


Nol p= N2(Igst+1z) (26) 


Substituting in the value of J, from equa- 
tion 17 and using the values for Z; and Z» 
_ from equation 11 yields 


_ NoIp= 
ty wt (2 oe MNase) (27) 


N2A2K 2+ NA Ky, 
This equation will reduce to the form: 


Nol p=Is(No-+a+jb) (28) 


where a is the real part of the last term of 


if f 


a ae 
ab 
%: r 
Ge. 
Hy. 3 
eS 
bs 
eet 
a 
is 
gt. oe 
kaghe,.' 
ee 

" 
ae 
¥ 
: 

' 
: 

3 


: 
: 
$ 


bth 2 
F 


of the definition of phase angle. 


ot, 
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equation 27, and b is the imaginary part. 
Both a and 0 are usually small compared 


to Nz. If the name-plate ratio is npR, 
the transformer ratio is approximately 
N. eta ; 
per cent R=——— X100 (29 
(npR) Np 
_ and the transformer phase angle is 
Reecahgite: 5 =m anehrinuyess (30 
aAseiangic— -———. 5 
Pp ang ae minutes (30) 


The negative sign is introduced by virtue 
{ That is, 
the transformer phase angle is positive if 
the secondary current leads the reversed 


| primary current. 


The nominal per-cent ratio at zero bur- 


_ den and cores of equal characteristics is a 


Q 


useful equation for estimating the ratio. 
In equation 27 let Z7=0 and K7z,;=Kz2 


(Ni—N2)MiA1 
N,f,=1s| No+-——_ 31) 
a 5] Pe N2Aot NA: ( 

Hence, the nominal per-cent ratio is 

(N,— N2) MA1 
Nat Nyt NA 

a 100 (32) 

(npR) Np 


If the two cores in the transformer are 
better or worse than they are supposed to 
be nominally, they have a considerable 
effect on the ratio and produce a phe- 
nomenon we might call ‘‘ratio instability.” 
With reference to equation 27 the per-cent 
ratio is 


p t = 
er cen R 
N p(npk) 


| Getta, 

: NoAsK y+ MAi Kz 
(Ni— Ne) MA1K 2; | 
NyA2K g2+ N,A i1Kz, 


The total derivative with respect to 
Ky, and Kz is 
A per-cent R= 
100 | 1Zp(NoA2 AK g2+ MA1 4K z}) 
N,(npR) "(NA gKgo+ M141 Ka)? 
(N,— Ns) NiNpA1A2(Kz2 dK ms — Kaz ke) 


(N2A2K g2+ MA1K 7)? 


The only case considered will be that in 
which the first quantity in the brackets is 
small, which is so if either the burden Z7 
or NoA, AK 72+ Ni A, AK zi is small. Sim- 
plifying the last term of the foregoing 
expression by letting Ni, No, Np(npR) be 


‘about equal to each other, and Kz, and 


Kz. about equal to each other: 
MN i No 
wi 24 +2) 
a ew 
| AKz2 


ee Hel Oma 
Kn a4 83) 


A per cent R= x 


From equation 10 at constant induction 


a 

A <a 

1 S.S Ne 2, 

ae) 
# 

A per cent R= 


AE), GD] 


Coca e 


(34) 


VAN A ‘ 
(7) is the difference between the 
actual and the nominal volt-amperes per 


. ; VA 
pound at some average point. A 7 a 
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(2) is not constant at all inductions. 


Equation 34 is not an exact equation but 
is meant only as a guide to how accu- 
rately the cores must be matched. It is 
also valid only for low secondary burdens 


or where (“) / ( v4) for the two 


cores vary in opposite directions. 

Another difficulty is immediately per- 
ceived; that is, as the diameter of the 
transformer is increased, Ni—N. must 


“increase in order to keep the biasing flux 


density constant. This means that the 
nominal no-load ratio becomes even more 
erratic. The possibility of adjusting this 
no-load ratio by means of short-circuited 
turns of resistance wire on one core is 
entirely practical; and, if the unit is a 
bushing-type current transformer com- 
peting with a wound-type high-voltage 
current transformer, the expense in ad- 
justment can be justified. 

It has been postulated previously that, 
if the effective coupling between the main 
secondary winding and the biasing wind- 
ing be zero, the biasing winding will act 
as an additional burden in series with the 
total secondary burden. If the following 
values are substituted in equation 27, 
they will fulfill the requirement for zero 
coupling: 


N=N-+n; No=N—n; Ky,=Ky=Kz; 
Ay=A,=A 


where N is the main secondary turns per 
core and the biasing turns per core. 
Figure 1 shows the arrangement assumed 
for this. The biasing winding is in series 
with the secondary. 
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by 


Nol» satel (35) 


From equation 11 it is seen that 7?AKz/I1 
would be the impedance of one of the 
biasing windings and twice that would be 
the impedance of the two in series. 


Figure 5. Vector diagram for double-core 
current transformer whose equivalent circuit is 
shown in Figure 3 : 


E, and E£, are the induced voltages of the 
current transformer secondary windings 
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Figure 6. Type FW current transformer, 200- 
to-5-amperes ratio with double-core con- 
struction 


This transformer has an accuracy class of 0.3 at 
a B-0.1 burden 


to be noted that this impedance appears in 
equation 35 in series with the total second- 
ary burden, Z7. Also from equation 11, 
N?AK-;/l would be the impedance of one 
of the secondary main windings and twice 
that would be the impedance of the two in 
series. 

For an ordinary current transformer 
with a series burden of Z7’ ohms, and a 
shunt exciting impedance of Zy ohms, the 
ratio is 


(36) 


If equation 35 is compared with equation 
36, it is seen that the numerator of the’ 
last term of equation-35 corresponds to 
Zr’ of equation 36, the total series bur- 
den, and the denominator corresponds to 
Zx, the shunt exciting impedance. It be- 
comes apparent that the full permeability 
of the core at the point of bias is utilized, 


for Kz is calculated on the basis of the a-c 


permeability at the point of actual opera- 
tion. Also, it is apparent that the least 
variation in errors with secondary load or 
current will occur if Kz is a maximum, or 
if the transformer is biased at the point of 
maximum permeability. Of course, in- 
stability of the nominal ratio according to 


equation 34 may be a factor in determin- ' 


ing whether it is desirable to bias the 
transformer at so high an induction. 

A vector diagram of the equivalent cir- 
cuit of Figure 4 is shown in Figure 5. In 


general E,; and E, are both large and - 


about 180 degrees out of phase, the vector 
sum of the two voltages being equal to the 
voltage of the total burden. For high- 
power-factor burdens, the reversed pri- 
mary current usually lags the secondary 


current, whereas for low-power-factor 


the biased-core type of construction. 
This type of transformer has found much 
application in metering boxes where the 
through-type construction is convenient 
for the three-wire metering connection 
and makes possible changing transformer 
ratio by taking the primary conductor 
through the opening a number of times. 


Experimental and Calculated 
Results 


The following data are for the sample 
transformer used: 


npR: 40to1; 200 to 5 amperes 
N,=41 turns 

N,=89 turns 

A; =—Ao—A 

A(VA/#)2/(VA/#)2= —0.18 
A(VA/#):1/(VA/#)1 = —0.09 
Secondary resistance =0.035 ohm 


Figure 3 is the nominal curves for both 
cores. For this problem, the curves are 
plotted as follows: 


Ampere turns as a function of volts per turn 


A 3 
7 3 a function of volts per turn 


To use these curves, the equations are 
modified as follows: 


E (KzA 
v7 (Ft) 


If this equation is transposed, its signifi- 
cance is more apparent: 


Equation 13: (37) 


which means that KzA/I is the exciting 
impedance measured at the terminals of V 
turns divided by the turns squared. 
K,pA/lis KzA/l multiplied by the power 
factor and KxA/lis KzA/1 multiplied by 
the reactive factor. This shows how 
KA/l can be obtained from measure- 
ments on ari actual winding on one core. 


E Kz,A 
Equation 18: Bar i. \x 
Kn) 


Zr- (ni wy aif 


E KnA\,. .° 

Equation 19: = { = ‘x 
Kz,A 

Zrt = WOM Z1 )| 


nf )ex(F#) | 


E; I,Z7 


Mm M+™M 


eee Gao (40) 
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Equation 20: 
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N2 N2 + N; 
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Equation 27: Njlp= 


KasA 
Zot (= NN = ) 
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Equations 40 and 41 are the equations 
for the first estimation of the volts per 
turn in each core. The bracketed term 
of each of these equations is the biasing 
ampere turns for each of the cores. From 
equation 37 it is seen that when this is 
multiplied by KzA// the result is the bias- 
ing volts per turn. This quantity may be 
read directly from Figure 3, where the 
ampere turns are plotted as a function of 
the volts per turn. The actual values of 
the volts per turn are found by repeated 
substitution in equations 38 and 39 and 
then the true primary ampere turns from 
equation 42. The per-cent ratio and the 
phase angle then may be determined by 
equations 28, 29, and 30. The results of 
these calculations are shown in the first 
two lines of Table I. The ratio must be 
corrected though, for the difference in the 
core characteristics according to equation 
34. This correction is —0.11 per cent 
and the corrected values are shown in 
lines 3 and 4 of the table. The actual 
test values on the biased transformer also 
are given as well as tests as a straight un- 
biased transformer. For this latter con- 
dition, 40 turns linked each core. 


Is; No+ (42) 


Conclusions 


A method of calculation for the double- 
core current transformer has been de- 
veloped that is practical and has sufficient 
accuracy that the designer can determine 
the proper proportions of core and the) 
best degree of bias to get the best possible 
performance, as well as the performance 
obtainable. It shows that much can be 
gained in reducing transformer ratio 
etrors and in correcting phase-angle 
errors in bushing-type current trans- 
formers by using the double-core con- 
struction. This method of calculation 
also makes it possible to determine how 
closely the cores must be matched, and 
whether adjustment by test will be neces- 
sary. This will make possible the con- 
struction of high-accuracy bushing-type 
current transformers to smaller dimen- 
sions and lower primary-current ratings _ 
than was heretofore possible. 


List of Symbols 


Subscripts 1 and 2 refer to values for 


cores 1 and 2. 
| 


B—Induction in lines per square inch 
E—Voltage across a given winding, volts 
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Impulse-Failure-Detection Methods as 
Applied to Distribution Transformers 


H. C. STEWART 


MEMBER AIEE 


Synopsis: Investigation of several methods 
for the detection of impulse failures in dis- 
tribution transformers has strengthened our 
belief in the inadequacy of the methods 
described in American Standard C657.2. 
All of the methods are discussed in detail, 
and the most hopeful one is compared with 
the present method of analyzing the voltage 
wave and making the physical observations 
as outlined in the Standards. Data are pre- 
sented on transformers utilizing present and 
proposed methods. 


EMONSTRATION of the ability 

of electric apparatus to withstand 
impulse tests is of little value unless ade- 
quate failure-detection methods are used. 
Everyone who has had occasion to do 
impulse testing at one time or another has 
experienced some uneasiness concerning 
the certainty of detecting small failures 
when utilizing present testing technique 
as covered in the Standards. Many 
transformers have received impulse tests 
as a condition of specification and pur- 
chase to demonstrate the ability of their 
windings to withstand such tests. Ex- 
amination of the windings after testing 
has disclosed failures which had not been 
suspected from any known failure indi- 
cations. Since such a procedure is im- 
practical and often impossible because 
of economics, it becomes necessary to 
revise impulse-testing technique relative 


J. E. HOLCOMB 


ASSOCIATE AIEE 


to failure detection so as to acquire an 
accurate knowledge of the true condition 
of windings after impulse voltages have 
been applied. 


Present Impulse-Failure- 
Detection Methods 


For many years now it has been the 
practice to follow the testing procedure 
covered in American Standard C57.2, 
10.122. This reference is quoted here 
for convenience. 


“Detection of Failure During Impulse Test. 
Because of the nature of impulse-test fail- 
ures, one of the most important matters is 
the detection of failure. There are a number 
of indications of insulation failure. Some of 
these are: noise within the transformer; 
presence of smoke; excessive current or 
drop in voltage in the excitation circuit as 
indicated by the magnetic oscillograph; 
failure of the gap or bushing to flash over, 
although the oscillogram indicates a chopped 
wave; presence of oscillations or other 
variations from the expected wave shape as 
indicated by cathode-ray oscillograms.” 


It may be seen that certain electrical 
observations are required, such as the 
wave shapes of the applied impulse by 
means of cathode-ray oscillograph by 
comparison between reduced-full-wave 
and full-wave oscillograms, and also in- 
spection of the normal-frequency dis- 


= 


N,—Primary turns 

N—Secondary turn in a given winding 

A—Cross sectional area of a given core, 
square inches 

W—Watts, core loss < 

VAR—Volt-amperes reactive, core loss 

VA—Volt-amperes, core loss 

5—Density of core, pounds per cubic inch 

1—Mean length of flux path, inches . 

R—Equivalentseries resistance of core, ohms 

X—Equivalent series reactance of core, 
ohms - 

Z—Equivalent series impedance of core, 
ohms 

W/#—Watts per pound core loss 

(VAR)/#—Volt-amperes reactive per pound 
core loss ; 

(VA)/#—Volt-amperes per pound core loss 

Kr—See equation 8 } 

_ Kxy—See equation 9 

_ Kz—See equation 10 

I—Exciting current in a given winding, 
amperes F 

I,—Secondary current of current trans- 
former, amperes 
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I,—Primary current of current transformer, 
amperes 

Z7—Total secondary burden of current 
transformer winding resistance plus ex- 
ternal burden ohms 

npR—Transformer name-plate ratio 

Per-cent R—Transformer per-cent ratio 
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turbance occasioned by normal-frequency 
follow current which may be initiated by 
an impulse failure. In addition to this 
there are stich physical observations to be 
made as the notation of unusual sound 
and the presence of smoke or bubbles 
occasioned by arcing within the appara- 
tus. 


Experience With Present 
Impulse-Failure-Detection 
Methods 


The experience cited here is the result 
of the test and examination of a great 
many small distribution transformers 
which were tested to destruction with 
impulse voltages. With smaller trans- 
formers, the ratio of capacitive im- 
pedance to inductive impedance is much 
smaller than is the case with larger power 
transformers. Therefore, the problems 
involved in impulse-failure detection are 
different. Superimposed high-frequency 
oscillations! rarely occur on the crest of 
the applied voltage wave as they do in 
the case of power transformers, so that 
meticulous examination ofthe voltage 


Figure 1. Equiva- 

lent circuit of ideal- 

ized power-trans- 
former winding 


GRO DEFLEC- 
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wave near its front is of little help in fail- 
ure detection in small transformers. 
Likewise, the examination of the applied 
voltage wave on its tail yields unpre- 
dictable results, in some cases actually 
showing a shortening of the tail due to a 
layer failure, while in other instances re- 
vealing a considerable portion of the coil 
to be short-circuited out in the failure 
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without the tail of the voltage wave being 
altered. 

Smoke and bubbles cannot always get 
out of buried layers with sufficient ve- 
locity to be noticeable to the observer and 
therefore are not a dependable failure- 
detection method. The presence of nor- 
mal-frequency excitation confuses the 
oscillography with disturbances caused 
by arcing of isolating gaps and should not 
be considered as a dependable indicator 
of failure, since many transformers known 
to have failed on impulse have success- 
fully withstood normal voltage. 

The usual sequence of evidence se- 
cured during tests deliberately increased 
in kilovolts until failure occurs, with the 
present American Standards Association 
methods, is as follows: 


1. Failure may occur without any of the 
indicators showing the occurrence of failure. 


2. Failure is shown by slight changes in 
wave shape of the applied wave without 
bubbles, or 

3. Bubbles become noticeable. 


4. Normal-frequency current will follow 
through the impulse path as the applied 


Figure 2.  Equiva- 
ce lent circuit of ideal- 
ized _—_distribution- 
transformer winding 
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.. impulse voltage is increased above normal, 
test levels. 


As a result of this experience, it is 
known that these methods of failure de- 
tection often will not show turn or layer 
failures or even the failure of major in- 
sulation to ground. 

In view of such experience, we believe 
that the present procedures for fault de- 
tection are not satisfactory. 


- Investigation of Impulse- . 
Failure-Detection Methods 


; In an effort to improve this situation, 
several impulse-failure-detection meth- 
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Table |. Description of Test Method 


Record Impulse Voltage Wave 


= ———— 


Record Impulse Current Wave in Neutral 
Impedance Consisting of 


5 > Shunt 
Applied Wave j On Low-Voltage Capacitance 
Method Ci C2 Core Winding Tap Winding Resistance Capacitance and Resistance 
Ls Saree x 
PIR oh Se sae Panes <8 x 
Sidig.o Gromicko Meee: See x 
KA ROMO AES ARS Roe er PEO TEE oa ae to x 
SOO iL SOS AC on REE ee el ee ee ee ee ae x 
Lil5. aio.citneng gota atc Qe MERE OSIOT: ARUP ctor ae aa or x 
Chis SOUP RW Beier g SR eI ice ais cee e ities bald AGE a Rie ieee oe a x 
Bic Oa.) SHEN Ce APES COUGH Bb. O OARS Gated aes | a Ae eee BIRR RE MO Te SS x 
Ci Impulse-generator capacitance—0.025 microfarad. 
C2 Impulse-generator capacitance—0.006 microfarad. 
Table Il 
Rating of Test Piece 
Efficiency of Testing—Method Per Cent 
— of Winding 
1 2 3 4 5 6 7 8 Kva Kv Failed 
1 a Pe ca Wlin ete este ae E 3 15 eet G2 eemrneeeeyy 4.0 
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1 ae ee F peGiar 1 sare a 1 eye ee Oleg ene eae Drie wees ee eh sea se 7.0 
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Definition of method efficiency: 
E—Excellent G—Good F—Fair P—Poor U— Unsatisfactory 


ods were investigated .as applying to 
distribution transformers, with the aid 
of the electric transient analyzer, and the 
most promising were checked with the 
usual design of impulse generator. The 
work done with the transient analyzer is 
described in methods 1 to 8 inclusive, 
Table I, and the relative efficiency of the 
methods is tabulated in Table II. Meth- 
ods 1, 2, 3, 4, and 5 consist of measure- 
ment of a voltage wave at some point in 
the transformer structure, whereas meth- 
ods 6, 7, and 8 constitute current-wave 
measurements in the transformer neutral. 


METHODS 1 AND 2 


Methods 1 and 2 consist of the ob- 
servation of the applied voltage wave 
which is the present recommended proce- 
dure, except for the omission of normal- 
frequency voltage, for the determination 
of the electrical condition of a winding 
when subjected to impulse voltages. 
Method 2 employs a loosely coupled im- 
pulse generator; that is, a generator of 
small capacitance so as to have an in- 
herently high regulation (voltage drop) 
as a result of a change in the impedance 
of the test piece brought about by the 
failure of its windings. 

It was found that anything less than a 
generator capacitance of 0.006 micro- 
farad was impractical, because it could 


not deliver a 11/. x 40 microsecond wave 


to low-impedance high-voltage windings. 
When the results of method 2 are com- 
pared with the results of method 1 (in 
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Table II), in which the generator capaci- 
tance of 0.025 microfarad more nearly 
represents present testing practice, the © 
advantage as far as failure detection is 
concerned lies with the low-capacitance 
generator (method 2). 


METHOD 3 


Oscillations within the winding of a 
transformer can be recorded to some ex- 
tent by measuring the voltage produced - 
on its core. In general, this voltage is 
due to its capacitive coupling with the 
winding and is a reproduction of the 
applied wave plus some high-frequency 
oscillations. The magnitude of this volt- 
age is a function of capacitance coupling 
and may be sufficiently high to stress 
unduly the insulation between core and 
coil. Although the method works very 
well in some cases, it should not be con- 
sidered as a universal method of failure 
detection, because the utilization of this 
method involves the isolation of the core 
from ground which in itself produces — 
voltage stresses unnatural to those ex- 
perienced in conventional circuits, 


MetuHop 4 


A modification of method 1 consists of 
the observation of the voltage at some. 
other point in the same winding than 
that to which the wave is applied. This 
can be done where taps have been pro- 
vided in the winding, The impulse volt- 
age from tap to ground, when measured 
on the tap nearest the ground end of the 
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winding, in many cases changes sub- 
stantially in both wave shape and magni- 
tude at the occurrence of a failure. The 
utilization of this method is contingent 
on the presence of suitable taps within a 
given winding and the problem of bring- 
ing out of the tank an additional bushing 
not provided for in the design. 


METHOD 5 


This method involves the observation 
of voltage on a winding other than the 
one under test. This is equivalent to 
loose coupling in the impulse generator 
in that observation is made on a winding 
which is loosely coupled both electro- 
statically and magnetically with the wind- 
ing to which the impulse is applied. In 
many cases, a layer failure in the high- 
voltage coil will change substantially the 
shape of the wave which is reflected in the 
low-voltage coil. Since one end of the 
low-voltage coil may be conveniently 
grounded during test, this method can be 
more readily adapted to impulse-failure 
detection than methods 3 and 4, 


Measurement of Neutral- 
Impedance Current 


‘Metuops 6, 7, AND 8 
' The dielectric condition of a winding 


_ during impulse testing can be determined 
by the measurement of the impulse cur- 
rent! as measured in a neutral impedance 


iss connected outside the transformer. 
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Figure 3 (left). 10-kva 2,400-volt transformer 


Applied voltage wave : 


41. No failure 
9. Failure of one turn (0.1 per cent) 
3. Failure of ten per cent of winding 


Impulse current 


4. No failure 
5. Failure of one turn (0.1 per cent) 
6. Failure of ten per cent of winding 


Figure 4 (right). 11/-kva 7,200-volt trans- 


former 


1. Applied voltage wave—no failure 

9. Applied voltage wave—failure of 13'/s 
per cent of winding (ground end) 

3. Impulse current—no failure 

4, Impulse current—failure of 0.02 per cent 

of winding (one turn) 
5. Impulse current—failure of 131/2 per cent 
of winding (ground end) 

6. Impulse current—41/2 per cent of coil 

short-circuited through 300.0 ohms 


Changes in the impedance of the trans- 
former winding due to impulse failure 
will bring about a change in the impulse 
current. 

The use of a neutral impedance during 
impulse testing results in a circuit not 
encountered in actual transmission serv- 
ice.. However, it should be stated that 
such a procedure does not alter per- 
ceptibly the impulse-voltage distribution 
within the transformer windings. 
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As there are three different types of 
impedance, namely, resistance, capaci- 
tance, and combination resistance and 
capacitance, used in the circuits described 
in methods 6, 7, and 8, it will be well to 
review the factors which should be con- 
sidered in the proper selection of the 
neutral impedance for a particular trans- — 
former rating. To do this, it is necessary 
to consider the controlling characteristics 
of the transformer winding. This depends 
upon the size of the transformer and its 
voltage rating. 

Impulse current that flows through 
a distribution-transformer winding dur- 
ing the time interval in which it is desir- 
able to detect failures will have a changed 
distribution from that of power trans- 
formers. 

In the case of the power transformers,! 
the equivalent circuit is represented by 
Figure 1, where a major part of the im- 
pulse current flows through the induct- 
ance-resistance circuit, as indicated 
by the bold lines of the circuit. Although 
no dividing lines can be drawn, distribu- 
tion transformers in general would be 
represented more nearly by the equiva- 
lent circuit of Figure 2, where a major 
part of the impulse current flows through 
the capacitance circuit, as indicated by 
the bold lines of the figure. ’ . 

As the measurement of impulse neutral 
current is accomplished by measuring the 
voltage drop across a neutral impedance 
which is placed in series with the trans- 
former under test, and as this circuit is a 
voltage-divider arrangement, it is ad- 
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Figure 5. 114-kva 7,200-volt transformer 


Applied voltage wave 


1. No failure 
2. Failure of 2.0 per cent of winding 


Impulse current 


3. No failure 
4. Failure of 2.0 per cent of winding 


Figure 6 (upper right). 3-kva 7,200-volt 
transformer 


Applied voltage wave 


1. No failure 
2. Failure of 50 per cent of winding (ground 
end) 


Impulse current 


3. No failure 
4. Same failure as in oscillogram 2 


vantageous to match the neutral im- 
pedance with the controlling impedance 
of the transformer network. In other 
words, the desirable neutral impedance 
consists of a resistance? or an inductance 
in the case of large transformers, Figure 
1, and a capacitor in the case of small 
distribution transformers, Figure 2. 
When a capacitor is used for a neutral 


impedance, the charge increases as long ° 


as current flows, and there is a tendency 
to increase the amplitude of the trace 
on the oscillogram. The use of a resistor 
in shunt with the capacitor helps to drain 
off the charge, thereby improving the 
oscillography and at the same time pro- 
viding a discharge circuit for the capaci- 
tor. 

Method 6 evaluates this current by 
measuring the voltage across an im- 
pedance consisting of a resistor placed 
in the transformer-winding neutral.’ As 
most of the current is charging current, 
a pure resistance shunt will give a very 
large initial deflection. This peak current 
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the sensitivity of the scheme. 


Figure 7 (right). 371/- 
kva 13,200-volt trans- 
former 


Applied voltage wave 

1. No failure 

2. Failure of 331/; 
per cent of wind- 
ing (line end) 


Impulse current 

3. No failure 

4. Same failure as in 
oscillogram 2 


is of little value in failure detection, and 
so some means such as gaps has to be 
devised to protect the oscillographic 
equipment, 

Method 7 utilizes a capacitor as the 
neutral impedance. This gives a very 
sensitive failure-detection method. An 
impedance change, caused by the short- 
circuiting of one layer (seven per cent) 
of a high-voltage coil, caused the impulse 
current to increase 3,300 per cent. A dis- 
advantage of this method is that the 
capacitor charge continues to increase 
for a considerable time, particularly if 


isolating gaps are used between the test 


piece and the testing circuit. If isolating 
gaps are used, the capacitor cannot dis- 
charge except by leakage. 

In method 8 it was found that a re- 
sistor could be used in shunt with the 
capacitor without appreciably reducing 
This 
method is an improvement of methods 6 
and 7, and in the work done, a time con- 
stant of this capacitor-resistor combina- 
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tion of 100 microseconds or less was found 
to be satisfactory. 


Experience in the Application of 
Methods 1 and 8 


TESTS ON TRANSFORMERS WITH 
CONTROLLED FAULTS 


In order to study impulse-failure de- 
tection where turn and layer failures are 
involved, it was necessary to provide full- 
scale transformers with a single turn and 
some portion of the layers brought out 
so that turn or layer failures could be | 
arranged at will; otherwise a great many 
transformers might have to be tested to 
get the type of failure desired. 

The data presented on these trans- 
formers were obtained using the present 
ASA method 1, and the best of the meth- 
ods, as outlined in Table II, method 8. 
Circuit diagrams for these methods are 
shown in Figures 8 and 9. The oscillo- 
grams shown in Figures 3, 4, and 5 were 
taken on transformers having such con-— 
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trolled points of failure while using a con- 
ventional impulse generator of ASA 
recommended voltage level for the par- 
ticular transformer voltage class. It was 
necessary to omit normal-frequency volt- 
age because of the controlled faults. 


10-Kva 2,400-Volt Transformer, Figure 
3. When testing with method 1 turn 
failures could not be detected, but a 
layer failure is indicated by a shortening 
of the tail of the wave. The impulse cur- 
rent, method 8, readily detects both the 
turn and layer failures. In this instance, 
it was necessary to protect the oscillo- 
graph equipment by means of gaps. It 
would have served the same purpose to 
reduce the resistivity of the current- 
measuring impedance. 


1}/.-Kva 7,200-Volt Transformer, Fig- 
ures 4 and 5. Because of its higher 
voltage rating, this transformer has a 
considerably larger number of turns and 
layers than the ten-kilovolt-ampere 2,400- 
volt transformer shown in Figure 3. 
Oscillograms 1 and 2 in Figures 4 and 5 
show that method 1 will not detect fail- 
ures involving either 2 or 13'/, per cent 
of the winding by observing the applied 
voltage wave. The impulse-current de- 
tection, method 8, readily detects either 
defect, as shown in Figures 4 and 5. Itis 
also to be observed in this case that this 
method shows a one-turn failure very 
effectively (see Figure 4, oscillogram 4). 
As the detection of failure using the im- 
pulse-current method is contingent on 
being able to observe current changes due 
to impedance changes of the circuit 
brought about by failures within the 
winding, it is important to demonstrate 
that this method will detect failures even 
though this current is relatively small. 
To do this, a 4!/.-per-cent winding fault 
was closed through a 300.0-ohm resistance 
(see Figure 4, oscillogram 6). 


\ 
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Figure 8. Conven- 

tional impulse test 

circuit for distribu- 
tion transformers 


TO A-C 
SUPPLY 


Cg=capacitors of impulse generator 

, =main shunt resistor 

Ro =series resistor, external to generator 
Rs, =series resistor, internal to generator 
C,=auxiliary capacitor to control wave shape 
C,=main capacitor of voltage divider 

3= auxiliary capacitor of voltage divider 

G,=protecting gaps (high-vacuum) 

JT =transformer under test 

G:=gaps to protect low-voltage winding 
RG=test gap (rod gap) 


Rso si3g-4 
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Figure 9. Recommended impulse test circuit 
for distribution transformers 


Cg=capacitors of impulse generator 
R,=main shunt resistor 
Rso = series resistor, external to generator 
Ry, =series resistor, internal to generator 
1 = auxiliary capacitor to control wave shape 
‘2=main capacitor of voltage divider 
C;= auxiliary capacitor of voltage divider 
G,=protecting gaps (high-vacuum) 
RG=test gap (rod gap) 
C,=capacitor of impulse-current-measuring 
shunt 
Re=auxiliary resistor of 
measuring shunt 
G2= gap to protect oscillograph 
T =transformer under test 
G;=low-voltage protective gap 


impulse-current- 


TESTS ON TRANSFORMERS IN WHICH THE 
FAULTS DEVELOPED DURING TESTING 


Oscillograms shown in Figures 6 and 7 
are actual breakdown tests on develop- 
mental transformers built for that pur- 
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pose. In these cases, the transformers 
were excited at normal-frequeucy voltage. 
However, the voltage wave shapes re- 
corded on oscillograms 1 and 2 of Figures 
6 and 7 are tests made in addition to the 
ASA method with normal-frequency volt- 
age purposely omitted to avoid confusing 
the oscillography by the arcing of isolat- 
ing gaps.! 

3-Kva 7,200-Volt Transformer, Figure 
6. In this case, a failure of 50 per cent 
of the winding occurred at the ground end 
of the high-voltage winding. Oscillogram 
4 definitely indicates a failure by the 
neutral-current method. Oscillogram 2 
does not indicate a failure although this 
oscillogram was recorded after the wind- 
ing had failed, as shown in oscillogram 4. 
This was a consistent failure, and this 
condition was observed on many repeat 
tests. 


371/2-Kva 13,200-Volt Transformer, Fig- 
ure 7. In this case, a failure of 331/2 
per cent of the winding occurred at the 
line end of the transformer. Here again, 
the current method, film 4, shows the 
failure, but oscillogram 2 for the potential 
method 1 cannot be interpreted to indi- 
cate a failure, although this test followed 
the current test. Here also, many checks 
were made to verify this finding. 


Conclusions 


1. The observation of changes in the im- 
pulse-voltage. wave cannot be depended 
upon to indicate a fault in transformers. 


2. The use of normal-frequency excitation 
in conjunction with impulse testing as a 
means of fault detection cannot be justified, 
on the basis of either the data submitted 
here or experience obtained in the past. 


8. Smoke or bubbles are difficult to detect 
in small transformers with compact and 
buried layers and therefore cannot be de- 
pended upon to indicate impulse failure. 


4, The utilization of the present ASA meth- 
ods of fault detection will not detect a very 
large percentage of failures. « 


5. The observation of voltage across a 
neutral impedance in which impulse neutral 
current flows in a relatively simple and ef- 
fective method of impulse-failure detection 
and therefore is recommended for inclusion 
in the test code. 
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When the Welding Load Outgrows 
the Distribution Power Supply 


C. N. CLARK 
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Synopsis: The ability of a 2,300-4,000- 
volt distribution system to supply single- 
phase a-c welders is limited not only by 
current-carrying capacity, but also by volt- 
age regulation. The voltage limitations are 
reviewed and methods suggested for in- 
creasing the limits by changes in the power 
system and the customers’ installations. 
Three types of subtransmission connections 
are described for use when the welding load 
outgrows the distribution power supply. 


INCE THE BEGINNING of World 

War II there has been a very rapid in- 
crease in both the size and number of elec- 
tric welders in operation. Not only are 
they used in large numbers and in many 
sizes for large-scale production in indus- 
trial plants, but individual units and small 
groups of welders are being used for light 
manufacturing and for repair work in the 
smaller shops. A large portion of these 
welders are of the single-phase a-c resist- 
ance or arc types. The power factors are 
relatively low, and the loads are highly 
fluctuating in character. 

In specifying the type of power supply 
for these welders, the power-company 
engineers have encountered certain sys- 
tem limitations which would not apply in 
serving an equivalent steady three-phase 
load. Service to single-phase welding 
loads from the usual 2,300—-4,000-volt 
distribution system can be permitted only 
under favorable combinations of loca- 
tions, welder sizes, and operating se- 
quences. 

The expense of a connection from a 
subtransmission system frequently may 
be avoided by modifications to the exist- 
ing distribution supply or the customer’s 
installation. In other cases, the size, 
characteristics, and location of the welder 
load are such that it is necessary to make a 
connection from the subtransmission sys- 
tem. 


This paper will review some of the more - 


commonly encountered limitations of the 
2,300-4,000-volt distribution system and 
modifications of existing power systems 
and customer installations to permit serv- 
ing welding loads and will describe some 
of the more common types of higher- 
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voltage power supply for the larger weld- 
ing loads. 


Limitations of the Existing 2,300- 
4,000-Volt Distribution System 


The two principal system limitations 
are those due to 


A. Lighting flicker at adjacent customers 
caused by the fluctuating characteristics of 
welding loads. 


B. Delivery of sufficient voltage at the 
welder to permit satisfactory operations. 


Both of these limitations are due to the 
inherent impedances of the power system, 
including the customers wiring for each 
location. Attention is called to the fact 
that all references in this paper to the 
power-system impedance include the 
entire electric system to the welder input 
terminals, 

The annoyance from lighting flicker is 
dependent upon both the magnitude of 
the voltage fluctuation and the frequency 
with which it occurs, or at which the weld- 


. ing load is applied. The most critical 


frequency is of the order of six times per 
second, and the annoyance is progres- 
sively less for slower operations. The 
Duquesne Light Company uses the fol- 
lowing limits for voltage fluctuation where 
lighting service is affected, based upon 
tests and operating experience over a 
number of years. ; 


¥ 
Volts 
Frequency of Load (115-Volt 
Application Terms) Per Cent 
Overt 1 per second.......6¢6..¢%. O. 50.5 ace 0.44 
1 per second to 15 per minute....1.00...... 0.87 
15 per minute to 3 per hour....2.00..... 1.74 


The foregoing three frequency classifi- 
cations correspond approximately to the 
frequencies of load and voltage fluctua- 
tions commonly encountered in electric 


welding. For example, seam and pulsa-° 


tion welders operate in the first frequency 
band. The second group includes many 
spot welders used for regular production 
work. The lower-frequency classifica- 
tion usually is applied to manually con- 
trolled welders, such as spot and a-c are 
welders used for repair work or for very 


limited production. In order to insure 
the proper frequency classification, the 


customer is asked to furnish an estimate 
showing the proposed frequency of opera- 
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tion and welding load for each new instal- 
lation. 

In determining what voltage will be de- 
livered at the welder, account must be 
taken of the total impedance from the 
welder to the sources of power. For the 
smaller welders, under 20 kva, the regula- 
tion of the substation, transmission, and 
power stations ahead of the local 2,300- 
or 4,000-volt circuit usually can be ig- 
nored. 

Representative values of voltage regu- 
lation in 230-volt terms are shown in 
Figure 1 for typical 2,300-volt single-phase 
circuits, and also for several combinations 
of transformer and secondary wire sizes. 
The transformer regulation is based upon 
impedances of 2.6 per cent to 3 per cent 
for the sizes shown. The assumed spac- 
ing of conductors is 16 inches for 2,300- 
volt circuits and eight inches for 230-volt 
circuits. In this chart, a welding load of 
50 amperes at60-per-cent power factor has 
been assumed at the 220-volt welder input 
terminals. For practical purposes the 
voltage drops for other small low-power- 
factor welding loads would be approxi- 
mately proportional to the currents as- 
sumed. 

Primary and secondary distances are 
shown in feet, and the voltage drops for 
the primary circuit must be added to that 
for the transformer and secondary circuit 
to obtain the approximate voltage drop 
at the customer’s service. An additional 
small allowance may be made, if desired, 
for the regulation ahead of the primary 
circuit and in the customer’s wiring. 
Figure 1 is particularly useful in deter- 
mining the power supply for small weld- 
ers. The calculation time is reduced by 
the early elimination of high regulation 
methods. . 

In selecting a suitable power supply for 
the larger single-phase a-c resistance and 
arc-type welders, the usual approach is to 
calculate the voltage regulation at the 
welder for a number of supply methods. 
This procedure is simplified and the calcu- 
lation time reduced through the use of the 
curves in Figure 2 to obtain the allowable 
power-system impedance for the proposed 
welder load. 

These curves assume 200 volts at the 
welder input terminals with the welder in 
operation and 220, 230, and 240 volts at 
the welder input terminals with the 
welder out of service; 200 volts is the ap- 
proximate lower limit of voltage usually 
supplied for 220-volt power service and is 
within the plus and minus ten-per-cent 
voltage range usually tolerated by the 
manufacturers. 

The impedance values used in the 


‘curves are expressed if volts drop per 


ampere at 60-per-cent power factor in 
230-volt terms. The impedance value _ 
from the curve then is compared with 
corresponding values, calculated by sim- 
ple addition from tables or curves,. for 
each supply method being considered. 
All high regulation methods can be > 
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1000 


O 200 400 600 800 
FEET OF 230 VOLT SECONDARY CIRCUIT 


10) 10000 20000 30000 40000 50000 
FEET OF 2300 VOLT PRIMARY CIRCUIT 
Figure 1. Voltage regulation due to supply- 
ing a load of 50 amperes at 60-per-cent power 
factor from a 230-volt single-phase service 


eliminated easily in the early stages, and 
full attention can be concentrated on the 
low regulation methods. Separate calcu- 
Jations are necessary to determine if 
lighting flicker will result. 

In working out welder problems, it is 
helpful to consider the welder as a load of 
variable impedance which can be ad- 
justed within the limitation of the equip- 
ment design to draw a required kilovolt- 
ampere load from the line under a rather 
wide range of voltages. The relation be- 
tween voltage at the welder and the im- 
pedance of the power system for a con- 
stant kilovolt-ampere load is illustrated 
in reference 3. 


Corrective Methods to Permit 
Service From the Local 2,300- 
4,000-Volt Distribution Circuit 


When a preliminary investigation shows 
that a given welder with specified duty 


cannot be tolerated at a proposed location 


due to excessive lighting flicker, or would 


- not make satisfactory welds due to ab- 


normal voltage regulation at the welder 


terminals, there are a number of changes 
' which can be made either to the electric- 


supply system or to the customer’s in- 
stallation which often will eliminate the 
necessity for bringing in a service from a 
higher-voltage source. Some of these 
methods are described here. 


4,000-230-VoLT TRANS- 
FORMER FOR 2,300-230-VoLT TRANS- 
FORMER AND CONNECT BETWEEN 
PHASES 


On the 2,300-4,000-volt system, a 
change in the welder supply from 2,300 


volts to 4,000 volts doubles the substa- 


tion impedance but does not increase the 
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impedance of the primary circuit. For 
locations near the substation, the allow- 
able load fluctuation is increased by only 
50 per cent. At the end of long primary 
circuits, the substation impedance be- 
comes negligible, and the allowable load 
fluctuation is increased by nearly 200 per 
cent. 


SUBSTITUTE A THREE-PHASE STAR-DELTA 
TRANSFORMER BANK FOR A SINGLE- 
PuHase 2,300-230-VOLT TRANSFORMER 


When a star-delta bank with a floating 
primary neutral is used, two thirds of the 
load is supplied from one phase of the pri- 
mary circuit, and the drop in the neutral 
conductor has-been eliminated. This 
again reduces the regulation to the dis- 
tribution transformer. The allowable 
load fluctuation is increased by 50 per 
cent near the substation and by 200 per 
cent at the end of a long primary circuit. 
To obtain the same distribution-trans- 
former regulation, 1-75-kva transformer 
would be replaced with 1-50-kva and 2- 
25-kva transformers, as two thirds of the 
load is supplied by one transformer. 


REPLACE PRIMARY CONDUCTORS 


The replacement of conductors with 
those of larger size generally will be found 
more expensive than other methods, and 
the possible improvement is rather small 
due to the small change in regulation for 
low-power-factor loads. This method is 
seldom recommended to eliminate lighting 
flicker. 


REPLACE OR RELOCATE DISTRIBUTION 
TRANSFORMERS 


A considerable improvement in regula- 
tion often can be obtained by replacing 
the distribution transformer with a larger 
size, also by relocation of the distribution 
transformer to reduce the length of the 
230-volt secondary winding. 


INSTALL INDEPENDENT PRIMARY 
CiRcUITS 


In those cases where the principal 
problem is lighting flicker, this may be 
reduced considerably by installing inde- 
pendent primary conductors from the in- 
dustrial plant back to some point on the 
electric supply system where the, voltage 
fluctuation will be within the required 
limits. 


INSTALL SERIES CAPACITOR 


A limited improvement may be ob- 
tained by installing a series capacitor in 
the primary circuit to compensate for part 
or all of the increase in primary-circuit 
regulation due to the welder load, but the 
protective equipment is expensive, and 
the space for mounting on poles in urban 
areas usually is limited. Improvement 
also can be obtained through the use of 
welders equipped with suitable series 
capacitors to reduce the kilovolt-ampere 
input for a given weld, 
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INSTALL A TRANSLATOR AND NECESSARY 
COPPER 


Under certain conditions the translator 
described by R. O. Askey and E. R. Hen- 
drickson,‘ is a very economical method of 
eliminating lighting flicker for other cus- 
tomers supplied from the same distribu- 
tion circuit. The authors claim that 100- 
per-cent voltage correction results from 
the use of this device. 


DISTRIBUTE THE WELDERS OVER THE 
THREE PHASES 


The regulation of the primary circuit 
due to the operation of a single welder is 
the same as described for the star—delta 
bank. With a number of welders bal- 
anced between phases and operating at 
the same time, the primary-circuit regula- 
tion near the substation would be one 
third of that obtained when the same 
total load is served from one phase. At 
the end of a long primary circuit the 
regulation for the balanced welding load 
would be only one sixth of the single-phase 
value, due to division of load between 
phases and elimination of the neutral 
drop. : 

The transformer regulation due to a 
given single-phase welder supplied from a 
three-phase bank is greater than when itis 
served from a single-phase transformer 
of the same total capacity. With only 
one third of the welders connected to each 
phase, less advantage can be taken of 
diversity between welders than when all 
are supplied from one phase. Therefore, 
the three-phase service to a few welders 
may require more transformer capacity 
than the single-phase service. The size 
of transformers to supply a large number 
of welders usually is determined by the 
equivalent thermal loading. 


Use THREE-PHASE WELDERS 


A few installations of three-phase re- 
sistance-type welders have been made. 
This development should be watched 
carefully, since the three-phase balanced 
load which can be supplied from a three- 
phase power system is much larger than 
the single-phase value from the same sys- 
tem for the same frequency of load 
fluctuations. If it should operate in the 
cyclic flicker range, however, the permis- 
sible kilovolt-ampere demand might be 
less than for many of the conventional 
types of welders. 


USE STORAGE-TYPE WELDERS 


The instantaneous kilovolt-amperes 
drawn from the line are much less for the 
storage-type welders than for the conven- 
tional resistance welder. It is particu- 
larly applicable for certain types of weld- 
ing, but to date the storage type has been 
costlier for many operations. ie ae 


INSTALL A THREE-PHASE Moror- 
GENERATOR SET S 


The voltage fluctuations on the supply 


. circuit can be reduced greatly by supply- — 
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ing single-phase welding loads through a 
three-phase motor-generator set. The 
regulation of the generator and the cost 
of the added equipment limit the applica- 
tions of this method. 


Higher-Voltage Supply for the 
Larger Welding Loads 


When it is necessary to serve a large 
number of small welders, or a small num- 
ber of large welders, the possibilities for 
stretching the local 2,300-4,000-volt sys- 
tem often are exhausted. When this 
occurs it is necessary to provide some 
other system possessing greater capacity 
and a lower impedance in terms of the 
service voltage. Since the higher-voltage 
circuits are not found on nearly every 
street like the 2,300-4,000-volt distribu- 
tion circuits, the connection from the 
higher-voltage circuit usually involves 
quite large expenditures. 

The relatively low load factor of many 
welding loads makes it imperative that 
the most economical use be made of exist- 
ing facilities. In this connection, there 
is a quite general feeling that welders 
should pay a fair share of the costs in- 


volved in serving them, but that they - 


should not be penalized by requiring a 
more expensive installation than is neces- 
sary to protect the service to other cus- 
tomers. 

A description follows of some typical 
11-kv and 22-kv connections for welder 
loads which are beyond the modified 
2,300—4,000-volt distribution-circuit 
limits. 

EXCLUSIVE 2.3-Kv Circuit From 

DISTANT 22-2.3-Kv STATION 


There are two of these cases and both 
are supplied by single-phase circuits. In 
general if a three-phase exclusive distribu- 
tion circuit is required for load or voltage 
reasons, then it might be as well to con- 
sider a single-phase transmission exten- 
sion instead. 

The first installation utilizes the spare 
667-kva 22,000-to-2,300-volt transformer 
at one of the distribution substations, a 
5,700-foot extension of two number-three 
wires, and a 75-kva 2,300-460-volt trans- 
former adjacent to the customer’s plant. 
This load was supplied initially over a 


regular circuit from the distribution sub- ° 


station, but changes in the customer’s 
process resulted in complaints of lighting 
flicker. These were eliminated by con- 
nections as just described. 

This method of correction is a wartime 
expedient and would not be utilized for a 
new installation in peacetime. Due to 
very large voltage regulation on this sup- 
ply circuit, it is necessary to connect the 


electronic controls for the 200-kva welder 


to the lighting circuit, which is separate 
from the welding circuit. 

The second installation consists of one 
100-kva 22,000-2,300-volt transformer 


adjacent to a through transmission line, a 


3,200-foot extension of two number-three 
wires, and one 100-kva 2,300-230-volt 
transformer adjacent to the customer’s 
plant. 

The main objection to this type of in- 
stallation is the fact that it does not lend 
itself very well to growth. In general the 
impedance of the two transformers in 
series is a very large part of the total, and, 
if regulation is a problem, and it ustially 
is, then this is not a satisfactory solution. 

One analysis made prior to an expected 
change in welders resulted in the following 
comparison of voltage drops for four 
methods of reinforcement: 


(a). 2,300-volt, single-phase—doubling the 
size of one transformer, 82 per cent drop as 
compared with present. 


(b). 2,300-volt, single-phase—doubling the 
size of both transformers, 68.3 per cent drop 
as compared with present. 

(c). 4,000-volt, single-phase—doubling the 
size of both transformers, 54.5 per cent drop 
as compared with present. 

(d). 22,000-volt, single-phase—doubling the 
size of one transformer, 21.3 per cent as 
compared with present. 


22-Kv or 11-Kv CusTomMER’s 
SUBSTATIONS FOR WELDERS ONLY 


Six installations of this type are served 
from the 11,000- or 22,000-volt cable or 
overhead transmission system. These 
installations in general are single phase 
but may be three phase. Service is pro- 
vided by a tap to the transmission system, 
using either cable or overhead wire, de- 
pending upon the district, and an air- 
break switch, fuses, transformer, and 
metering in the customer’s substation. 

This type of installation is very satis- 
factory and lends itself very nicely to 
growth merely by changing the size of the 
transformer and possibly replacing the 
fuses and metering current transformers 
with larger ones. 


22-Kv or 11-Kv’CusTOMER’S SUBSTATION 
FOR POWER AND WELDERS 


These installations are three-phase by 
definition, since they involve three-phase 
power loads as well as single-phase weld- 
ers, They may or may not require the 


sane voltage for the welders and for 
power. 

One installation consists of a three- 
phase cable tap and an air-break switch, 
fuses, 11,000-440-220-volt transformer 
bank and metering for both 440- and 220- 
volt services. Welders are supplied at 
440 volts and motor load is supplied at 220 
volts, 

Another installation is similar except 
that fortunately the welders and power 
load are of the same voltage. Separate 
feeders are operated by the customer in 
his plant for service to the various power 
and welding loads. 


Conclusions 


The use of electric welding has been 
greatly accelerated during World War II. 
More general use of present types of 
welders and new developments in welding 
equipment and applications in the post- 
war period may necessitate changes in 
power-system design. 

With the concentration of greater num- 
bers of larger welders with automatic con- 
trols for high-speed production in indi- 
vidual plants, the voltage variation at the 
welder input terminals becomes very im- 
portant. The regulation must be kept 
within small limits in order that the rejec- 
tions will be small and that a uniformly 
high quality can be maintained in the 
finished product. 

The increasing use of electronic con- 
trols and pulsation welding will require 
greater ingenuity by power-system engi- 


neers in the prevention of objectionable | 


flicker at adjacent lighting customers. 
The annoyance from lighting flicker is de- 
pendent upon both the magnitude and 
frequency of the voltage fluctuations. 
The important key to providing ade- 
quate voltage at the welder and preven- 
tion of lighting flicker is the design of the 
electric-supply system for relatively low 


impedance. The regulation at the welder — 


is affected by the design of the power sys- 
tem and customer’s wiring to the welder, 
but the lighting flicker is affected only by 


the design of that portion of the power & 2 


system which is common to both the 
welding and lighting loads. 


240 VOLTS MINIMUM WITH WELDER OFF 


{\J-220 VOLTS MINMUM WITH WELDER OFF 


230 VOLTS MINIMUM WITH WELDER OFF 
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An Interval and Dwell Tester for Bomb- 


Release Interval Controls 


T. H. LONG 


MEMBER AIEE 


Synopsis: The device described is essen- 
tially a frequency meter with a scale pro- 
portional to the logarithm of 1/frequency, 
and a dwell meter suitable for use on induc- 
tively loaded contacts in d-c circuits. It 
has been found useful in several jobs in 
military aviation, one of which is described 
in some detail. An appendix gives a simple 
analysis of the shape of the frequency scale 
distribution obtained. : 


i MILITARY AVIATION the device 
that originates the release impulses 
when a train (or series) of bombs is to be 
dropped is known as a bomb-release inter- 
val control. This bomb-release interval 
control (or interval control) receives its 
starting impulse either manually or auto- 
matically from the bomb-sight mecha- 
nism. 

The usual interval control is adjustable 
as to speed at which the bombs are to be 
dropped; that is, the interval between 
the dropping of the bombs is preset on a 
dial graduated in feet of interval, oppo- 
site a ground speed scale graduated in 
miles per hour (or knots). The number 
of bombs to be dropped is preset on 
another dial, and after that the procedure 
can be automatic. 

The interval range usually covered is 


~ from 7.3 to 147 feet at 100 miles per hour, 


ee SS 


Paper 45-127, recommended by the AIEE com- 
mittee on air transportation for publication in 
AYEBE Transactions. Manuscript submitted 
December 4, 1944; made available for printing 
May 23, 1945. 


T. H. Lone is senior research engineer with C. G. 
Conn, Ltd., Elkhart, Ind. 


corresponding to 1 to 20 release impulses 
per second. In the high-speed part of 
the range the duration of the release im- 
pulses becomes quite important, as each 
impulse must last long enough to operate 
the bomb-release mechanism, and the 
space between impulses must be long 
enough to permit a switching operation 
that automatically sends the next release 
impulse to the next bomb release. 

This situation results in rather narrow 
tolerances on the operation of the interval 
control at short intervals, and, even 
though these tolerances are met at the 
factory, there has been no positive assur- 
ance that they still would be met when 
the device went into service. There has 
been still less assurance that they would 
be met after several months of service. 
In fact the effectiveness of bombing mis- 
sions was being reduced by failure of 
bomb-release interval controls, mainly 
because there was no practicable method 
available for preflight tests. 


Requirements for Instrument for 
Preflight Tests 


It was believed that an instrument for 
adequate preflight testing should include 
an indicator that would give a direct 
reading of the interval between bombs, 
and another indicator that would give 
direct information as to the duration of 
contact and the “‘off time’’ between con- 
tacts. For short-interval operation the 
impulses from certain interval controls 
are originated alternately by two relays; 


Much calculation time can be saved in 
the solution of both general and specific 
welder problems through the use of charts 
s{milar to those shown in Figures 1 and 2. 


‘High regulation methods can be elimi- 


7 


nated in the early stages, and attention 
then can be given to a choice between 
adequate supply methods. 

Larger and faster welding loads can be 
‘supplied from 2,300-4,000-volt distribu- 
tion circuits by making certain modifica- 
tions in the power system and customer’s 
equipment, as outlined in this paper. 
When these possibilities have been ex- 
hausted, a connection must be provided 


_ from a higher-voltage circuit. 


Welders should pay a fair share of the 
costs involved in serving them, but they 
should not be burdened with a more ex- 
pensive installation than is necessary to 
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insure satisfactory operations and to 
avoid complaints from lighting flicker. 
In choosing between several methods of 
power supply, consideration should be 
given to the over-all cost of welding 
equipment and power-system facilities. 
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Long—Tester for Bomb-Release Interval Controls 


so it is necessary to measure not only the 
average contact duration and spacing but 
also the average performance of each of 
two series of alternating contacts; that 
is, the average of the even-numbered im- 
pulses must be measured independently 
of the average of the odd-numbered im- 
pulses. 

As the interval calibration must extend 
over a range of approximately 25/1 and 
should be reliable within at least five per 
cent throughout, it was essential that the 
scale be at least approximately logarith- 
mic; and the divisions should correspond 
to the interval dial of the bomb-release in- 
terval control. Other requirements were 
that the instrument must be portable, 
small enough to be used in restricted 
space, durable, and essentially inde- 
pendent of ambient temperature. 

As the performance of interval controls 
is influenced by applied voltage and by 
the nature of the load, it was necessary to 
include a voltmeter and an internal 
dummy load closely approximating the 
usual bomb release and average wiring. 

It was expected that the instrument 
frequently would be used while the bomb 
racks of the airplanes were being loaded, 
and so it must be impossible under any 
circumstances for impulses from an inter- 
val control under test to reach the bomb 
releases. 

A further requirement was that the 
equipment should operate with either 
100-microfarad electrolytic or 1-micro- 
farad paper snubbing capacitor across 
the load contacts of the interval control. 


Interval and Dwell Tester 


The basic design of the instrument to 
be described was developed as a direct- 
reading frequency and dwell meter in 
1942 and demonstrated at Wright Field 
early in 1943. (‘‘Dwell’” as used here is 
the contact duration expressed as a per 
cent of the contact period.) The final 
instrument was almost identical to the 
original with the addition of a sorting 
circuit to make possible independent 
dwell measurements on the even- and 
odd-numbered impulses. The complete 
instrument is shown in Figure 1 in actual 
operation as a bench testing device, test- 
ing the 50-foot interval setting of the 
interval control in the foreground. Fig- 
ures 2 and 3 are sketches illustrating the 
use of the interval and dwell tester to test 
an interval control mounted in a bombing 
plane. 

The compartments shown on either 
side of the instrument panel hold the con- 
nection cords and spare fuses. 


INTERVAL CIRCUIT 


With reference to the circuit diagram of 
Figure 4, the interval circuit includes a 
small 45-volt radio B battery, low-tem- 
perature-coefficient resistors R,, Re, and 
R,, damping capacitor C,, and interval 


’ relay J, arranged alternately to charge and 
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discharge metering capacitors C, and C3. 
The dummy load is connected between 
the lower point of S, and ground, with 
provision for the alternative use of an 
externalload. Relay 1 is in parallel with 
either load so that each impulse takes 
capacitors C, and C; through a charge and 
discharge cycle. The dummy load is a 
five-ohm 200-watt resistance in series 
with an inductance. The inductance is a 
single-layer winding on a three-eighths- 
inch-diameter soft-iron rod ten inches 
long. 

It is obvious that if C, is large enough 
that the cyclic variations in its voltage are 
negligible when relay J is operating, the 
discharge current 7 through metering ca- 
pacitors C, and C; will be equal to fCe 
where 


f =the impulse frequency 
C=C.+G, in farads 
e=voltage across C; 


If we ignore for the moment the current 
through the microammeter circuit which 
is in fact quite small, and assume that e is 
a small part of the battery voltage, then 7 
will be approximately constant as it is 
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Figure 1. Interval and dwell 
tester in use as bench-instru- 
ment testing bomb-release in- 
terval control in foreground at 
50-foot interval setting 


limited by R;. Then e=i/fC and the 
scale is reciprocal with frequency, as the 
instrument deflection is proportional to e. 

A reciprocal frequency scale is a linear- 
interval scale, and the lower part of the 
interval scale is substantially linear. For 
increasing intervals the scale becomes 
more condensed and is in fact a good ap- 
proximation of a logarithmic scale, since 7 
is reduced and e¢ is increased until at full 
scale e is roughly 40 per cent of battery 
voltage. A more detailed analysis is 
given in the appendix. 

Field calibration of the interval circuit 
is made by adjusting the instrument zero 
adjuster to a zero calibration mark, turn- 
ing power on (S;), opening calibrate 
switch (S.), and setting the interval meter 
by an adjuster under the instrument (this 
is the potentiometer across the instru- 
ment) to a full-scale calibration mark. 
Switch S, then is released, the pointer 
swings off scale to the right, and the in- 
strument is in calibration. This calibra- 
tion eliminates any influence on interval 
readings that otherwise would result from 
changes in battery voltage or from the 
temperature coefficients of the instrument 


* 


‘Figure 2 (left). In- 

terval and dwell 

tester connected in- 
side bomber 


1—Tester 

2—Interval control 

3—Connection to 
power cable 

4—Connection to 
interval control 

5—Bomb-release 
switch 

6—Bomb sight 


Figure 3 (right). 

Interval and dwell 

tester connected out- 
side of bomber 


1—Tester 

9—Interval control 
~ 3—Connection to 
power cable 
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winding and its shunted potentiometer. 

Temperature will affect the accuracy 
of the interval circuit by its effect on R,, 
Re, Re, C2, and C3. A one-per-cent in- 
crease in capacitance or in resistance will 
reduce the interval reading by one per 
cent. The variation of capacitance within 
the operating-temperature range is some- 
what irregular but on the order of 
one percent. The temperature change in 
the resistance is of course below one per 
cent. 


DWELL Circuit 


The dwell circuit comprises an input 
potentiometer, a resistance-loaded sele- 
nium rectifier, an averaging circuit, and a 
microammeter calibrated in per-cent 
dwell. Switch S; and an external resist- 
ance make it convenient to use this in- 
strument to check battery voltage so the 
instrument is also calibrated in volts. 

At the usual operating voltage of 27 
volts the input to the dwell circuit meas- 
ures on the order of 500 ohms resistance so 
that it will have a negligible damping 
effect on the inductive kick from the six- 
ohm load circuit. This inductive kick is 
blocked out of the instrument circuit by 
the two disk rectifier. Dwell full-scale. 
calibration is made by setting the input: 
potentiometer for full-scale reading when. 
a continuous forward voltage is applied. 
from the interval-control power supply 
through switch S, The instrument then 
will read in proportion the average for- 
ward voltage of a series of impulses which 
is by definition the dwell in per cent. Of 
course, if the nature of the load were such 
that current interruption caused oscilla- 
tions that become appreciably positive, 
this method of measuring dwell would be 
subject to some error, but the usual bomb 
release is definitely not of this type. 

Under operating conditions the maxi- 
mum reverse voltage that appears across 
the rectifier output is from 0.3 per cent to 
4 per cent of the impressed reverse volt- 


4—Connection to interval control 5—Bomb-release switch | 
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Figure 4. — Circuit 
diagram of interval 
and dwell tester 
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5 $ The circuits associ- 
ated with the inter- 
| oweLt val and dwell tester 

| | are shown in broken 
lines 
The impulse selector 
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is shown in position 


to measure the dwell 
of odd-numbered im- 
pulses 
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age. With the internal load in use the 
error introduced by the rectifier is negli- 
gible, but if a 15-ampere solenoid is used 
there may be an error of about one per 
cent attributable to the rectifier. 

As the dwell circuit only makes a com- 
parison measurement it has no tempera- 
ture error. 

The dwell full scale must be recali- 
brated whenever the interval-control 
voltage changes. This is particularly 
important at short intervals since a one- 
volt increase can cause the dwell to 


change from 50 per cent to 53 per cent. 


Tf the dwell circuit is not recalibrated the 
dwell reading would change from 50 per 
cent to 55 per cent. 

The sorting circuit alternately connects 
and disconnects the dwell circuit and the 
load in the idle time between impulses. 
This makes it possible to measure the 
dwell of even-numbered and odd-num- 
bered impulses independently. This is 
accomplished by relays II and III in a 
modification of a conventional circuit in 
which the operation of relay III during an 
impulse changes the circuit to reduce the 
operating time of relay II at the end of 
that impulse. Then the operation of re- 


_ Jay II sets up the circuit to reduce the 


release time of relay III at the beginning 
of the next impulse, and so on. When 
ordinary telephone-type relays are used, 
this circuit operates reliably at 30 im- 
pulses per second in parallel with the 
dummy load and 100-microfarad capaci- 
tor, It is required to follow 20 impulses 
per second with any dwell from 35 per 
cent to 65 per cent at 27 volts supply. 

As the operation of the sorting circuit 
keeps half of the impulses out of the dwell 
circuit, the effective impulse period is 
doubled and the actual: dwell reading 


halved. This simply means that the in- 


dividual readings must be multiplied by 


two, or that the two readings must be 
added together. 


The impulse selector switch energizes 


the sorting circuit only in the “odd” and 
_ “even” positions. 


If a train containing 
an odd number of impulses is run off, the 
sorting circuit will be left with both relays 
energized, and unless the circuit is 


“cleared” by momentarily operating S4 
(the dwell calibrate switch) the odd im- 
pulses in the next train will be read at the 
“even’’ switch position, and vice versa. 
Necessity for clearing is indicated when 
the green “‘clearance-for-sorting”’ light is 
out. 

The impulse selector switch is of the 
short-circuiting type so that it is possible 
to switch back and forth from ‘‘odd”’ to 
“even’ during a series of impulses without 
losing step. 


Discussion 


It has been found possible to keep the 
interval meters within three per cent of a 
printed scale calibration throughout the 
range in spite of instrument variations. 
This is done by setting the instrument 
zero adjuster and the potentiometer ad- 
justment so the calibration is exact at 
intervals of 7.5 feet and 150 feet. Then 
two or three points in the middle of the 
scale are checked. Occasionally one will 
be more than three per cent low. To 
correct this the resistance of either R; or 
Rois reduced about 15 per cent by shunt- 
ing with another resistor, and the process 
of line-up is repeated. This 15-per-cent 
reduction in resistance increases the mid- 
scale readings about four per cent when 
the ends are lined up, so that the new 
mid-scale readings will be within the 
three-per-cent limit. After checking this 
the full-scale and zero calibration points 
are established and marked. The assem- 
bly is then completed and a deviation 
card run on the interval circuit in two 
positions (panel vertical and horizontal) 
and the dwell and sorting circuits are 
tested. The deviation card is shipped 
with the instrument. 


In wet climates the internal load makes 
it simple to dry out the interior of the de- 
vice. Itis only necessary to connect toa 
20-volt storage battery, turn the power 
switch on, and tie down the ‘dwell- 
calibrate” switch (S,). 

Other uses of a similar nature are being 
found for this equipment. A specific 
example of this is in the measurement of 
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the performance of the “peck” relay in 
the C-1 pilot. 

It should be understood in connection 
with possible other uses that the interval- 
meter circuit is restricted to a maximum 
frequency on the order of 30 cycles unless 
vacuum tubes are to be used. The pres- 
ent dwell circuit is not limited as to 
frequency, but for some applications a 
vacutum-tube circuit would eliminate fre- 
quent adjustments and errors caused by 
oscillations. 


Appendix 


In the following notation capacitors and 
resistors are identified by the same sub- 
scripts used in Figure 4: 


f =contacts per second of any one contact of 
relay I 
S=interval in feet at 100 miles per hour 
ground speed = 146.7/f 
C=capacitance of C,+C; in farads 
E=battery electromotive force, volts 
e=volts across C; 
é)=volts across C, during calibration (f =0) 
i=average current to @+C; 
i, =average current through Ry 
ig = average current through R; 
R, includes battery resistance 
R, includes instrument and shunt resistance 
C, is assumed large in comparison to C2+C3 


\ 


i=fCe (1) 
E=e+Ryi,=e4+Ri(fCe+e/R:) (2) 
E/e= 1+Ri(fC+1/Rs) 
= {R:+RifCRe+1)}/Re (3) 
e/E=R2/(RitRet+fCRiR2) (4) 
€0/E = R2/ (Ri+Re +Re) (5) 
e/ éo=(RitR: +R,)/ (Ri +R: +f CRiRs) 
= (RitRet+Re)/(Ri+Ret 
146.7CR,R2/S) (6) 
if Ri=Re (=R) 
e/e)=(2+R,/R)/(2+146.7CR/S) (7) 


The voltage variation across C; that is 
ignored in equation 1 introduces an error in 
the calculated scale distribution of equation 
7 that amounts to about one per cent of full- 
scale deflection at mid-scale; this is for a 
practical case where R,=R:=R=189,000 
ohms, C,=31.5' microfarads, C;=C;=2.16 
microfarads, R;=560 ohms, and f=1 to 30 
cycles per second. ; 

Voltage versus time for C, can be assumed 
linear while increasing and approximately, 
rate of change 


= _E/a-e | = / 1 

(G4C/2)R/2 =fe/n volts —s second (8) 
if +C/2=nC. The balanceof ahalf period 
may be called the partial-discharge time T, 
and during this period voltage versus time is 
exponential. This exponential begins when | 
Cz or C; is connected to C; and may be as- 
sumed to continue until the rate of voltage 
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Symmetrical Components as Applied to 
the Single-Phase Induction Motor 


F. W. SUHR 


ASSOCIATE AIEE 


HIS PAPER is intended to show in 

detail the application of the method of 
symmetrical components to the solution 
of single-phase-induction-motor perform- 
ance characteristics. By the use of this 
method single-phase-motor theory follows 
very closely the simpler case of the bal- 
anced polyphase-motor theory. The 
author of this paper is of the opinion that 
a clearer concept of the physical theory 
can be obtained as contrasted to other 
methods—either from the revolving- 
field or the cross-field concepts. 

In their AIEE paper of May 1936, 
Lyon and Kingsley! ably presented this 
subject in a more general manner and 
also with particular emphasis on the 
motor having main and start phases not 
in space quadrature. Their work and the 
work of Mr. Morrill?* form the basis of 
the thesis now to be considered. 


Assumptions 


1. The motor is magnetically symmetrical: 
(a). Sinusoidal distribution of conductors in the 
stator slots. 

{b). Uniform air gap. 


(c). Uniform iron permeance, 


2. Sinusoidal voltage applied. 
8. Linear constants—saturation of the iron 
flux paths is negligible. 


4. Friction and windage, iron loss,’ and 
load losses are subtractive from the rotor 
output. 

5. Main and start phases are in space 
quadrature (90 electrical degrees between 
axes of these windings). 


General Considerations 


The solution of power or current flow 
in polyphase circuits when the applied 


voltages are not balanced, or when the 
load impedances are not equal can be 
accomplished best by the application of 
the method of symmetrical components. 
We will show presently that the case of 
the single-phase motor is a special case 
of an unbalanced two-phase motor. 

Let us assume the general two-phase 
circuit with phase voltages (Vy and Vs) 
unequal in magnitude and not in time 
quadrature. It has been shown‘ that two 
balanced systems can be formed: one 
system, called the ‘‘positive sequence’’ 
(+) consists of components of Vy and 
Vs which are equal in magnitude and in 
time quadrature, and have positive (++) 
phase rotation or the same rotation as 
the Vy and Vs system; the other system, 
called the ‘‘negative sequence’’ (—) con- 
sists of other components of Vy and Vg 
equal in magnitude and in time quadra- 
ture, but phase rotation is opposite that 
of the positive-sequence components. 
No “uniphase”’ or ‘‘zero-sequence”’ com- 
ponents exist. 


Part I 


By definition we then have 


Vue = Vu t+ Vuy- (1) 
Vs=Vst+Vs- (2) 
Vgt=Vy1|90° =+jVut (3) 
Vs- =Vu-|90°=—jV¥m- (4) 


Phase S leads phase M in time angle. 
From equations,2, 3, and 4 we then have 


Vs=j(Vut=Vur-) (2a) 


which defines Vg in terms of the com- 
ponents of Vy. When the magnitude and 
time phase of Vy and Vg are each known, 
the symmetrical components of each can 


drop across C; (ignoring currents eriges 


R,and R2) = fe/n. 


‘Then 


(9) 


This varies from 0.0078 to 0.0032 second for 
Jf from 1 to 30 cycles per second. This makes 
the magnitude e, of the voltage variation 


T =(R;C/2) loge (1/fRsC) 


across C; 

p= (1—2fT)e/2n - (10) 
‘Then from equation 1 

Pia oto”) (11). 
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and a more correct value of 
2+R,/R 
2+146.7CR[1+(1—2fT)/4n]/S 


This reduced the one-per-cent error in 
scale distribution to about 0.25 per cent. 


(12) 


e/eo= 


' The error was determined by establishing 


13 frequencies to +0.05 per cent by a tun- 
ing fork method and measuring the average 
current in the microammeter circuit by a 
resistance and potentiometer. 

It will be seen that the interval-meter de- 


flection is independent of the dwell, pro- 


vided that the minimum duration of contact 
is greater than about 27. 
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be calculated by adding equation 1 and 
—j times equation 2a and clearing 


Vu—jVs 


Vut= 
os 2 


(5) 


By subtracting —j times equation 2a from 
equation 1 and clearing we have 


VutjVs 


Via = 
M 9 


(6) 


All the foregoing quantities are vectors 
representing rms magnitude and time 
phase voltages. 

By the same procedure we arrive at 
current values: 


Tn = Tyg t +L (7) 
and 
Is =Ist+Is— (8) 
Is*+=jIyt (9) 
Ts~ = —jl (10) 
Iyera Bail ne 
and 
are eS (12) 


In a general two-phase system as shown in 
Figure 1, Zy and Z, are the load imped- 
ances of phases M and SS, respectively. 
Now applying Ohm’s law, we have 


Vu =IuZu (13) 
and 

Vs =IsZs (14) 
Then from equations 13, 7, and 1, . 
Vu t+ Vue = (Iu ++I) Zu (15) 
and from equations 14, 8, and 2, : 
Vst+Vs- =(Ust+Is-)Zs (16) 


or from equations 3 and 4 equation 16 be- 
comes 


jVut+—jVu~ =(+jlu+—jIu~)Zs_—— (16a) 
or 
Vuet—Vur~ = (Iu t—Inu-)Zs (16b) 


Adding equations 15 and 16b we have 


Vut=1/2 (Int (Zu+Zs) +17 (Zu —Zs) | 


(17) 


Subtracting equation 16b from equation 
15 and clearing, we have 


Vur~ =1/2[Iue *(Zu—Zs) +I (Zu +Zs) | 
(18) 


Paper 45-102, recommended by the AIEE com- 
mittee on electric machinery for publication in 
AIEE TRANSACTIONS. Manuscript submitted Octo-— 
ber 31, 1944; made available for printing May 
3, 1945. 
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In the case of a transformer or single- 
phase motor where there are not the same 
turns in each of the windings or phases 
then, 


M Ing* 

\Ist|=— tyt| = el (19) 
S 

and 
I _— 

|1s-| _lbel (20) 

a 
ei | Vict] =a] Viet | (21) 
M 

and 

Vs~ =a| Vic“ | (22) 

where 


M=effective conductors of the M phase 
S=effective conductors of the S phase 
a=S/M 


We can now write 


Vst=jaVut (3a) 
Vs~ = —jaVu (4a) 
Vs=ja(Vut —Vur) (2b) 
similarly ‘ 

Is=j/a(Iu*—In—) (8a) 


In a single-phase motor it is obvious that 


Vs= Vu (23) 
Now equation 2b becomes 
Vu =ja(Vut—Vu-) (2c) 


Furthermore, we will find that the im- 
pedance to positive-sequence currents is 
not the same as for negative-sequence 
currents in rotating apparatus. 

Let 


Zu + =impedance to Iut 
Zu =impedance to Iu 
Zs+=impedance to Ist 
Zs~ =impedance to Is~ 


Multiplying equation 2c by —j/a and 
adding to equation 1, we obtain 


Vt = -J/a) (24) 
| or by subtraction we obtain 
Var (14/0) (25) 
aan equations 3a am 24 we have 
Vst= 2 (1+ja) (26) 


‘and from equations 4a and 25 we have 
: ‘ 


Vea (1—Fa) (27) 


‘Equations 13 and 14 now can be recon- 


sidered together with equations 9, 10, 8a, 
and 23 and at the same time the sequence 
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impedances Zy*, Zu» Zst and Zs~ can 
be included. 


Vue =I tZut+In Zu 
Vu =j/autZst—In- Zs") 


(13a) 
(14a) 
To solve for [47 multiply equation 13a 
by Zst/a? and equation 14a by —j/aZyt 


Zst Zs* Zst 
Vee S_ = IytZut St Ty Zac se 
a a 


a? 
(13b) 
Zut Zst vA 
Be Py paral Hed Var AY cs poe 
a as a? 
(14b) 


If we subtract equation 14b from equa- 
tion 13b 


a? 
(2% + Zu pea 
a? ates) 
or 
Zs*++jaZut 
ire SS ee 28 
i lz +Zs-+Zu-Zs | oY 


By applying equations 10 and 20 


Zat 
Zu j etl 
rv a (29) 
8 UV Dy tZs- + Zu Zs* 
To solve for Iy+ multiply equation 13a 
by Zs~/a? and equation 14a by j/aZy". 


Zs Zs Zs~ 
Vu = =I *Zut ST Zu =. (13c) 
a a a 


(14c) 


If we subtract equation 14c from equa- 
tion 13c, 


a? 
or 
Zs7 — jaZu— 
libs itn) Se 
ei of (x +Zs~ tZu"Zs :) (30) 
-. By applying equations 9 and 19 
; Zs~ 
Zu-+j— 
Mn eae (31) 


Igt=V. Ne 
TS Mes eh et Ay 


From equations 7, 28, and 30 we then ob- 
tain the general equation: 


ie va] 222) +ja(Zu*—Zu-) 
ZutZs_+ZuZst 


~ (82) 


and from equations 8, 29 and 31 


pcre OBB) 
2utZs~+Zu-Zst ’ 
(33) 
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St = Zu" = Rit jXiw 


The line current is the combined current 
of main and start phases. 


I, = In+Ts = 
(Zut+Zu~+Zst+Zs~)+ 
( Zs Zs *) 
Jj t—@2Mat- == ee 
a a 

Vu 

Zu+Zs~+ZuZs* 

(34) 

Part II 


These general equations will now be 
applied specifically to the single-phase 
motor. 

The equivalent circuits of the M phase 
are shown in Figure 2. (See end of paper 
for definition of symbols.) 
Zu 45Xs (35) 
secondary impedance to positive-sequence 
current. 

By combining the magnetizing im- 
pedance jXy with the secondary im- 
pedance Z2y* the “‘apparent secondary 
impedance” can be written 


1 
+) 
2s 1 1 
eee AST ee 
RajstjX2 jX¢ 
= X¢?Re/S 
(R/s)?+ (Xgt+X2)* 


R:\? 
x2) +XgXe(Xg+X2) (36) 


OP (Ras) ge emee 
or 


Zot! = Rat! Xe" (36a) 


where R,+’ and jX2*’ are apparent sec- 
ondary positive-sequence resistance and 
apparent secondary positive-sequence 
reactance, respectively. 

Similarly, 


R 
bape, Gee 2) 


2—S (7) 


secondary impedance to negative-se- 
quence current and 


oe re, 
ee ons) 
Z-/ = dt 
RV oe DAY 
o_S +(Xg+X2) 
'R, Niven 
uf x") +X yXo(Xg+X2) 
Pe eer 
‘ o—S +(Xg+X2) 
Se = Rar iat (38a) 


where R.~’ and X,~’ are apparent sec- 
ondary negative-sequence resistance and 


_ apparent secondary negative-sequence 


reactance, respectively. 
The primary impedance of the M 
phase is Mj 


(39) 
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and of the S phase is 
Zs*=Zs~ =(Rist+Re)+j(Xis—Xc) (40) 
in the case of a capacitor motor or 


4:s*=Zis~ =(RistRe)+jXis (40a) 


in the case of a resistance-split-phase 

motor having external resistance Rg. 
The generalized impedances of the 

single-phase motor can now be written: 


Zut=(RimtRet’)+j(Xiw+X2?’) (41) 
Zu = (Ria +Ro~’)+j(Xiw+ X37’) (42) 


Z3t= (Rist+Re+a?R2*’) + 
j(Xis—Xce+a*X2*’) (43) 


Zs" = (Rist+Re+a?R,~') + 
j(Xis—Xce+a?X2-’) (44) 


If we combine equation 30 with equations 
41, 42, 48, 44, 


Iyt=VuX 
(Rist Re+a*R.~’)+j(Xis—Xot 
a?#X_~') —ja(Rim+Re~')+a(Xiu+ X27’) 
{(RiwRot’) +9(Xia+ 
X2*’)} { (Rist+ Re+a?R2-’)+j(Xis— 
Xoe+a?X2~')} +{ (Ria +Ro~")+9(Xim+ 
X2-’)}{ (Rist Re+a2Rat’) +j(Xis— 
Xce+a?X_t’)} 
(45) 


=VyuX 
{(RistRet+a?R2-’)+a(Xim+X2-')}+ 
jl (Xis—Xeta2X27') —a(Riu+R2*’)} 
{denominator of equation 45} 
Likewise from equation 28, 


In7- =Vu X 


{(RistRo+a?R2*’) —a(Ximt+ X27") } + 
jl (Xis—Xet+aX2*')+a(R ut+R2*’)} 


- {denominator of equation 45} 


(46) 
and from equation 32, 
In =VuX 


{2Ris+2Rce+a?(Rot’+Re-’)}+ 
ji2Xig—2X cta*(X2t’ +X Hf } = 
jai (Rot’—Ro~')+j(X2t’ —- X27’) } 


{denominator of-equation 45} 


(47) 
From equation 31, 


Ig* = Var X 
1 
1 (Rim+ R27’) —a(Xus—XotarXa 2) {+ 


1 
ij (Xam + X2~') +7 (Rist Rce+a?R2’) 


{denominator of equation 45} 
(48) 
From equation 29, 


Ts =Vux ~ 
1 caesar 1 ¢ 3 
(Rim +R2*’) +7 (Xis—Xe+aXs*) | 
: 1 Piney +A 
i| (Ximt+X2*’) =f (Rist Rco+a?Ro*’) 
{denominator of equation 45} ‘ 


(49) 


ae 
¥ 
+ 


Tas Sa eR sat Maite tt 


From equation 33, 


Is=Vu X 
{(2Rim+Re*’+Ro-')+ j(2Xiu + Xo! + 


X2~')} —7{a*(Ra¥—R~) + 


ja*(Xot’—X.-')} 
{denominator of equation 45} 


(SO) 
OUTPUT AND TORQUE 


In the case of a balanced two-phase 
motor, the gross rotor output is 


R 
W024 =2| Ih| oa (1—S) watts (51) 


Here only positive-sequence currents 
exist. The net rotor output is the gross 
output less friction and windage, iron 
loss, and load loss. 

The motor torque in ounce feet is 


16 X33,000 
T2g = WO. ————————— 
af ae 2a Xrpm X746 
112.7 


rpm 


X WOnet (52) 


The positive-sequence currents in the 
secondary winding produce torque in the 
direction of the phase rotation of these 
currents. When negative-sequence cur- 
rents exist they produce a counter torque. 
As we are dealing with two balanced sys- 
tems of two-phase currents we may con- 
sider the torques they produce as positive 
sequence and negative sequence. 


Since 
jx¢ 
lhyt = ——{!!"——_ Int 53 
PURI XS) a) 
or 
Las 
Xg(XotX2)+jX~e <= 
Lut =—_—————_- Iu * 53 
[DCSE TEE PONE OY Wi die tae 
and 
7 
. 4X 
hu = R a Iy- (54) 
2 
—— 4+ 7(Xg+X 
gag ti kot Xs) 
or 
; Re 
Xo (XotX2) +iXoo~ 6 
Lu = <>, _ Im (84a) 


RSs Xp eka)? 


We now can write the gross power output 
in terms of the component secondary 
currents. * 


WOrm=| | Ieu*| (4 + | Inst | {a®)- 
R R 
| om | (5 “.)- fas | (a3e,)| 


(1—S) (55) 


From equations 9 and 10, 


| L 2M e 


and Fis. | = 


; I. + = 
| fas* | EST 


a 
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Substituting these in equation 55, we 
have 


WOcum=3| fac? | bu |? = |x 


2=S) 


(1—S) watts (55a) 


Now observe that from equations 53a, 36, 
and 36a 


X 47 fe 
“ ? <= 
ant |? = 2 Iyt|? 
S (Ro/s)?+(Xg+X2)? 
=R, | Int? (56) 


and from equations 54a, 38, and 38a, 


Ro 
FEO 
i -j;_® * eos ae 
ED E Se AP TR \a ¥ 
2=5 +(Xg+Xe)? 
(57) 
= Rear? 


so that equation 55a reduces to the more 
convenient form: 


WOeross = 2[| Let | 2Ro*! — | Lae | 2Ro-'] 


(1—S) watts (55b) 


EFFICIENCY AND POWER FACTOR 


By adding Iy (equation 47) and Ig 
(equation 50) the line current 7, can be 
obtained. 

The ‘‘inphase”’ component of J; multi- 
plied by the line voltage (Vj,) gives us the 
watts input, while J, X Vy gives us the 
volt-ampere input. 


: watts input 
Power factor = DE area dea (58) 
f volt-amperes input 


After subtracting the rotational losses 
(friction and windage, iron loss and load 
loss) from equation 55b, we have the net 
output watts, WO net 


Efficiency = piWe Bebe - (59) 
watts input 
Part III. Some Cases of Particular 
Interest 


Exact Two-PHASE Motor PERFORMANCE 


A single-phase motor can be made to 
have phase balance and perform as a two- 
phase motor if the negative-sequence 
components of current can be made to 
vanish. From equations 46 and 49 we — 
can write 


Om( (Rist Rebate) ~ o(Xin-+ a) 


jl (Xis—Xo+a2X2*’)+a(Riu+R2*’)} 
(46a) — 


vam Nite 
O= | (Rimt+Ro*) + (Xis—Xota'X2™) t 


1 
8 i| (Xim+X2*’) — (Rust Ret a*Re™) 
é . (49a) 
By equating the real and imaginary com-. 


ponents to zero separately, in each case 
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Iy 
Vu $102) 
Ig 
Vs 
Figure 1 


we can write the required condition for 
balance, 


jens atin —(Ris+a*R2*’) 
Xo=ma(Rimt Ret’) + (Xista?X2*’) 


This relationship holds for a particular 
value of speed as X,+’ and R,t’ are func- 
tions of slip. The condition cannot al- 
ways be met as (Rig + a?R2*’) may be 
greater than a(Xim + X 2+’) which would 
require Re to be negative. Completely 
eliminating the negative-sequence cur- 
rents does not necessarily mean higher 
efficiency as additional losses may be in- 
curred if Rg must be much greater than 
a small percentage of Riz. 


(60) 
(61) 


START PHASE DISCONNECTED 


In the usual capacitor-start or resist- 
ance-split-phase motor the start phase is 
disconnected by centrifugal switch or 
relay action at one half to eight tenths of 
synchronous rpm. Of course, I's becomes 
zero, but its symmetrical components 
still exist. 

We can consider 


lim 
Re @ 


If o is substituted for Re in equations 45 
and 46, they will take the indeterminate 
form o/, By differentiating numer- 
ators and denominators with respect to 
R, and again substituting © for Re we 
have in the limit, 


1 


{(Rim+ Ret’) +3(Xim+X2t')} + 


{(Rim+ R27’) +j(Xim + X27 } 
(62) 


. Int=Vur 


1 
ero 


= V; 
(2Rimt+ Ret! +R) +j(2Xim + 
X2*'+X2-") 

and 
ee ale 
(2Ria+R2t’+Rs~’) + 

j(2Xim+ Xa"! +XI-) 
Note that Iy¢=Ju— 
so that 

Tag = Tn *¥ + Iu 


or 


ee: Iy- = Vu (63) 


(7) 


Ty =2Iy+ =2Iu~ for this case 


or 


I 
Ty tele 


Y 


(64) 
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Therefore, 
In = 
Vur 
Ret!+-Ro7! hen yg 
(Rast ot’ + Re )4:(Xact ot’+Xe ) 
2 4 
(65) 
or 
Rett Rime 
(rat) 
2 
xX +X -—/ 
j( Xuct ot’ +Xe ) 
In = Vu a 
Rot’ +Rs7'\? 
(ni ERY 
Xet/+X2-'\2 
(xu) 
2 
(65a) 


From equations 64 and 55b we can now 
obtain the output for this condition 
In 


3 I 
He at] aos 


Ret Reo! 
== TA Gre ; : ) (1—S) watts 
(66) 
At standstill (S=1) Ret'’=R:-'=R:2" since 


Ry_ 
S 2-S 


WOcgross <a 2 | 


Equation 66 shows that the output is 
zero in actual as well as synchronous 
watts. As the synchronous-watts output 


Lv 


From equation 65a we derive 


yee 
Pid 


Riu+ 
| 1 R/4+ (Xo +X2)? 


wa RV 
OT Rat /4+(X p+ X2)? 

X¢ flair" 

‘ e pike [+ Rt/4+ (XptXo? 


| ae hs + Relat Xeet a) 


R2?/4+(Xg+Xs)? 
VoLTAGE ACROSS START PHASE 


Iu = Vu 


(70) 


Frequently there is need of knowing 
the voltage across the starting winding 
proper to make control applications either 
on the motor or for auxiliary apparatus. 


Case of Capacitor Motor 


Vas = Vu—Ec (71) 
where 
Ec=Is(Re—jXc) (72) 


I, is calculated from equation 50. 
Case of Capacitor-Start or Resistance- 
Split-Phase Motor After the Starting 
Switch Opens the Start Phase 


Figure 2 


is zero there naturally can be no torque. 
The standstill current input becomes 


pee ie «MoV as eee oa 
85M (Riu + Ra’) +5(Xim + X20") 


At synchronous speed (S =0) 


Examining equation 36 we find that 
Z,*’ takes the indeterminate form »/© 
+ je/o, When numerators and de- 
nominators are differentiated with re- 
spect to R,/S and © is again substituted 
for R2/S, the equation becomes: 


g=olet’=jXg geokst’=0 gaoX2t’=jX¢y 


(67) 


(68) 
while 
xe 
ata par ot 1 + 
tet Xa)" 
R?? 
X¢ 4g tXeX(Xot Xs) 
j (69) 


R. 2 
+ (Kot Xs) 
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nate form ~/, but by differentiation it 
will be found that 


ay ifa 
“(Rim Ra*) +5 (Xin + Xat’) + 
(Rue +Ro~")+-j(Xi+Xa7’) (73) 
gf Vp cen oe 
BOT (2Ruw + Ra Re) 
j(2Ximt+Xot’ +X37" 


Ts* 


73: 
and (73a) 


jai See 
(2Rim+Ret’+R2~’) + 
j(2Xim+X2*'+X.-’) (74) 
Note that Jg+ = —Ig~ and Ig = Igt + 
| = 0 - 
Vso t=Ista?Z.*! 
Vsg- = Is-a?Z,-' = —Is*ta*Z,-' 
If we add 
Vso = Vso*+ Vso =Ista*(Z,*’ —Z.—’) 
~=Ve j/aia?(R2*'! —Ro~')+ja?X 


(75) 
(76) 


(X2t’—X37’)} 


Xet’+X27-')} (77) 
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{(2Rimt+ Rat’ +R "V+ j(2Xiut 


ee Ne ee SA 


~ Aa XE TI RR’) 
(2Riu+R2t’+ R27") +7(2Xim+ 
X2t'4+X5-") (77a) 


Observe that at standstill, when 


Vs¢ = Vura 


Xi =e =X ee and Reti= Rea! = Rs” 
Vs¢ becomes zero 


STARTING TORQUE 


In routine design work the calculation 
of starting torque, together with the ca- 
pacitor voltage or starting current, is of 
particular importance as the running 
performance can often be proportioned 
accurately from existing similar tested 
designs. 


V. 

Let Iy=A+jB=— (78) 
Zu 
V, 

Let Is= C+jD=— (79) 
Zs 

Since 


Rt! =R.-’=R,” and X27’ =X,-’ =X," 
Zst=Zs~ =Zs and Zyt=Zy- =Zy 


Equation 30 becomes 


Zs—jaZu Vu cee 


Int = Vy = —— —a 80 
eZ lu i oZur oo, Zs (80) 
or 

if “af 
In="> —ia> (80a) 


and equation 28 becomes 


ZstjaZu Vu... Vu 
— = =—— +-jqg— 81 
In Vu o7uZe oz, 1 9"2z, (81) 


or 


v6 re 
hy => ties (81a) 
Now if we use equations 78 and 79 in 
equation 80a, 


Ae By ef CD. 
tut= (2-442) -io( 5 +i5 ) 
NaI, wor eal Gi 
= (44023 ae ) (82) 


(A+aD)? (B—aC)? 
4 


7 (83) 


[ct] 


+ 


Similarly if we use equations 78 and 79, 


in equation 81a, 


eee nay Ams: Be. 2 'C.* D 
Iu ~(4415)+i (; +53) 


-(2-2 2) 43 (F+e £) (84) 
[17 |? APP OFAC” 88) 
and ; 
| Iuc+|2— | Iu |?=a(AD—BC) (86) 


to obtain the theoretical torque we will 


combine equations 52, 55b, and 85 and 
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oie it hie We , 1 
; 


° 

° 

2 

° 

ro) 

© 

8 

¢ w 
> wee 
Qk ka 
Ors mh ES 
v= Bq 
ra AMPS 

° ° 
w 

eo 4 T 18 

ae WATTS _| 

ro INPUT S 
og } oo 
© © | \ © 
° ° 
° 

S © EFF er 
2° ° 
° 4 
$¢ Poe 
Oo ° 
84 nieces 
[oWre) oo 


6 210 2 65.1307 40" 50 
OZ. FT. TORQUE 


Figure 3. Calculated one-quarter-horsepower- 
motor performance data 


at the same time eliminate the motor 
speed by the following relationship 


rpm =(1—S) synchronous rpm 
so that 


112.7 


iB (1—S)synchronous 
2R2"a(AD—BC)(1—S) (87) 


7h; 


This is an indeterminate of the form 
0/0 for S = 1, but 

lim i= 
eer 


225.4 


=—_—— _ R,"a(AD—BC) ounce-feet 
synchronous 
(87a) 


For the usual capacitor motor: 


A is positive. 
B is negative. 
C is positive. 
D is positive. 


For the usual resistance-split-phase mo- 
tor: Ny 


A is positive. 
B is negative. 
C is positive. 

D is negative. 


This theoretical value of standstill torque 
must be modified by an empirical factor 
to take account of friction, iron loss, and 
tooth-locking effects in a practical design. 


Conclusions 


The author has endeavored to demon- 
strate the versatility of the symmetrical- 
component method in the solution of 
single-phase induction motors. The 
theory is ‘‘continuous’’ mathematically 
in that special cases are set up simply by 
allowing some parameter to be zero or in- 


finity to fit the physical aspects of the 


problem. ! 
The derivations are general enough so 


Suhr—Single-Phase Induction Motor 


that, if Re is not the same for the low- 
frequency positive-sequence rotor cur- 
rents as it is for the higher-frequency 
negative-sequence rotor currents, allow- 
ances can be made in the calculations. 


Nomenclature 


Vu =main-phase rms volts 
Vs =start-phase rms volts 
Vu + = positive-sequence component of Vir 
Vu-~ =negative-sequence component of Vy 
Vs +t =positive-sequence component of Vg 
Vs =negative-sequence component of Vg 
I, =main-phase rms amperes 
Is =start-phase rms amperes 
In * =positive-sequence component of I 
In =negative-sequence component of I 
Is + =positive-sequence component of Ig 
Is~ =negative-sequence component of Ig 
ri effective conductors of .S phase 


~ effective conductors of M phase 
s =per-unit slip 

thy t = positive-sequence component of M- 
phase secondary current referred to 
primary current 

Iny~ =negative-sequence component of M- 
phase secondary current referred to 
primary current 

in3* =positive-sequence component of S- 
phase secondary current referred to 
primary current 

Ihg~ =negative-sequence component of S- 
phase secondary current referred to 


primary current 

Zu+=total positive-sequence impedance 
of M phase 

Zu =total negative-sequence impedance 
of 1 phase ‘ 

Zs*=total positive-sequence impedance 
of S phase 

Zs =total negative-sequence impedance 
of S phase 

Xim=reactance of M-phase primary 
winding 

Rim=resistance of M-phase primary 
winding — 


R,=equivalent M-phase secondary re- 


sistance referred to primary winding _ 


X2=equivalent M-phase secondary re- 

actance referred to primary winding 

X4=equivalent M-phase mutual or mag- 
netizing reactance 


R 
“t= _ +jX2=positive-sequence second- 


ary impedance of phase referred to 
primary winding 
Ry 
Fin Ses 
ondary impedance of M phase referred 
to primary winding 
R,t’ =apparent 
phase secondary resistance 
__ Fe'R/s 
(Re/s)?+(Xg+X2)? 
R,-'=apparent negative-sequence M- 
phase secondary resistance t 


+jX2=negative-sequence sec- 


R. 2 
(*.) + (Xg+Xs)* 


TRANSACTIONS 655 


positive-sequence M- — 


at 


i tah 


X,+/=apparent —_positive-sequence M- 
phase secondary reactance 
X¢ (R2/s) Ase XoX2 (X¢ + X2) 
(Rejs)?+(Xot+%2)’ 
X,-’=apparent negative-sequence M- 


phase secondary reactance 
f X4(Rao/(2—S))?+XoX2(Xo+X2) 
(R2/(2—S))? + (Xo +X2)? 
Z,+' = Rot’ +jX2t’ Z" =standstill 
parent secondary impedance 
Zo! =Ry'+jX1-' Re" =standstill ap- 
parent secondary resistance 
X~" =standstill apparent secondary react- 


ap- 


ance 
Ziut=Zim =Riu +jXim =primary im- 
pedance 
Rig =resistance of S-phase primary wind- 
ing 


Xis =reactanceof S-phase primary winding 
Xc=capacitor reactance 
Rc=capacitor resistance or other ex- 
ternal resistance in S phase 
T2¢ =two-phase-motor torque, ounce-feet 
Synch =synchronous rpm 
WO =gross watts output of rotor 
T =single-phase-motor torque, ounce- 
feet 
Ec=capacitor voltage 
Vsg =voltage across S-phase winding 


Sample Calculation 


One-quarter horsepower, four pole, 110 volts 
60 cycle; capacitor-start motor 
Constants 
R2=2.48 (25 degrees centigrade) 
R, =1.63 (25 degrees centigrade) 
X1=2.47, X2=2.44, Xg=67.28 
Friction loss = Ws=16.5 watts 
Iron loss = W;=23.5 watts 
S$=0.038 
Rpm = (1 — 0.038) 1,800 = 1,732 
R2/g = 65.25 R2j2- s= 1.264 
67.28? X65.25 
~ 65.252-+ (67.28+2.44)? 
a 67.28? X 1.264 
~ 1 2642+ (67.28+2.44)? 
x.t= 67.28 X65.25?-+67.28 X 
Bi. 2.44(67.284-2.44) 
65.252+- (67.28+2.44)? 


R,*’ =32.40 


RR’ Sie 


=32.70 


_, 67.28X1.264?+67.28X 
tog 2.44(67.28+2.44) 


1.2642-+ (67.28+2.44)? 


=2.375 
32.40+1.18 
(ont) _ 


32.70+2.38 
i( 27+ 204288) 


2.40+1.18 \? 
163420118) . 


Iy=110 ( 


se7o+238y 


(247+ 5 


KA 1 B= - oe | 
339.5+441 
=2.595—j2.962 | In| =3.94 
| Ioe|?=15.51 
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Automatic Load Control for Turbine 


Generators 


F. E. CREVER 


ASSOCIATE AIEE 


Synopsis: This paper describes a load-con- 
trol apparatus recently installed on two 
20,000-kw turbines at the power plant of the 
Tennessee Coal Iron and Railroad Company 
at Fairfield, Ala., to reduce the magnitude 
of load swings imposed on a tie line by a 
hot-strip mill in the Tennessee Coal Iron 
Company plant. The power plant contains 
three 20,000-kw turbine-driven generators 
and is tied in with the Alabama Power 
Company to furnish the steel-mill load. 
Previous to the installation of the equip- 
ment herein described, the three 20,000-kw 
turbine generators have carried load under 
control of their speed governors and the 
variations in strip-mill load which are about 
20,000 kw were imposed upon the Alabama 
Power Company tie line causing objection- 
able disturbances on the connecting power 
system. It was desired to develop a means 
of imposing all or part of the strip-mill 
load on the Tennessee Coal Iron and Rail- 
road Company turbine generators to reduce 
these disturbances. Several methods were 
considered, and the one selected was based 
upon a static watt-measuring circuit, the 
output of which is an Amplidyne generator. 
The Amplidyne in turn operates the pilot 
motor of an hydraulic (oil) relay at the tur- 
bine to control the steam admission valves. 


IVEN a base load and a vatiable 

load and a variable supply of steam 
for either one of two prime movers, the 
regulator is to cause the prime movers to 
take 


(a). A base load, adjustable from */sth 
rated load to rated load. 
(b). In addition to condition a any desired 


percentage of the variable load from 0 to 
100 per cent. : y 


Paper 45-114, recommended by the AIEE com- 
mittees on automatic stations and power generation 
for publication in AIEE TRANSACTIONS. Manu- 
script submitted April 11, 1945; made available for 
printing May 14, 1945. 


F. BE. Crever and R. L. Jackson are both with 
General Electric Company, Schenectady, N. Y. 


2 


=15.51 X0.962 X 15.61 =233.2 watts 
WOnet = 233.2 —16.5—23.5 = 193.2 


Torque = (112.7/1732) X193.2 = 12.55 ounce- 
feet 


Watts input =110 X2.595 =285.5 
Eff = 193.2/285.5 =0.695 
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(c). Both the base load and the variable 
load are to be reduced automatically as the 
steam pressure falls below a nominal pres- 
sure. 


(d). The variable load is to be divided in 
any desired ratio between the two prime 
movers by simple adjustment. 


(e). The variable load may have instan- 
taneous rates of change as high as 5,000 kw 
per second with average rates of approxi- 
mately 2,000 kw per second during load in- 
crease and decrease. The variable load 
peaks are approximately 20,000 kw in mag- 
nitude of 20 to 100 seconds duration with 
intervals of light load of about the same 
duration. It is desired to minimize the var- 
jation of load on the tie line insofar as prac- 
tical. 5 


In addition, the governing system is 
desired to have the following features: 


(a). A definite limit on turbine speed must 
at all times be in opeation. 


(b). It must be possible for operating either 
or both turbines on their speed governors. 


(c). It must be possible to change easily 
from power to speed governing and vice 
versa. 


(d). The power-governing system must be 
fast in response and be stable in operation. 


Fundamentals of Electric- 
Power-Measuring Circuit 


As balanced three-phase loads are to be 


_ governed a single-phase power-measuring 


circuit suffices to control the operation. 
Also, as the machines operate at constant 
voltage it is sufficient to control the unity 
power factor or kilowatt component of 
generator current. 

The essentials of the power-measuring 
circuit are shown in Figure 1. 

The Amplidyne generator has been de- 
scribed adequatelyelsewhere.1~* Forpres- 


Vv. Lyon, Charles Kingsley, Jr. AIEE TRansac- 
TIONS, volume 55, 19386, May section, pages 471-6. 


2. Tue REVOLVING-FIELD THEORY OF THE CA- 
PAcITOR Moror, W. J. Morrill. AIEE Transac- 
TIONS, volume 48, 1929, pages 614-32. 


3. Tue APPARENT-IMPEDANCE METHOD OF CAL- 
CULATING SINGLE-PHASE-MOTOR PERFORMANCE, 
W. J. Morrill. AIEE Transactions, volume 60, 
1941, December section, pages 1037-41. ; 
4, Evecrric CrrcuITts—THEORY AND APPLICA- 
oe a edition), O. G. C. Dahl. Pages 80-9, 


5. Inpuctron-Motor Core Losszs, P. L. Alger, 


R. Ekergian. AIEE Journat, volume 39, October 
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Figure 1. Schematic 
connections of 
POwer-measuring cir- 
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FROM VARIABLE 
LOAD 


ent purposes it is sufficient to say that 
the Amplidyne output voltage is ex- 
tremely sensitive to a difference between 
the ampere turns of the fields F,F, and 
F;F, which are excited in opposite direc- 
tions (so as to oppose each other) from 
selenium rectifiers as shown. The Am- 
plidyne output voltage will be zero, and 
the motor which operates the hydraulic 
governing mechanism will be at rest only 
when the currents in these two fields are 
equal and opposite. As the two fields 
have the same number of turns and the 
same resistance this balance occurs only 
when the alternating voltages at the 
rectifier inputs are equal in magnitude. 
Assume for the moment that the adjust- 
able voltage tap is set so that E,;= E, and 
that i,=Oin Figure 1. Then |Z;|=| Z| 
only when the kilowatts or unity-power- 
factor component of current 7, is zero re- 
gardless of the reactive component of 
current i, Figure 2 illustrates this. 
If the adjustable tap is set so that Z; is 
greater than E, while the sum of £; and 
E, remains constant, the balanced condi- 
tion when | Z;|=|Z,| will occur only 
when the kilowatt load on the turbine 
generator is constant so that the inphase 
component of ig Ri = (£i—E:)/2. 
Figure 3 illustrates this condition at 
various power factors on the generator. 
From the foregoing it is evident that for 
a fixed value of R, and with R, set at zero 
the load on the turbine when the Ampli- 
dyne output voltage is zero is propor- 
tional to the voltage between the mid- 
tap of the potential-transformer secondary 
winding and the position of the adjustable 
tap. The adjustable tap then is used as 
the base-load setting of the generator. 
If R, is not zero the load on the tur- 
bine when | E;|=| Z| will be such that 


£,—E, 


+t, 4 Re 


where 
i, =unity-power-factor component of genera- 
tor current 5 
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EAT aR . : ‘ 


AMPLI DYNE 


DECREASE 
LOAD 


CONDITION 
LEADING PF. 


ON OIL Figure 9 (right). 


Voltage vector dia- 

gram of measuring 

circuit at zero load 
setting 


250 SEP EXC 


Figure 3 (below). Voltage 
vector diagram of measuring 
circuit at fixed load setting 


ig kwyRi = 


E4 
BALANCED 
CONDITION 
LAGGING PF. 


E4 
BALANCED 


1)=unity-power-factor component of vari- 
able load current 


By setting the adjustable voltage tap 
the base load of the turbine is fixed at any 
desired value and by setting the value 
of R, any desired percentage of the vari- 
able load up to 100 per cent may be 
carried. 

In order to decrease both the base-load 
setting and the percentage of the vari- 
able load taken by the turbine the value of 
R, is increased automatically as the steam 
pressure decreases below a set value. 

In Figure 1 field FF; of the Amplidyne 
is connected as an inverse feedback of 
the Amplidyne output into its input. 
This results in a more linear relationship 
between the Amplidyne input and out- 
put than would be the case without this 
connection and gives a means of adjust- 
ing rate of operation of the governing 
mechanism as a function of the devia- 


DIAPHRAGM ACTUATED 


PERC 


ENT LOAD 


Es isa 


E 

Ey nt 
BALANCED 
CONDITION CONOINON 
O0.K.W. LOAD O.K.W. LOAD 


WITH LEADING 


REACTIVE Loap WITH LAGGING 


REACTIVE LOAD 


tion between the load on the turbine and 
the load setting of the regulator 


Electrical Connections 


A schematic diagram of the electric- 
system connections and of the power 
regulators is shown in Figure 4. In order 
to make the kilowatt component of tur- 
bogenerator current in phase with the 
voltage to the regulator circuit it was 
necessary to add the currents of phases 1 
and 2 when using potential 1-2. This 
was done with current transformers in the 
secondary circuits of existing current 
transformers. Owing to existence of a 
wye-delta transformer bank between the 
generator and the strip-mill circuit a 
single current transformer in phase 1 
gave the required phase relationship of 
strip-mill current with respect to the 
regulator voltage. This latter current is 
transmitted approximately 4,000 feet to 
the control room of the power plant. As it 
was desired to shift the variable load be- 
tween the two power-regulated generators 
without disturbing the percentage of strip- 
mill load carried an adjustable-ratio cur- 
rent transformer was used to divide the 
strip-mill current between the two regula- 
tors in any ratio so that the sum of the 
currents to the two regulators remains in 
constant ratio to the strip-mill current. 
A “‘variac’’ was used as a means of ad- 
justing the relationship of voltages E; and 
EF», and its setting determined the base 
load. The transformers used between 

CONSTANT- VOLTAGE 
TRANSFORMER 


STEAM-RECORDER 
¥ CONTROLLER 


Suede 


TURBINE 
GENERATOR 


SELECTOR SWITCH 


TOMANUAL_ = 
CONTROL switch 


, 
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LOAD- 6 ‘ 
CONTROLLER TRANS <q 
- "MOTOR a sae 
ee 
= 2 
3 
Be 1? LOAD-CONTROLLER MOTOR | tedi i 
FORMER (= Figure 4. Schematic diagram of electric system 
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the power-measuring circuit and the rec- 
tifiers supplying the opposing Amplidyne 
fields were for the purpose of reducing the 
voltages to the rectifiers, though it would 
have been possible to rectify these volt- 
ages directly without the transformers. 
An adjustable resistor is connected in 
series with each Amplidyne field to 
match exactly the currents to the two 
fields with the base-load setting at zero 
and with zero current from the generator 
current transformers. Resistors in the 
current-transformer circuits were chosen 
» to obtain the desired range of adjustment 
=== _| of base load and percentage of strip-mill 
=| Joad, with both the potential and the 
current transformer ratios taken into 
account. 

Owing to the high amplification of the 
Amplidyne, it was easily possible to ob- 
x tain fields which would withstand the 
Figure 5. Calculated response to assumed load cycle having constant rate of load change of highest currents to which they are Sit: 


1,667 kw per second jected (which vary with power factor) 


Behe and at the same time to obtain more than 
Pay U5 vase ec teed epee ee adequate sensitivity to power variation. 
HEY Mee eS lacie 


—TURBINE LOAD 


TIE-LINE LOAD 


TIME —SECONDS 


20 


Sensitivity 


The Amplidyne voltage output per 
kilowatt difference between regulator 
setting and turbogenerator load may be 
adjusted by means of the variable re- 
sistor in series with field F;F's of the Am- 
plidyne. Without this feedback it re- 
quires approximately 2,000 kw devia- 
tion between regulator setting and gen- 
erator load to run the pilot motor 
through full travel in four seconds, In 
practice it was necessary to adjust the 
feedback to obtain stable operation so 
that the deviation required to cause the 
generator to increase its load at a rate of © 
5,000 kw per second was approximately 
6,500 kw. Final adjustment with which 
the operation data were taken was with 
10,000 kw deviation required to give a 
rate : : i 
Figure 6. Calculated response to assumed load cycle having constant rate of load change eee bee eapuanip bins 


of 5,000 kw per second cause the Amplidyne voltage necessary 


Z Tah he eens just to rotate the pilot motor against 
Bs Ped lw mere mime AAS le bis a friction was approximately 200 kw, so 
| | | braie mui vo —-/f FP |_| pen = that with a setting of 20,000 kw the power 


: ; Fly Cae Oe CORE eee BO LaSeavereag is held within plus or minus one per cent 
Ee ee EEN 
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/<—— TURBINE LOAD 
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Response 


All of the regulating elements are rela- 
tively fast in response in comparison with 
the time required to operate the pilot 
motor of the governing mechanism. 
This time together with the kilowatts 
deviation required to obtain a given 
pilot-motor speed determines the re- 


4 i 
SD a 
Bee Te et bala a ee adi chnnceson te crn ad 
ne ee pe ee De alia) Sd Seo eee and the percentage of the variable load 


sae 6 10 12 14 16 18 20 22 24 26 26 30 32 34 36 38 40 42 44 46° 48 carried by the Tennessee Coal Iron and 
‘ ' ieee . Railroad Company turbines, determine 
ta Figure 7. Actual load cycle and calculated response the effectiveness of the regulating system 
i | 


4 _ 658 TRANSACTIONS , Crever, Jackson—Automatic Load Control _ ELECTRICAL ENGINEERING 


aie ee eS 


| 
; 


the preceding one. 


REI f 
LOAD REDUCING Shoe ae 
RHEOSTATS 


REGUL a NO.2 


| 
ae STEAM PRESSURE! 

RECALIBRATING | 
RHEOSTAT 


TORQUE 
MOTOR 


in minimizing the. variation in tie-line 
load. 


Let 


Tkw=kilowatt load on turbine generator 
Lkw =kilowatt setting of load regulator 
d 
- dt 
K =proportionality constant between rate 
of change of turbine load and devia- 
tion of load from regulator setting 


Then 


KP Tkhw=(Lkw—Tkw) 
Lkw 


With 


Tkw =5,000 kw per second 
Lkw—Tkw=10,000 kw 
K=2 


The solution for unit change of Lkw 
(caused by a change of strip-mill load) is 


Tkw =Lkw(1—€'/*) 
If now Lkw is varying at a constant 


~ rate R it can be shown by the superposi- 


tion theorem that (if we assume Lkw=0 
when T=0) 


Thw =R(t—2+2€7'/*) 


With an assumed load cycle as in 
Figure 5 the response and the variation 
in tie-line load were calculated as shown 
in this same figure from this formula and 
A similar curve is 
shown in Figure 6 for a rate of strip-mill- 
load increase of 5,000 kw per second. 
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Figure 9 (above). 

Characteristics of 

steam-pressure regu- 
lator 


a 
MOVEMENT ON 
STEAM PRESSURE 
INCREASE 


Figure 8 (left). Sche- 

matic diagram of 

steam-pressure-regu- 
lating system 


Figure 5 is representative of the average 
rates of change encountered, whereas 
Figure 6 gives an abnormally high rate of 
increase made only for comparison pur- 
poses. Figure 7 shows an. actual strip- 
mill-load peak taken from a load chart. 
The calculated turbine load based upon 
100-per-cent pickup of strip-mill load 
and the load on the tie line are calculated 
and shown in this same figure. 


Means of Reducing Loads Upon 
Decrease in Steam Pressure 


The means of reducing both the base 
load and the variable load in equal per- 
centages upon reduction in steam pres- 
sure was to increase resistance R,, Figure 
1. A Bailey Meter Company pilot valve 
was used to give a definite motion of a 
spring opposing the action of a torque 
motor to control a motor-operated rheo- 
stat to vary the value of Ry. Figure 8 
shows a schematic diagram of this equip- 
ment. 

For full normal steam pressure or 
above the torque-motor notching system 
is balanced with the rheostat all cut out. 
For any steam pressure within a range of 
30 pounds per square inch, that is, from 


- 340 pounds per square inch to 310 


pounds per square inch the rheostat is 
notched until the value of load is de- 
creased to a point where the torque motor 
is balanced. The notching contacts have 
adjustable dead band, and the action is to 
notch to the center of the dead band so 
that the load will be reduced to hold an 
average steam pressure. Figure 9 shows 
the characteristics of the steam-pressure 
regulator. This steam-pressure regulator 
is intended primarily as a means of re- 
ducing the loads to keep the steam pres- 


sure above a certain minimum. It can 


operate continuously in range to regulate 


Crever, Jackson—A utomatic Load Control 


PER CENT OF REGULATOR SETTING 


steam pressure. Normally, however, it 
was intended that the load settings would 
be such that full steam pressure could be 
maintained, with the steam pressure 
above the range of the pressure regulator. 
Figure 10 shows the control panels for 
the two turbine generators. The panel 
at the left is for one generator. The 
middle panel contains the variable-ratio 
current transformer by means of which 
the strip-mill load may be divided be- 
tween the two machines. The third 
panel from the left duplicates the first 
panel for the other turbine. On the ex- 
treme right is the steam-pressure con- 
troller. The base-load adjustment, regu- 
lator on-and-off switch, and the percent- 
age of strip-mill load all are operated 
from the front of these panels. 


Turbine Valve Control 


The schematic arrangement of the 
turbine control is shown on Figure 11. 
The load-control relay unit and the initial 
pressure regulator were added to the 
original governor unit and connected with 
a telescope joint in the governor connec- 
tion so that, while the load control is used, 
the speed governor can be run to its full- 
load position and act as a pre-emergency 
governor. In this condition the tele- 
scope joint is pulled open and the the load- 
control piston rod controls the main 
pilot valve through connection F and £. 
The initial pressure-regulator piston rod 
can pick up through connection D. 
These three connections (Ff, D, and E) 
will transmit motion only in one direc- 
tion, so that any one of them may close 
the control valves regardless of the 
setting of the others. This allows the 
speed governor to close the valves in case 
of loss of load and the pressure regulator — 


to close the valves in case of loss of pres- 
- sure, 


The load-control unit has a shunt- 
wound d-c motor with constant excitation 
from a 250-volt source. The armature 
current comes from the Amplidyne gen- 
erator. The motor operates a lead 
screw raising and lowering the relay 
pilot valve and so raises and lowers the 
relay piston. A friction clutch is pro- . 
vided in the drive so that no limit 


| 
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switches are necessary and limit-switch 
dead band is eliminated. An oil spray 
lubricates the clutch to prevent wear in 
case the motor runs long periods of time 
at the end of the travel. Motion of the 
relay piston is transmitted to the main 
pilot valve and so to the main hydraulic 
piston, opening and closing the control 
valves through the rack and pinion and 
the cams. 

The pressure regulator consists of a 
spring-loaded bellows which operates a 
relay pilot valve and controls an oil 
piston. The spring plug may be ad- 
justed by handwheel C so that the regula- 
tor will close the valves at pressures from 
275 to 350 pounds per square inch. A 
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Figure 10 (left). 
Load-control panel 
installation 


Figure 12 (right). 
Load-control unit of 
turbine-valve control 


stop is provided on both the load control 
and the pressure regulator so that they 
cannot close the turbine valves beyond 
the no-load steam-flow point and cause 
overheating of the turbine by motoring. 
The speed governor always can close the 


valves completely on a rise in speed to 


the pre-emergency setting. However, 
an adjustment is provided on the load- 
control piston rod so that when the tur- 
bine is shut down the control valves can 
be closed completely, and then hand- 
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Figure 11. — Schematic 
arrangement of turbine- 
valve control 


wheel A on the pilot-motor shaft can 
be used to bring the turbine to speed. 
There.is a switch on the load-control unit 
to open the motor circuit so that the 
handwheel can be used without danger of 
the motor starting up. The load-control 
and initial pressure regulator are en- 
closed in a small case mounted on the 
turbine base adjacent to the front pedes- 
tal. Figure 12 is a view of the installa- 
tion. 

The rates of load change imposed by 
this regulator will exceed what normally 
is considered good practice from the 
standpoint of economy and maintenance, 
but the 20,000-kw turbines at Tennessee 
Coal Iron and Railroad Company are 
low pressure and temperature and of a 
rugged design with a relatively short 
span between bearings; they should be 
able to withstand the quick load changes 
without undue distress. There most 
likely will be some increased mainte- 
nance necessary on machines subjected 
to continuous quick load changes, espe- 
cially on the control mechanism, valves, 
cams, rack, and pinion, and so on. 

The actual performance of the load- 
control unit was as good as anticipated. 
Load changes were made quickly, posi- 
tively, and without hunting. 
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Tapered-Thickness Bimetal 
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Synopsis: The most important properties 
of thermostatic bimetal strips of uniformly 
tapered width or thickness or both have 
been analyzed mathematically, and the 
findings are described in this paper. A 
tapered-thickness form is found to be the 
best practical one from the standpoint of 
economy of material. Conveniently usable 
charts are included which are applicable in 
the form of correction coefficients to the 
standard formulas for thermostatic deflec- 
tion and mechanical deflection of strips of 
uniform thickness and width. The dual- 
tapered form is especially useful in reducing 
vibration troubles in slow-acting thermo- 
stats, and formulas are given for determining 
the fundamental frequency of single- or 
dual-tapered strips of any taper ratio. 


HERMOSTATIC BIMETALS of 

the ‘low-temperature’ or brass—In- 
var type have been used for many years 
in the construction of innumerable ther- 
mostatic-control devices. The substitu- 
tion of stronger and more active metals 
for the brass component by Spencer and 
others during the ’20’s led to an impres- 
sive extension of the use of bimetals. 
The announcement of the manganese— 
Invar bimetal in 1942 gave the industry 
a further remarkable fundamental im- 
provement. 

Bimetals now are used almost univer- 
sally in sheet form, and extensive work 
has been done in development of various 
outlines and bent shapes for which well- 
known simplified deflection and force 
formulas are available. In addition, a 
limited amount of progress has been 
made toward the useful development of 
bimetal rods, cones, and tapered-thick- 
ness sheets. The last-mentioned form 
gives promise of a substantially in- 
creased effectiveness if utilization of the 
material, and this, coupled with discov- 


eries of inexpensive fabrication methods, 


has led to the present exploration of its 
characteristics. The results of these stud- 
ies have been interpreted into suitable 
form for convenient engineering use. 
Although it is well-known that un- 
loaded bimetal strips deflect into circular 
curvatures in response to temperature 
changes, the temperature- -deflection for- 
mulas and constants in common use are 
based upon the assumption of parabolic 
curvatures. Such an approximation is 
reasonably acceptable, as the errors are 
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very small for the short arcs involved and 
the parabolic formulas are vastly simpler 
than the circular ones. The assumption 
of parabolic curvatures will be retained 
throughout the present studies. 


Deflection Characteristics 


The deflection characteristic of an ini- 
tially flat bimetal strip of uniform thick- 
ness, supported at one end and subject 
to uniform temperature variations, is 
given approximately by the parabolic 
expression: 


KAP 
to 
where 


S= 


(1) 


K =deflection constant governed by com- 
position of strip 
1=distance along strip from support 
t =thickness of strip 
A=temperature change of strip 
6 =deflection of strip at distance / from sup- 
port, due to temperature change A 


If we differentiate equation 1, the slope 
of the strip at any point is 
dé_2KAl 
dhe fe 


(2) 


and if we differentiate again the rate of 
change of slope is 


d% 2KA 
erry (3) 
di? ty : 


If we consider now a bimetal strip of 
variable thickness #, the rate of change of 
slope willbe ~* 


oe (4) 


If the strip tapers uniformly, it will 
appear as shown in Figure 1, where 


L=length of strip 

tj =thickness of strip at base or support 
t, =thickness of strip at free end 
t=thickness of strip at any point 
1=distance along strip from ty to ty 
b=width 


t 
R,=taper ratio= 5 


It will be seen from Figure 1 that 


t= E -()] (5) 
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If we substitute equation 5 in equation 
4, the rate of change of slope of the ta- 
pered strip of Figure 1 is 


d*§ 2KA 


di? ws 1—R, (6) 
of 1-(S*)] 


If we integrate twice, the deflection 
characteristic of a uniformly tapering 
bimetal strip is found to be 


Kar on 
pei) 


Eee ibid 6 7 
aR) J" G=Ry( 
L 


The deflection of the free end (J = 
is 

RATA ene Rey i 

Seip (SRpihed Rawk 


(8) 


With reference to equation 1, the ratio 
of deflection of a tapered-thickness strip 
to that of a uniform strip of identical 
thickness at the support is expressible in 
terms of the taper ratio alone, as follows: 


6 tapered strip 2 \! Ri 1 1 
ena Sp ahaa a hs Fie 
6 uniform strip (1—R,) 1—R, Rk, 


and this expression may be treated as a 
correction to be applied to the conven- 
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DEFLECTION FORMULA 6 


CORRECTION FACTOR FOR THICKNESS TAPER IN 
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oO 
L 
UNIFORM THICKNESS 
“100 80 60 40 20 0 
RXIOO=END THICKNESS IN 
PER CENT OF BASE THICKNESS 
Figure 1. Deflection characteristics of flat 
bimetal strips having uniformly tapered 
thickness 


Supported rigidly at thick end 
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tional formula for bimetal deflections 
when the deflection of any tapered-thick- 
ness bimetal strip is to be found. This 
correction will be designated Cr and may 
be conveniently represented graphically, 
asin Figure 1. The conventional formula 
for the deflection of a bimetal strip may 
now be generalized as follows: 


; CrKAL? 
be 


where Cr is a form factor for the strip 
and is obtainable directly from Figure 1. 
From this figure it is found that the de- 
flection of any flat bimetal strip is ex- 
actly doubled if the strip is uniformly 
tapered to zero thickness at the free end. 
The width evidently does not enter into 
this relation. 


(10) 


Force Characteristics 


Consider the general case of a flat bi- 
metal strip rigidly supported at one end, 
of a negligible weight, and loaded as a 
cantilever beam, at the free end by a 
concentrated load. If the strip is non- 
tapered as well as flat and of uniform 
width, the following conventional formu- 
las are readily available from handbooks. 


Uniform-Thickness Strips: 
4FL* FL 


See a hye K bed? (11) 
Eboto’5 K boto*5 
Force= F=— = Zs (12) 
F  Eboty? K'bolo® 
Stiffness = =F = eg ay = Tapa (13) 


where 


F=concentrated load at free end 
bg = width 
E=modulus of elasticity 


K'=force constant for bimetal composition 


If we now consider the tapered-thick- 
ness strip of Figure 1, a similar group of 
formulas may be derived by ordinary cal- 
culus as follows: 


Tapered-Thickness Strips: 


(IS Mmers 
5= +X 
K boty? (1—R,)? 


Lee Bak) 
Co TET a | uf) 
Kh (1-R)? 
iris [ ior at cay 
(1—R) Ry 2 
: (15) 
F_KYbqh?. (1)! 
eas): Lt i 1_@-R) 
ae berna 2 | 
(16) 


Here again the effect of tapering the 
thickness of the strip can be expressed as 
a correction Cy; expressed in terms of R,, 
which may be applied to equations 14, 15, 


662 TRANSACTIONS 


TAPER IN 


Cr K! botg?6 
ie 


CORRECTION FACTOR FOR 
FORCE FORMULA F 


C= 


100 80 60 40 20 ce) 
RXIOO=END THICKNESS OR WIDTH IN 
PER CENT OF BASE THICKNESS OR WIDTH 


Figure 2. Force characteristics of flat bimetal 

strips having uniformly tapered dimensions 

and supported rigidly at thick end: cantilever 
load on free end 


Cyy—thickness taper 

Crp—Width taper 

Crip—Equal thickness and width taper com- 
bined 


and 16, resulting in generalized equations 
as follows: 


Wee rk (17 
Cr K Bote? ) 
CriK boty 
nee (18) 
F  CypK ot? 
paar Ee bre 
where 
— 2 
Ces (Ro) 
(20) 


Pat 1 (83—R,) 
ectee 2 | 


Specific values of Cy, for any taper 
ratio may be obtained conveniently from 
a plot of this expression as given in Figure 
2. The conventional bimetal force formu- 
las therefore may be used for tapered 
bimetals provided the appropriate cor- 
rection factors from Figure 2 are applied 
to the values. 

For comparative purposes, similar ex- 
pressions and curves have been derived 
for the cases of width-tapered bimetal 
strips of uniform thickness, and bimetal 
strips tapering in both width and thick- 
ness, 


Cry(width tapered only) 
(1—R))}? 
Ry? = 
| v1 _38Ro-1] 21) 
(1—Ry) Rs, 2 


Crip(equal dual taper) = R,=R, (22) 


where 


Ry, =width-taper ratio =— 
0 
6; = width of strip at free end 


Economy 
In judging the relative merits of differ- 
ent tapered forms of thermostatic bimetal 


members, it will be useful to determine 
the amount of work performed per unit 
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weight of each taper form under compara- 
ble conditions. From such values a cri- 
terion will be established and called the 
“form-economy” characteristic of the 
shape. This criterion will be defined as 
the ratio of the work obtainable from a 
bimetal piece of a specified form to the 
work obtainable from a piece of flat bi- 
metal of uniform cross section and of 
equal total weight. 

Form economy will be indicated by the 
symbol ¢, and for the flat reference stand- 
ard under this definition € is taken-as 
unity and may be expressed more for- 
mally as follows: - 


€=1.00 =constant X work required to restore 
free end of flat strip of uniform 
section to original position after 
deflection due to unit temperature 
change+ weight of bimetal strip 
= (constant X!/;X unloaded thermo- 
static deflection Xforce to restore 
bimetal end by amount of thermo- 
static deflection) + (volume of bi- 
metal X density of bimetal) 


KAL?*_ Kboty*6 
kyX 1/.X te 
See eas) 
botoL X W 
Since by equation 1, 
K AL? 
$= 
ty 
2\2 1p ,¢,3 
€=1.00=kX1/2X ident | geet 
by L? 
bolaL XW Se 
kyK*K1 A? 
Thaw Cay 
and 
2w 
fy TaKiat Se 


For a tapered bimetal, the form econ- 
omy will be 


2w CrK ALE? \3 CrK lot? 
eee ON ee 
volume X W 
(26) 
or 
Cy? CpLboto ; 
2 volume \eGa} 


But volume can be expressed in terms 
of bo, f, and L, and the taper ratio R, for 
example: 


Volume (tapered thickness, parallel edges) 


1+R, 
=tvt (2% 9 ) (27) 
Volume (uniform thickness, tapered edges), 
1+R 
= ot{ ‘) (28) 


Volume (tapered eC tapered edges 
[Ro=R:=Ryp)) 


moh Rnb Re’ fF n (29) 
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_ Tapered width 


Consequently, from equation 26a, 
€,(tapered thickness, parallel edges) 
(1+R,) 


€,(uniform thickness, tapered edges) 


(30) 


2Crp 
(1+R») 
€zp (tapered thickness, tapered edges [Ry = R;]) 
3Cz? 


(31) 


1 
1+ Rutz ©?) 


The form economy of the foregoing 
shapes has been evaluated for various 
values of taper ratio and the results 
plotted in Figure 3. Maximum values of 
form economy and corresponding taper 
tatiosweredeterminedbycalculus. These 
maxima occur as givenin TableI. From 
an inspection of these values, it is evident 
that for flat bimetal strips of the taper 
forms studied, the most economical in 
point of work performed per unit weight 
is the conventional bimetal sheet of uni- 
form thickness, and having the side edges 
tapering to a point at the free end. Un- 
fortunately, however, this form seldom 
can be utilized in any practical thermo- 
static construction, as it is always neces- 
sary to make the free end of the bimetal 
strip physically wide enough to carry an 
electric contact or to actuate a co-operat- 
ing working member. For any value of 
width-taper ratio of more than 0.1, 
which generally is below a usable mini- 
mum, the form economy is seen to have 
fallen off to approximately less than that 
for the thickness-tapered bimetal, and 
the latter form would take preference. 

Maximum form economies for the 
thickness-tapered bimetals appear in the 
taper-ratio region between R = 0.2 
to 0.3. In this region the metal will per- 
form approximately one-third more work 
than it would if shaped as a conventional 
uniformly thick strip. If the bimetal can 
be produced at costs appreciably less than 
130 per cent of the cost of flat. bimetal 
stock, then the tapered-thickness bimetal 
construction becomes the most econom- 
ical form for general flat-strip applica- 
tions. Actual costs of the tapering proc- 
ess are said to be negligible compared to 
the gain in performance. 


Fortunately, a thickness-tapered bi- ° 


metal strip of maximum form economy 
will have a free-end thickness lying be- 


Maximum Form Economy and Taper 
Ratio for Several Taper Forms 


Table I. 


Taper Ratio 


Form €Max for €Max 


: y 


Tapered thickness 

Uniform width) f° 13304....2.025..- 0. cia ps 
Uniform thickness 0 

M Seeranaen eras 1.333.........0.000 


‘Tapered thickness 
aiaistels 1,296.........0.435 


(Re= Ro) 
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100 80 60 40 OM O 
RXIOO=END THICKNESS OR WIDTH IN 
PER CENT OF BASE THICKNESS OR WIDTH 


Figure 3. Form economy of flat bimetal 
strips of various taper forms 


€;—Thickness taper 

€)—Width taper 

€:~—Equal thickness and width taper com- 
bined 


tween one fourth to one fifth of the base 
thickness, which usually will be quite 
adequate mechanically for mounting of 
electric contacts. This form, therefore, 
can be recognized as a new and very use- 
ful embodiment of the bimetallic thermo- 
static strip. ; 

It will be noticed that the dual-tapered 
form yields a form economy nearly equal 
to that for the tapered-thickness strip if a 
taper ratio of somewhat less than 0.5 is 
used for the former. This form is ren- 
dered uneconomical, however, by the prac- 
tical consideration that cutting of width- 
tapered strips from thickness-tapered 
stock would produce an appreciable 
quantity of scrap, rendering the high 
economy unrealizable. 

In order to visualize better the manner 
in which the tapered-thickness form im- 
proves the form economy of the bimetal, 
Figure 4 has been prepared. In this 
figure, a flat bimetal strip has been sub- 
jected to a progressive alteration of form 
consisting in a shift of the angle between 
faces over the range from parallelism to 
wedgeform. The total quantity of metal, 
as well as all other factors, has been held 
constant during this metamorphosis in 
order to show precisely how the proper- 
ties of the strip are modified by the change. 
Figure 4 reveals that the deflection 
decreases during the transformation until 
a taper ratio of 22.35 per cent is reached, 
at which point the deflection is 89.65 per- 
cent that of the original flat strip. Be- 


_ yond this point the deflection again in- 


creases until the full original value is re- 
gained at the point where the strip 
reaches wedge form. The base thick- 
ness evidently is doubled at this time. 


During this transformation the stiffness 


of the member increased much more rap- 
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MAX=161.7% 
AT R= 23.92%, 
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RXIOO=END THICKNESS IN 
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Figure 4. Variation in bimetal-strip charac- 
teristics with change in thickness taper 


Volume, width, and length held constant 


A—Deflection 
B—Stiffness 


C—Form economy 


idly, however, reaching 161.7 per cent 
of the stiffness of the flat strip at R = 
23.92 per cent. The net result is an in- 
crease in form economy to a maximum of 


130.4 per cent at R = 24:95 per cent,,. 


which confirms this finding from Figure 3. 


Vibration Characteristics 


In slow-acting bimetal thermostatic 
controls considerable trouble may be 
encountered at the moment of make or 


break of the electric control circuit, es- 


pecially if the rate of temperature change 
is very slow, because of vibrations of the 
bimetal strip. Such vibrations produce 
chattering of the contacts and consequent 
disturbances in the controlled system. 
It has been found that such disturbances 
can be prevented if the bimetal member 
be so designed that its natural frequency 
is higher than that of the components of 
the controlled system. Single or dual ta- 
pers of the bimetal strip have been found 
sufficient in some instances to eliminate 
completely such vibration troubles and to 


render the slow-acting thermostat con- — 
struction entirely satisfactory for the | 
stable controlofrelays. Small telephone- 


type relays which formerly chattered se- 


verely when controlled by conventional 


flat-strip thermostats with heavy silver 
contacts, were found to close slowly and | 


remain closed when the bimetal strip was 
tapered in width and thickness and the 


contact reduced in weight. Elimination — 


of thickness taper only restored the chat- | 


tering condition. 
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tuted. 
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An analysis of the natural frequencies 
of tapered bimetal strips has been made, 
to determine the vibration characteristics 
as a function of form. The frequencies 
(fundamental only) were calculated for 
plain flat strips of various tapers, with 
rigid support at the base assumed and 
zero mass catried by the free vibrating 
end. Ifthe contact actually carried by the 
end of such a tapered strip in practice is 
light in weight compared to the weight of 
the strip, the contact weight will have 
slight effect on the frequency of the strip, 
and the results of the present analysis 
willbe applicable. Ifthe contact is made 
large and heavy, its weight will predomi- 

nate in the determination of frequency, 
and tapering of the supporting strip will 
be defeated. 

The frequencies were here determined 
by the method of Rayleigh in which the 
potential and kinetic energies of the vi- 
brating strip are equated. The results 
are believed accurate to within 0.5 to 
1.5 per cent, An exact mathematical 

- determination would be difficult and very 
laborious and will not be attempted as 
the accuracy of the present method is en- 
tirely adequate. 

The steps in computation of the natural 
frequencies'are given in Table II for three 
flat-strip forms; the conventional strip of 
uniform thickness, the thickness-tapered 
wedge and the pyramidal or dual taper. 

_Expressions similar to those given in 
_ Table II also were derived for the more 
_ general case of bimetal strips of taper 
R, or Ry. These expressions yield the 
_ values given in Table II, columns 1 and 2, 
when values of R; = 100 per cent and R, 
= O per cent, respectively, are substi- 
The complete expressions are 
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given in Appendix I. The coefficients 
for the expressions for natural frequency 
for all ratios are plotted in Figure 5. 

The curves of frequency-versus-taper 
ratio show the wedge form to. vibrate 
about 50 per cent faster than a strip of 
uniform thickness. For a usable and 
economical strip of taper ratio 0.25, the 
increase in frequency over that of a flat 
strip is only about 20 per cent. Conse- 


Table Il. 


quently, where high frequency of the 
strip is the predominant design considera- 
tion, thickness tapering alone is only 
slightly effective. 

Figure 5 similarly shows the dual wedge 
or pyramid to have a theoretical maxi- 
mum increase in frequency to over 21/2 
times the value for strips of uniform thick- 
ness and width. For practically usable 
strips, increases to 200 to 220 per-cent 
frequency probably cannot be exceeded. 
In those cases, however, in which sup- 
pression of vibration troubles is of much 
greater importance than economy of ma- 
terial, the dual taper is of considerable 
practical value. 

It is interesting to note that thermo- 
static deflection and period of vibration are 
governed by thesamedimensionalparame- 
ters, L?/t. Because of this fact, short 
vibration periods cannot be obtained by 
modifying the physical proportions of 
any type of strip when a specified ther- 
mostatic deflection is required. Change 
of shape appears to be the most conven- 
ient means of obtaining independent fre- 
quency adjustment of the thermostatic 
strip. 
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Frequency of Tapered-Thickness Strips 


; a (L—l) | 
Thickness t=t| (1—R,) errs +R, (33) 


b 
Bending moment =" (L—1)?X 
(1—R,)(L—1) 
~_—______—_+R 
| 31. +R,} (34) 


Natural Frequencies of Flat Bimetal Strips 


Fundamentals Only 
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where 
y =density of material ‘ ‘s 


f=natural frequency of strip 
g=acceleration of gravity 
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Moment of inertia 
_? ty IL-1 
: “eel 1—R ys +R (35) 


Deflection of strip under its own weight 
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L?R,3] 1 oe 
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Kinetic energy 
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2R,9+-22 66R,°—86.266R$+124.8R,7 = 
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Potential-energy change 


boy2L’ [3 1 R,° f 
=——_ = R41 In — -$ 42R5- 
Etp(1 —R,)® 2 R, 3 


15 2 
SRAtS ROE +5 


8 =| (38) 


Frequency was found for values of R; by 
equating kinetic and potential energies. 


Frequency of Dual-Tapered Strips 
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Response Time and Lag of a Thermometer 


Element Mounted in a Protecting Case 


W.N. GOODWIN, JR. 
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Synopsis: In this paper equations are 
derived and applied for determining the 
response time and temperature lag, in gen- 
eral, of a body which exchanges heat with 
a medium indirectly through a second body. 
Application is made to a thermometer ele- 
ment mounted in a protecting case, with 
specific reference to a resistance-type ther- 
mometer such as is used for aircraft and 
marine purposes. The temperature distri- 
bution along the stem and the errors result- 
ing when the head of the bulb and medium 
differ in temperature also are derived. 


N THE DESIGN of many forms of 

thermometers it is frequently custom- 
ary and often necessary to mount the ac- 
tive element within a protecting case. 
This is particularly true in the case of 
resistance and bimetal types and often 
true with the thermocouple and ordinary 
mercury types. 

When protecting cases are used, the ac- 
tive element is not in direct contact with 
the surrounding medium, the temperature 
of which is to be measured, but its ex- 


change of heat, in acquiring the tempera- 


ture of the medium, must take place 
through the protecting case and through 
the thermal contact between the element 
and case. 

Under the conditions referred to, 
there is an additional time lag in the in- 
dications of the thermometer element over 
that which would result if the element 
were in direct contact with the medium, 
when the temperature of the latter differs 
from it or changes with time. 

The object of this analysis is to deter- 
mine the equations of the cooling and 
heating curves of an element contained 
in a protecting case, from which design 
data and operating characteristics can 
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be determined for specified, conditions. 
Part of this analysis was done in 1921 and 
completed and applied practically during 
recent years. 


Application to a 
Resistance-Type Thermometer 


. To make the analysis of this problem 
of more practical use, we will direct our 
attention to a specific device by consid- 
ering a resistance-type thermometer bulb 
developed by an associate of the author, 
K. M. Lederer. This is illustrated in 
Figure 1, cut away to show the construc- 
tion. The analysis, however, is perfectly 
general and applies to any object ex- 
changing heat with a surrounding me- 
dium indirectly, through another body in 
direct contact with the medium. 

In this part of the paper the final equa- 
tions and their applications are given. 
The complete derivations, however, are 
given in the appendixes. 

The thermometer element m in Figure 
1 consists of a wire resistor wound on a 
thin-walled tube and electrically insu- 
lated fromit. This tube is contained in a 
protecting tube M and is in good thermal 
contact with it. 

The protecting tube containing the re- 


sistor element is secured to the head B. 


through which the connections to the re- 
sistor element pass to the indicating in- 
strument. 

In the derivation of the equations the 
following quantities appear, MS/h, ms+ 


hy, and ms/f,; in which M and m are the | 
masses, S and s the specific heats of the 


protecting tube and thermometer ele- 
ment, respectively, and h, and he the 
rates of heat transfer per degree differ- 


ence in temperature, from the protecting | 
tube to the surrounding medium, and ~ 


from the thermometer element to the 


protecting tube, respectively, all corre- 


sponding to the heat-exchange area. 
The definitions of these and other symbols 
are given in the list of symbols. These 


Potential-energy change 


bor LS pee Raft _2Ro4! 
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Frequency was similarly determined from 
the energy expressions. 
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In all cases the foregoing general equa- 


tions are reducible to the specific cases for 
R=0 and R=1 as given in Table II in the 
body of this paper. In order to accomplish 
such reductions it is usually necessary to 
apply L’Hopital’s theorem for the evalua- 
tion of indeterminate forms. In the case of 
the expressions for kinetic energy it was 


necessary to perform nine successive dif- Ws 


ferentiations. 
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have the dimensions of time, which we 
will designate as h, fz, and tm, respectively, 
where t;= MS/h; is the time constant of 
the protecting tube relative to the sur- 
rounding medium, f2=ms/h is the time 
constant of the resistor element relative 
to the protecting tube, and t» is the mu- 
tual time constant ms/h of the resistance 
element relative to the surrounding me- 
dium acting through the protecting case. 
That is, it is the time constant the inner 
tube would have if its heat were ex- 
changed with the surrounding medium 
from the surface of the protecting tube. 

Physically considered, the time con- 
stant is the time required for the body to 
change one degree in temperature, for the 
specified rate of heat exchange, if the tem- 
perature difference is maintained at one 
degree. 


Thermometer Transferred From 
a Hotter to a Cooler Medium 


If the thermometer bulb, having its 
resistor element and protecting tube both 
initially at the temperature is suddenly 
immersed in the cooling medium at a tem- 
perature T,, then the ratio of the tempera- 
ture elevation (0—T,) of the element 
above that of the cooling medium at any 
time t, to the initial elevation (%—T-), 
is, as shown in Appendix I, 


Te 1 .-[ (t) VPP Filx 


O—T 
sinh E@ + sinh P| (1) 
where 


Bing) tia tbe)! aa 
At? 

and 

= V tls 


Thermometer Transferred From a 
Cooler to a Hotter Medium 


If the initial temperature % of the ther- 
mometer element is lower than that of the 
‘surrounding medium T,, then the result- 
ing heating curve is exactly similar to the 
cooling curve previously given, except 
that it is reversed as shown in Figure 3 in 
accordance with the following equation, 


as shown in Appendix II, 


poet =1-5 mal: G)vr],. 


eo 
sinh E (5)+ sinh! P| (2) 
0 


To apply these equations to a practical 
device, let us consider the resistance- 
thermometer bulb cooled in various media 

_ for which the constants given in Table I 


have been determined experimentally. 


As the inner and protecting tubes are ac- 
tually in contact in this case, it is con- 
venient to use values for M, m, i, and hz 
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Figure 1. Resistance-type- 
thermometer bulb, cut away to 
show internal construction 


per square centimeter ‘of contact area. 

Cooling curves derived from this 
equation for the tabulated values for P 
and ¢, are shown in Figure 2. As an ex- 
ample, assume that a bulb is heated to 
100 degrees centigrade and suddenly 
plunged into ice water at zero degrees 
centigrade, it will fall to ten degrees cen- 
tigrade in 8.3 seconds. 

The curves in Figure 2 are based upon 
the time ¢ as the independent variable. 
If t/t is made the independent variable, 
the curves become more general and will 
apply to devices of any time constant, 
consistent with the value of P. Such a 
family of curves is shown in Figure 3, 
which for the resistance-type thermome- 
ter, range from water to still-air cooling. 


Mechanical Analogy 


The temperature equations previously 
given have the same form as that for an 
aperiodic mechanical motion derived 
by the author in about the year 1908, 
namely: 

0 1 


DanC aaas on) x 


sinh [ ae Va=i (=) sink Va | 
r) 
(3) 


in which, when applied to a spring-con- 
trolled damped instrument, for example, 
¢ is the initial deflection, 6 the deflection 
after a time ¢ given in terms of a time con- 
stant T) which is the undamped period, 
and 7 the ratio of the actual to the critical 
damping coefficient, designated by the 
author as the specific damping coefficient. 

When the constants in equations 1 and 
2 are equated to those given in equation 3, 
it will be found that » corresponds to 
/ P?+1, and 7% to 2ztho. 

If, therefore, a permanent-magnet 
movable-coil-type instrument has an 
undamped period of T,=2zf, seconds and 
is damped to an amount such that n= 
V/ P+ 1, then the motion of the pointer 
toward zero, as a function of time, will 
follow the same curve as the thermal 
system having the constants f and P. 


Temperature Lag 


When a thermometer is used to measure 
the temperature of a medium, which is 
changing in temperature, the indication 
of the thermometer lags behind the tem- 
perature of the medium as a result of the 
heat capacity of the thermometer and the 
thermal resistance to the exchange of 
heat’ between the medium. and the 


Goodwin—Response Time and Lag 
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thermometer element. An example of 
this condition occurs when measurements 
are made of the surrounding air from an 
airplane which is changing its altitude. 
Assume that a thermometer has initially 
the same temperature as the surrounding 
medium. Then let the temperature of the 
medium change at a constant rate of r de- 
grees per second. The indication of the 
thermometer will start to follow, rela- 
tively slowly at first, but, as the differ- 
ence in temperature or lag increases, the 
change in indication of the thermometer 
increases its rate until finally it ap- 
proaches the same rate r as that of the 
change in temperature of the medium. 
This final difference in temperature then 
is maintained and is the maximum value 
of the lag. 

The value of the lag in indication for a 
thermometer element in a protecting case, 
for an increasing temperature, relative to 
the final lag, at any time ¢ after the initial 
change, as shown in Appendix ITI, is 


‘ee 1 -[ (£) veri 
ee eee Kall 


sinh E (:)+ sinh-1 2P°~/ P| (4) 


where L is the final and maximum value 
of the lag, and is 


L=2ripV P?+1=r(titte+tm) degrees (5) 


and ris the rate of change in temperature 
in degrees per second, which is positive 
for increasing and negative for decreasing 
temperatures. 

This shows that the lag is a simple func- 
tion of the three time constants of the 
thermometer bulb or other device. 

For a falling temperature, the lag 
equation is the same as equation 4 except 
that r becomes negative and therefore L 
is negative, and the left-hand member 
becomes (@—T,)/L, whereas the right- 
hand member is unchanged. 

Figure 4 gives curves showing the in- 
crease of lag with time, for various values 
of time constants as represented by P, in 
terms of time as a function of the time 
constant ft of the thermometer bulb or 
other device. 

The ranges in values of P illustrated 
are perfectly general, but as applied to a 
resistance-type thermometer they cover 
ambient media from water to still air. 

As a specific example, let us determine 
the temperature lag of the resistance 
thermometer previously referred to, for 
which P=0.780, and #,=3.32 seconds 
when immersed in air moving at a speed 
of 50 miles per hour. Assume, for ex- 
ample, that the air is changing in tem- 
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perature at a rate of five degrees centi- 
grade per minute= (*/12) degree per 
second; then the maximum lag is, from 
equation 5, 


L=2X (1/12) X3.32X-V (0.780)?-+1 
= 0.702 degree centigrade 


The time for the lag to attain any frac- 
tional part of its final value can be deter- 
mined from the curves in Figure 4 de- 
rived from equation 4. By interpolating 
between curves for P=0.5 and P=1, for 
P=0.780, we find that the time for the 
lag to reach, for example 90 per cent of its 
maximum value, is approximately 5.2X 
t)=5.2X3.382=17.3 seconds. 

The same curves may be used for both 
increasing and decreasing temperatures. 


Errors Resulting If Head of Bulb 
and Stem Differ in Temperature, 
Under Static Conditions 


Let us assume that the bulb is screwed 
into the walls of a tank containing a mate- 
rial the temperature of which is to be 
measured and that the tank and there- 
fore the head of the bulb have a tempera- 
ture differing from that of the material. 
We shall determine the temperature at 
any point along the stem and also deter- 
mine the error by computing the average 
deviation of the stem temperature from 
that of the material contained in the tank. 

In Figure 5 the sketch in solid lines 
shows the bulb screwed into the walls of a 
tank. Assume that the head of the bulb 
is at a temperature JT), and that of the 
material in the tank T,. The dotted-line 
portion is referred to later. 

In a previous paper! by the author, 
equations are given for the temperature 
distribution along a conductor connected 
at its ends to terminals, as a function of 
the terminal temperatures, the ambient 
temperature, and the heat generated in 
the conductor. 

If the two terminals have the same 
temperature, then the conductor and its 
terminals are symmetrical with respect 
to the center of the conductor. The stem 
of the thermometer bulb, therefore, can 


Figure 2. Cooling curves for resistance-type- 
thermometer bulb cooled in water, still air, 
and in air moving at 50 miles per hour 


INAIR AT 50 cos 


in 
i 
x 
| NEN PER HOUR 
i 
i 
I 


IN 


8 


Paleptc le eat] is 


LN UI 
LIN 
LLIN 
mall mat 


Ame TT Tt 
CIS SEH SSE 


Comma 
AYE 
NTE 
SCO 


| 
20 3040 6080100 200 400 600 1000 o 


Table I. 


Thermal Constants of a Resistance- 


Type Thermometer 
oe al a BRE Ea 


Medium 
Air 
at 50 
Miles 
Quan- Still Per 
Object tity* Water Air Hour 
Protecting 
Case 
eon yreocas ..0.00151. .0.0306 
S=0.529 4....1.4382 100.0 20.10 
Thermometer 
Element he. ..0.0164..0.0164 ..0.0164 
M =0.0384 Jie B38 wee iy tee 5) 
s=0.916 tm...0.326 .22.5 ete kG 
Derived Vteeria 4.12 ..0.780 
Constants..... lec tO. edly - 3.32 


*h1, he, watts per square centimeter per degree centi- 
grade; #1, ¢2, to, tm, seconds; » m, grams per square 
centimeter; S, s, joules per gram per degree centi- 
grade; P, numeric. 


be considered as one half of a symmetrical 
conductor with terminals, the other half 
being shown in dotted lines in Figure 5. 
From symmetry it is obvious that the two 
halves may be considered as entirely inde- 
pendent, as no heat passes the mid-point of 
the conductor, and exactly similar but 
opposite heat flows and temperature dis- 
tribution occur in the two sides, 

Therefore, the same equations apply to 
the half conductor that would apply if 
the conductor were completed by its 
image shown dotted. 

After modifying the general equation 
given in the paper referred to, to meet the 
conditions of the present problem, as- 
suming that no heat is generated in the 
bulb itself, we have, from the reference 


paper: 


me * int (21—x) \2+ sinh 2 ie 
cp 
inh 2/4/ 
sin \2 


T,—Te 


(6) 


where 


Tn, T;, and 6,=temperatures of the head, of 
the surrounding medium, and of the stem 
at any point x, respectively 

cp=heat loss per second per unit length of 
stem per one degree difference in tempera- 
ture between stem and medium 

a=cross-sectional area of tube 

k=thermal conductivity of tube material 


‘]=the length of the stem 
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Expanding the numerator, simplifying, 
and for ease in handling the equation ex- 
press x in terms of J, letting x= y/, and we 
have 


—y14/2 
0,-T, cosa nye 


(7) 
T,—T 
p ‘ cosh ] cb 
ak 


This gives the temperature at any 
point along the stem above that of the 
surrounding medium relative to the corre- 
sponding elevation in temperature of the 
head of the bulb above the temperature 
of the medium. 

At the end of the tube, where y=1, this 
reduces to 


0 Tome! 


Red By we 8 
; cosh [ \ sy 
ak 


In a resistance-thermometer bulb, for 
example, the constants, experimentally 
determined are as follows: 


The convection rate in watts per centi- 
meter length of tube per one degree centi- 
grade, for still air, cb =0.:0032; for air mov- 
ing at 50 miles per hour cb=0.0612; and 
for water cb=0.218. 


Then, lV cp/ak for still air is 5.45; for air 
moving at 50 miles per hour, 16.75; and 
for water, 44.7; in which a=0.0706 
square centimeter; k=0.2 watt per 
centimeter cube per degree centigrade, 
1=11.4 centimeters, and diameter of — 
tube = 0.635 centimeter. 

If we substitute these constants in 
equation 7, and give y various values 
from 0 to 1, temperature-distribution 
curves for the resistance-type thermome- 
ter are obtained which are shown in Fig- 
ure 6. 

For the more general problem of any 
thermometer having a stem of uniform — 
cross section, a family of curves is shown 
in Figure 7, giving the distribution of tem- 
perature along the stem, for various values 
of 1\/ ch/ak, when the head of the ther- — 
mometer and the medium differ in tem- 
perature. Valuesshould beconsidered posi- 


Figure 3. General cooling curves > for a 
thermometer element in a protecting case in 
terms of its time constants 
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Figure 4. Temperature lag at any time, as a 

fraction of its maximum lag, of a thermometer 

in a protecting case, immersed in a medium 

changing in temperature at a constant rate, in 
terms of its time constants 


tive when the thermometer temperatures 
are higher than that of the medium, and 
negative when they are lower than that 
of the medium. 


Errors 


When the temperature of the head of 
the thermometer bulb differs from that of 
the medium being measured, then an 
error results. If a linear relationship be- 
tween temperature and electrical resist- 


ance of the thermometer element through- 


out its length in the protecting tube is as- 
sumed, then the resistance change at any 
part of the tube is proportional to the 
change in temperature at that part of the 
tube. The total effect or error then, in 
terms of the difference in temperature 
(T,—T,) between the head and the me- 
dium, is the ratio of the average devia- 
tion in temperature throughout the ac- 
tive part of the stem from that of the 
medium, to the maximum temperature 
difference (T,—T,). Equation 7 gives 
the temperature at any point y, relative 
to the maximum temperature difference 
(T,—T,). Assume that the resistance 
element extends from the end of the 
stem to a point y. The average tempera- 
ture then can be computed by dividing 
the area under the curve of temperature 
distribution for the active part of the 
stem by the length of this part of the stem 
as a function of y, that is by (l—y). The 
average value is then 


6y—T. 1 1/ Oy —T. 
[e= -| =—— (7: )ay (9) 
Ty—T¢_laverage 1—y F T,—T, 


Substituting equation 7 for (0,—T,)+ 


(T,—T,) in equation 9 we have 


E tLe | ma 
Tr ev Te laverage 


1 | cost (1—y)l \ ly 


1-y J, (10) 
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Integrating this between the limits 1 
and y and simplifying, we have 


cb 
[ont 2 sn] a—pry | 


Tr—-Te cp \2 
1—y)l@/— cosh l@/— 
ax») ak ioe ak 

(11) 


For example we shall.use this equation 
to determine the errors in the resistance- 
thermometer bulb in which the resistance 
element extends from y=0.17 to y=1, 
and for which constants are already 
given. 

For still air, by substituting 1 /cpb/ak 
= 5.45 in equation 11, we have 


ea x 
Tp = Te average 


sinh [(1—0.17) X5.45] 
(1—0.17 X 5.45) Xcosh 5.45 
=0.0878 
Then the error in degrees is 0.0878X 
(T,—T-). 
For air moving at 50 miles per hour, 
for which | \/cp/ak= 16.75 we find 


=a " 
I= Te javersge 


sinh [(1—0.17) X16.75] 


(1—0.17) X16.75Xcosh 16.75 
=0.00418 


Then the error in degrees is 0.00418X 
(inf 6): 

For water immersion the error is neg- 
ligible as is evident by inspection of Figure 
6. 

Figure 8 shows a family of curves giving 
errors as a fraction of the difference in 
temperature (7,—T,) between the head 
of the bulb and the medium, for any 
length of resistor element relative to the 
length of the stem, assuming that the 
resistor element is placed in the stem be- 
tween its end and the point y. These 
curves are computed from equation 11, 
and to make them general and applicable 
to any length or other dimensional or 


Figure 5. A thermometer 
passing through the wall of a 
tank and attached to it, for the 
purpose of measuring the tem- 
perature of its contents 
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Figure 6. Distribution of temperature along 

a resistance-type-thermometer stem extending 

into a medium, as, for example, a thermometer 

inserted into a tank, when the head of the 

thermometer and the medium differ in tem- 
perature 


Values are given as fractions of this difference 
in temperature 


thermal constants they are given as a 
function of 1 -V/ cp/ak. 


List of Symbols 


M=mass of the part of the protecting case 
which transfers heat from the ther- 
mometer element to the outside me- 
dium, grams 

m=mass of thermometer element, grams 

S=specific heat of material of protecting 
tube, watt-seconds per gram per de- 
gree centigrade 

s =specific heat of material of thermometer 
element, watt-seconds per gram per 
degree centigrade 

fy, =rate of heat exchange of protecting case 
with outside medium, watts per degree 
centigrade : 

h,=rate of heat exchange of thermometer 
element with protecting case, watts per 
degree centigrade 

t; = MS/h=time constant of protecting 
case relative to outside medium, sec- 
onds 

t2=ms/hz=time constant of thermometer 
element relative to protecting case, 
seconds 

tm = ms/h,=mutual time constant, seconds, 

_ the thermometer element would have if 
its exchange of heat with the external 
medium were effected from the surface 
of the protecting case 

t=time, independent variable 
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vity \ Ai eagentt 
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= WV tit seconds 
9=temperature of the thermometer ele- 
ment at any time ¢ 
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Figure 7. Temperature distribution along any thermometer stem of y 10 
uniform cross section, immersed in a medium, when the temperature 0.0 SC 
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given as a function of I\/ cp/ak 


When T) is lower than T., values are negative 


0) =initial temperature of the thermometer 
element and protecting tube 
T=temperature of the protecting case at 
any time? 
T,=temperature of the surrounding me- 
dium when constant 
T,=temperature of the surrounding me- 
dium at any time ft, when changing 
6,=temperature of the thermometer stem 
above that of medium at any distance x 
from head 
/=length of stem of thermometer, centi- 
meters 
a@=cross-sectional area of thermometer 
stem, square centimeters 
k =thermal conductivity in watts per centi- 
meter cube per degree centigrade 
cp =heat convection from tube to surround- 
ing medium per second per unit length 
of tube, watts per degree centigrade 
e=base of natural logarithms 


Appendix | 


This analysis considers the problem of 
the cooling of a body indirectly by a lower 
constant-temperature medium through a 
second body in direct contact with that 
medium, as for example, the cooling of a 
thermometer element contained in a protect- 
ing case. 

With reference to Figure 2, and the list of 
‘symbols, the values M and m refer in gen- 
eral to the masses of the outer and inner 
bodies, respectively, and /, and fy, to the 
rates of heat exchanges per degree difference 
in temperature between the outer body and 
the medium, and the corresponding values 
between the inner and outer bodies, respec- 
tively. When the specific case of a ther- 
mometer element in a protecting case is 
being considered, it is convenient to con- 
sider these values per square centimeter 


~ of contact area between the element and 
protecting tube, since the two are prac- 


tically in direct contact. 

The rate at which heat is dissipated from 
the outer body to the cooling medium is made 
up of the heat loss in this body together 
with that lost by the inner body. In the 
time dt, the outer body drops dT and the 


_ inner body drops dé, in temperature. Then 


in the time dt 
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(T—T,)hidt = —(MSdT +msdé) (12) 


where MSdT and msdé are the heat losses 
per dT and dé for the outer and inner bodies, 
respectively, having masses of M and m, 
and specific heats of S and s, respectively. 
The transmission of heat from the inner 
body to the outer body is equal to that lost 
by the inner body, and, therefore, in time dt, 


(@—T)hodt = —msdé (13) 


The negative signs are used as these are 
decreasing functions with time. 
From equation 13 


Differentiating this equation for T with re- 
spect to time and substituting in equation 
12 for T and dT /dt, we have after collect- 
ing terms 


ee) in MS mee 
Iyhy / dt? hy hy hy J dt 
(@—T,)=0 (14) 
Now MS/h, ms/h, and ms/hy have the di- 
mensions of time, and so for brevity let them 
be t,, te, and #,,, respectively, as the time 
constants of the thermometer. Substitut- 
ing these time constants in equation 14 there 
results, ¥ 
a9 [ty Ate +b do 0-Te_ 
dt? hte dt tite 
Integrating this in the usual manner by 
letting 
(0—T,) =e" (16) 
and substituting this in equation 15 and 


0 (15) 


.solving for v, we have 


r= —atV op? (17) 
where for brevity 

(ot tn) 
a= Se, 

2 ile 
and 
<ecteni 

V tits 
Substituting the value for v in equation 16 
we have 
(@—T,) Sligo eet ee *] 

_ (18) 


Goodwin—Response Time and Lag 


Y=FRACTION OF STEM LENGTH 


Figure 8. Errors of a resistance-type ther- 
mometer, with head at a temperature T;, and 
stem immersed in a medium at temperature T,, 
when the resistance element extends inside 
the stem from its end to any position y, for 


various values of IV cp/ak, given asafunction 
of y 


where a‘and b are constants of integration. 
Let a=(1/2)(A+B), and b=(#/2)(A—B), 
where A and B are constants to be deter- 
mined. Then, substituting these values in 
equation 18, multiplying, and dividing by 


B*— A?, expanding, and collecting terms, 
we have, 


(0—T,) =(a/ B*—A2)e-* X 
A 


sinh Baan sinh" | (19) 


The constants A and B are determined 
by applying the known boundary conditions, 
6=6, and d6/dt=0, at t=0, which, when 
introduced into equation 19, there results, 


sole ae 

O—-T. Yat—p? : 
2 82 

sinh | Wari sing)? ma | (20) — 


Substitute in this equation the values of a 
and @ in terms of f;, fz, and ¢,,, and for brevity 
let 


Aa q°5"- Vee 
SAI Met. Ato? 


where hav. hie and we have 
Ee 2-3 LG) VErt] x 
c 


sinh E (‘) + sah? | (21) 
0 


which is equation 1 used in the descriptive 
part of this paper. ; 


lo 


Appendix I] 


This analysis considers the problem of 
heating of a body indirectly, by a higher con- 
stant-temperature medium through a second 
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body in direct contact with that medium; 
for example, the heating of a thermometer 
element contained in a protecting case. 


Let 


@=temperature of the inner body at any 
time? 

T=temperature of the outer body at any 
time? 

T,=temperature of surrounding medium 
(constant) 

§)=initial temperature of both inner and 
outer bodies at time ¢=0 


Then the heat transmitted to the outside 
body in dt from the medium is (T,—T) hdt. 
This heat increases the temperature of the 
outer body by dT, and the inner body by 
d@. The heat absorbed by these bodies in 
dt is then MSdT+ msdo. 


Therefore 
(T.—T)hidt= MSdT+msd6 


The heat transmitted from the outside 
body to’ the inside body in dt is (T —6)hedt, 
and this equals the heat absorbed by the 
inner body, msdé. 

Therefore 


(T—60)hdt =msdé 


It will be noted that these are the same 
equations as those found in the problem of 
the cooling bodies, namely, equations 12 
and 13, and the same final equation follows: 


a6 ththt+tn dé IOS 
a +( tits ee wars (24) 


This reduces in form, therefore, to the same 
equation as for the cooling problem, namely: 


ood LG) Pt] 


anh [2(t) fay P| (25) 


However, in this heating problem, what we 


(22) 


(23) 


eT; 


_ wish’ to know is the elevation at any time ¢ 


of the temperature @ of the inside body above 


the initial temperature ; that is (0—6), 


and not (@—T,) as given in equation 25. 

Now if we subtract unity from each side 
of this equation, and multiply both sides by 
—1, we get 


oes -1-2-[G@) vr] x 


90 
sinh [(;)+ sin? | (26) 


which is in the form desired for the problem 


of the heating body. 
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- Appendix Ill 


The following analysis considers the time- 


‘temperature lag in a thermometer element 


4 


‘ 


enclosed in a protecting case immersed in a 
medium changing in temperature at a con- 
stant rate. 

Let 7,=temperature of the medium at 
any time ¢, and y =the rate of change it the 
temperature of the medium in degrees per 
second. 

Then the same differential equations apply 
as were found for a constant-temperature 
medium as given in Appendix I except that 
the varying temperature T, is substituted 
for the constant temperature T,, and we 
have from equation 15, Appendix I, 


a0 thine ESS ©. 

di? ty? di to? 
Assume that the thermometer and 

medium both start at the same temperature 


0%; then the temperature of the medium at 
any time ¢ will be 


Ta =O+7rt 


The rate r will be positive for increasing 
temperatures and negative for decreasing 
temperatures. 

Substituting equation 28 in equation 27 
we obtain, 


ss dx x tt _fO 
d@'bdt b b »b 
where for brevity, @/b=(tttattm)/t’*, 
b=t2, and x=(0—6). The integral of an 
equation of the form of equation 29 in gen- 
eral, as given in any book on differential 
equations, is 


1 tle ee! 
me oat Ti f eif(dt— 


pee Ny gee evel wats 
e Mf eM sHdt|tae M+oe ™ (30) 


0 (27) 


(28) 


(29) 


where c, and ¢g are constants to be deter- 
mined, and 


ena fo : 
a ey ——— i TY re - 9 8 | 
a—-Vat—4b  W/ P?4+1—-P 

2b fo 


, a ——— ry 
at at—4b WV PI+14P 


In this problem f(¢)=rt. Substituting the 
thermal constants corresponding to a and b, 
and rt for f(t), we have 


1 ee pa 
(0-6) =——|e ™ the rteTidt — 


2toP 
wk Bhs seat Ee 
e 7 uP rteTidt | ce Titee Te (31) 


Integrating, collecting terms, and substitut- 
ing values of T; and T2, we have 


(0-6) =r [1-26 P21] + 


is oe mol 
ce Titec 12 (32) 


To determine the constants of integration, 
substitute for 7; and JT; and apply the 
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boundary conditions, 9=4 at t=0, and 
do/dt=0 at t=0, and we obtain 


(0-6) =r[¢—2teV P?+1] + 


ser L () ae ] sinh [ (=) “fe 
Ie to 
sinh~} P/F | (33) 


Now instead of the deviation (@—), of the 
temperature of the element at time ¢ from 
the initial temperature as given directly by 
equation 33, we wish to know the lag, that 
is (Ta—0). We know from equation 28 
that T,=O-+rt, and if we substitute in 
equation 33 the value of 6) in terms of JT, 
and r we obtain the lag at any time, 


(T,—0) =2ro WV P?-+1— 
See [ (i) ee ] X sinh | »(%)+ 
P i 
sinh-1 2P-~/ Pi | (34) 


The maximum lag results when ‘= —, and 
by substituting this value in equation 34 and 
evaluating we find that the maximum lag is 


L=[T,—0]max =2rloV P?+1 
=r(h+th+tn) (35) 


Dividing equation 34 through by 
L=2rhhV P2-+1, we have for the equation 
for increasing temperatures, 

hes ——="¢ 


“(wale 
L 2PV P?+1 


sink E (£) +sinh= oP P| (36) 


For decreasing temperatures, 7 becomes 
negative, and the resulting equation is the 
same as equation 36 except that (T.—6)/L 
becomes (@—T,)/L. Since r does not appear 
in the right-hand member of the equations, 
the form of the lag curve with time is inde- 
pendent of the rate of change in temperature. 

The maximum lag can be determined di- 
rectly from the fundamental differential 
equation 27, by remembering that at 
t=, d*0/dt? becomes zero, and d@/dt.be- 
comesr, Then 


hth+t\ _[Ta—9] 
he ir te? max 


Ta—0_ 1 


which results in the same equation 35 as 
found by the complete analysis, namely: 


L=[Tq—90 max =(t+h+tm)r 
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Ferroinductance as a Variable Electric- 


Circuit Element 


J. D. RYDER 


ASSOCIATE AIEE 


T HAS LONG been known that the in- 

ductance of iron-cored coils is not a 
constant, but varies with the value of cur- 
rent flowing, and that this is not a linear 
relation, owing to the shape of the mag- 
netization curve of the iron used. 

Mathematical analysis of such circuits 
leads to differential equations with vari- 
able coefficients. which are very difficult 
to solve. To obtain usable results the 
engineer is accustomed to assume the in- 
ductance of the iron-cored reactor as con- 
stant, thereby obtaining equations with 
constant coefficients and an easy mathe- 
matical solution for the circuit. 

However, for this analysis, in terms of 
complex algebra or differential equations, 
it is assumed that the value of the induc- 
tance is not a function of current or time. 
In many present-day problems this as- 
sumption cannot be supported, and a 
new method of analysis is needed. 


Definitions 


Inductance is the proportionality factor 
between instantaneous induced voltage 
and the rate of change of current in an 
electric circuit. That is 
pote 

di : 

dt 
is the basic defining relation for induct- 
ance. 

If it is remembered that equation 1 is a 
relationship between instantaneous quan- 
tities, then equation 1 becomes funda- 
mental, and other definitions such as sum- 
marized by Raner and Litscher’ become 
only special cases, based on weighted 
averages. 
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Ferroinductance or: ferroreactance are 
terms used to designate the special prop- 
erties of an inductance when iron is in- 
troduced into the magnetic circuit. De- 
fining equation 1 still holds, but the value 
of L, the proportionality factor, is no 
longer a constant but is a function of 2, 
the current. 


Historical Background 


Since the time the first magnetization 
curve was measured for a steel, there 
have been attempts to develop equations 
to fit the curve. These attempts have 
followed mathematical or physical paths, 
but it cannot be said that either method 
has been more successful than the other. 

One of the oldest, and certainly the 
most famous, of the equations developed 
for the purpose is Frélich’s equation: 
B=H/(a + 6H), which gives a satis- 
factory fit up to approximately the knee 
of the curve. Zenneck,*® in his 1920 paper 
on the analysis of magnetic frequency 
doublers, used the relation: B = sH — 
s'H3, It should be noted that this equa- 
tion cannot be used much beyond the 
knee of the magnetization curve because 
of the negative cubic term. Zenneck suc- 
ceeded in obtaining an expression for fer- 
roinductance in terms of current, but 
did not carry the matter further and sub- 
mitted no experimental proof. 

Ryan,’ also for the analysis of mag- 
netic frequency doublers, used the rela- 
tion: B = A tan! ax + Cx, which is 


related to that of Zenneck through the 


arc tangent series. Keller!! also used a 
similar series. Boyajian,'4 in order to 
simplify the mathematics, used an ap- 
proximation to the magnetization curve 
consisting of two straight lines, one for 
use below the knee, the other above. The 
results, while easily obtained, are not too 
satisfactory for a design basis. 

In 1926, Gokhale,® using physical meth- 
ods, developed an exponential form which 
fitted well above saturation, leaving much 
to be desired below the knee. Rader and 
Litscher! have used the equation: H = 
K'B + K’’B, and while this fits the 
magnetization curves fairly well, it is im- 
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possible for use for circuit analysis, as will 
be discussed in the next section. 

One of the earliest applications of the 
nonlinear voltage-current characteristics 
of ferroinductors was made by Zenneck™ 
in 1899. This involved the use of trans- 
formers, with d-c excitation to accentuate 
the nonlinearity, connected to produce 
frequency doubling. The first report of 
the phenomena present in R-L-C series 
circuits, in which the L was ferroinductive, 
was made by Martienssen® in 1910. This 
is the type of circuit which we now call 
ferroresonant. Martienssen, while ob- 
taining what appear to be correct quali- 
tative results, invalidated them for quan- 
titative use by a serious mathematical 
error. 

More recent investigators ordinarily 
have used the graphic approach for a 
solution, but this involves the construc- 
tion of a reactor before the design of the 
other components of the ferroresonant 
circuit can be completed. 


A New Equation for the 
Magnetization Curve 


The shape of the magnetization curve 
is obviously the cause of the phenomena 
observed in ferroinductive circuits. If an 
empirical equation for the magnetization 
curve is to be useful in the analysis of a-c 
circuits it must be a function which be- 
haves in every way exactly as the true 
magnetization curve. Since actual mag- 
netization curves are “odd’’ functions, 
and display equal and opposite effects for 
positive and negative currents, then the 
function chosen to represent the mag- 
netization curve must likewise be an 
“odd”’ function. 

The magnetization curve affects our 
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Figure 1. Variation of the gudermannian 
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Figure 2. Measured and calculated magnetization curves for 


Hipersil steel 


electric circuits indirectly, through the 
phenomena of flux-linkage changes or in- 
ductance. Since inductance is one of our 
basic circuit parameters, it is obvious 
that, for convenience alone, the equation 
chosen to represent the magnetization 
curve should lead to a simple expression 
for inductance. — 

Another equation for inductance, de- 
rived from equation 1 is 


d 
L=Nx10-8 (2) 
di 


Thus, inductance is proportional to the 
slope of the magnetization curve. 

It is then. possible to set up two criteria 
which a function, to be useful as an ap- 
proximation for the magnetization curve 
of a steel, must fulfill: 


1. The function must be “odd.” 


2. The current derivative or slope of the 
function must be mathematically simple. 


By applying this test to the functions 
used by other investigators it is found 
that none of the empirical relationships 
considered are entirely suitable for the 
analysis of a-c.circuits. However, there 
exists a function, the “gudermannian”’,? 


which is suitable for the purpose. This 
function is defined as 
gd x=tan~! sinh x (3) 


It is an odd function and has as its deriva- 
tive sech x, which is of simple form. It 
therefore fulfills, in satisfactory fashion, 
the two requirements laid down, provid- 
ing a fit to the curves for various steels 
can be obtained. Values of gd x are tab- 
ulated in the Smithsonian Tables? A 
curve gd x is presented in Figure 1, and it 
can be seen that the variation is in the 
right direction for the fitting of a mag- 
netization curve. 

The empirical form adopted for the 
magnetization curve was 


aNi cNi 
Brathay! aay @) 
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This equation, being a transcendental 
relation, does not lend itself to direct solu- 
tion for the values of the constants B,, a, 
and c. The method developed was that 
of a trial process for a, after which B, 
and c were obtained directly, as outlined 
in Appendix ITT. 


Results for Typical Steels 


As an indication of the ability of equa- 
tion 4 to approximate the magnetization 
curves for various commercial steels, two 
types were selected. The first, Hipersil, 
was selected as typical of modern trans- 
former steel. As no magnetization curves 
were obtainable from the manufacturer, 
the curve was measured in the laboratory. 
The second steel was Nicaloi (Allegheny 
4750), a high permeability alloy. The 
curve was available from manufacturer’s 
data. 

Using English units, the equations de- 
termined for these steels were 


Hipersil: 

B = 65,000,4( 0.273" ) + 180" (5) 
Nicaloi: 

B= 36,600, 4.587" ) +0,200%4 (6) 


Curves of equation 5 compared with the 
measured data are shown in Figure 2, 
with excellent agreement indicated. 
Equally good results have been secured 


Figure 3. Circuit used for the measurement of 
: ferroinductance 
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Figure 4. Measured and calculated induct- 
ance of a 156-turn reactor on Hipersil core 


for many steels other than the two de- 
scribed. 


Applications of the Equation 


In most modern magnetic steels the 
hysteresis-loop area has been much re- 
duced and has been here neglected to 
simplify the mathematics. It was as- 
sumed that magnetization of the steel 
throughout an a-c cycle took place along 
the normal magnetization curve, rather 
than around the hysteresis loop. Leakage 
flux also has been neglected as it was 
small for the core structures used. 

Normal permeability is the term ob- 
tained from the relation 


B 
p= Ke (7) 


and setting K = 0.3125 for English units, 


normal permeability can be calculated 
from equation 4 giving 


Sere 


1 


w=0.38125 


Equation 8 has been used to calculate the 


permeability of Hipersil and other steels 
with accurate results. 

Differential permeability is defined as 
the slope of the magnetization curve, or 
the permeability to small changes of mag- 
netizing force. That is 


dB 
Ma=K dH (9) 


and, setting K = 0.3125 for English units, 


14-0129 By sech e+e | 


Calculations for various steels using equa- 
tion 10 yield results which closely check 


(10) 
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values of permeability obtained from the 
slopes of the magnetization curves. 
Since 


aNt cANi 
¢—ABygd 4+ : (11) 
dd aAB,N aNi cAN 
Beg Ie Up 
Then, from equation 2 
_aAB,,N? aNi cA N? 
109 Sapa 10H (13) 


Equation 13 gives the value, in henrys of 
the inductance of a ferroinductor with 
any value of current flowing. The first 
term on the right is the contribution re- 
sulting from the presence of iron, the sec- 
ond term is the value if the iron is re- 
moved, leaving an air core. 

As the maximum value of sech x is unity 
and occurs for x zero, then the inductance 
is maximum at zero current. Actually, 
because of the small reverse curvature of 
the magnetization curve near zero, the 
measured inductance maximum occurs, 
not at, but near zero. By noting that 
sech © equals zero, the value of in- 
ductance is seen never less than cA N2/l. 
High values of current can reduce the ef- 
fectiveness of the iron but never can re- 
duce the inductance below that of the 
coil on an air core. 

Equation 13 is a simple expression for 
the calculation of ferroinductance. By 
its use an inductor can be designed in ad- 
vance of construction, to have a given in- 
ductance at a given value of current, the 
only data required being the constants 
By, a, and ¢ of the steel. 


Measurement of Ferroinductance 


Ordinary a-c bridge methods of in- 
ductance measurement are not satis- 
factory. The voltage applied to the in- 
ductor varies as the bridge is balanced, 
changing the inductance, and a sliding 
balance results. If balance is obtained, 
knowledge of the actual current flowing 
through the reactor is not obtainable, and 
the value of inductance means nothing. 

A bridge especially designed for this,‘ 
and including means for measuring al- 


_ ternating and direct currents still over-. 


looks a fundamental point. It may give 
information on the inductance under the 


particular operating conditions, but it 


gives no clue to a means for determining 
the inductance under different conditions. 

It has been necessary to develop a new 
method by which ferroinductance can be 
measured at any value of current or am- 
pere turns. This new method is based on 
the relation 


Z 2g apm tet = eT (14) 


_ From equation 14, it can be seen that an 


a4 mductanice-tan be ‘measured at any value 


of steady current, if a differential change 
in current be made, the resulting differ- 
ential change in flux measured, and the 
ratio taken and multiplied by the number 
of turns in the coil. 

The method is based on the fact that, 
after demagnetization, an iron core is 
magnetized along the normal curve, and 
if the differential change is made additive, 
then the iron is taken further along the 
normal curve and the effect*of a hystere- 
sis loop is eliminated. 

For accurate measurement of the dif- 
ferential current change it is most con- 
venient to use a three-coil arrangement, 
as shown in Figure 3. The steady d-c 
ampere turns are applied in Nj, the differ- 


. ential-current change is made by closing 


the circuit of N2 whose inductance is to 
be measured, and JN; is for the ballistic 
measurement of the flux change with the 
galvanometer. The ampere turns of the 
first and second coils must be connected 
to aid. 

The size of the differential change can 
be made too small for the sensitivity of 
the apparatus used. Values of the change 
used were as low as 0.001-ampere turns 
per inch, but it was found that values of 
0.1- to 0.5-ampere turns per inch gave 
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Figure 5. Wattage iron loss as a function of 
effective current 
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Fi igure 6. Effective resistance of a 156-turn 
reactor on Hipersil core 
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satisfactory results. The values of in- 
ductance so obtained were checked inde- 
pendently by calculations made from val- 
ues of permeability obtained at the oper- 
ating points. Measurements made with 
the Hipersil core having an area of 1.87 
square inches, length of 13.2 inches, and a 
coil of 156 turns, are shown in Figure 4, 
compared with the dashed-line curve se- 
cured by computation from equation 13. 

Close agreement between measured and 
computed values is secured over most of 
the range, resulting in a check of the 
theory and measuring method developed. 


Value of Inductance for Applied Sine 
Electromotive Force 


Consider a ferroreactor with sinusoidal 
electromotive force applied, neglecting 
the resistance of the circuit. As shown in 
Appendix I, an expression for the in- 
ductance as a function of time can be ob- 
tained 


AB,N? 
i ORT [7o(G)-+272(G) cos 2ut+ 
2T4(G) cos 4wt-+2J6(G) cos 6wt+..... ] (15) 
where 
108 
io Em10' (16) 
waB,N 


This shows that, for a sine voltage, the 
inductance of a ferroinductor consists of a 
constant term plus sinusoidally varying 
terms in even harmonics of the applied 
frequency. This provides an explana- 
tion of the source of the harmonic com- 
ponents appearing in the current that 
flows through a ferroreactor. 

Likewise, an expression for, the current © 
flowing can be secured in terms of the 
harmonic components (Appendix IT) 
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Equation 17 shows that the frequencies 
are odd harmonics, and alternate in alge- 
braic sign, as is well known for this case. 
In Table I is presented an analysis, made 
with a General Radio Company wave an- 
alyzer, of an input-current wave form for 
sine yoltage. For comparison also pre- 
sented is an analysis using equation 17. 

One important source of error is rep- 
resented. Equation 17 was developed 
under an assumption of negligible circuit _ 
resistance. The effective resistance of | 
the Hipersil core reactor was not negli- 
gible, however, and consequently the 
currents flowing were somewhat less than 
had been predicted. 
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Impedance of a Circuit 
Containing a Ferroinductor 


For a series circuit of resistance, ferro- 
inductance, and capacity, the circuit- 
differential equation is 


Ni di idt 
AP SLE Ve» (18) 
1 dt 
where 
?4 
¥: aAB,N (19) 
1081 


This so far has been insoluble for sinu- 
soidal electromotive force, but if 4 = Im 
sin wt is assumed, then the equation be- 
comes 


RI m, sin wi+ 
aNImsin wt 1 
In\ wD poche: San OMe o 7 cos wt=e 


we 
(20) 


For equation 20 to be fulfilled, e must be 
nonsinusoidal. The equation is so similar 
in form to the conventional circuit equa- 
tion 
1 
Rr+il( al) (21) 
Qe 

involving rms values of current and volt- 
age, that it should be possible in some 
manner to bridge the gap between the in- 
stantaneous quantities of equation 20 and 
the rms quantities of equation 21. 

Inductance as determined by the ferro- 
inductance equation 13 is an instanta- 
neous quantity, dependent on the instan- 
taneous value of a varying current. Over 
a cycle of current variation the inductance 
changes through a considerable range of 
values. Its: effect in the circuit will be 
some sort of a weighted average of the 
values taken during the current cycle, or 
a weighted function of the current or am- 
pere turns. 

The magnitude of the weighting factor 
will depend on the manner in which the in- 
ductance varies with the current and this 
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Figure 7. Measured and calculated reactance 
of the 156-turn reactor on Hipersil core 
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is fixed by the magnetization curve. The 
factor in the inductance relation which 
reflects the shape of the magnetization 
curve is sech (aNi/l). Consequently, if 
a weighting factor is present, it will ap- 
pear in the angle of the hyperbolic secant 
as some factor k. The effective value of 
inductance L, then may be written as 


kaNI 


oD Seek (22) 
where J is the rms value of current. Based 
on this argument and the similarity be- 
tween equations 20 and 21 it seems rea- 
sonable to assume 


E 


l= 
AN? 
qer(o sech font _1) 
l we 


where E and J are effective values and k 
is the weighting factor for a particular 
steel. 

The impedance of a ferroinductive cir- 
cuit then becomes 


2 
Z= re4( wp sech PeeS +) 
' 1 we 


for a particular value of current J. The 
resistance R includes the effective re- 
sistance of the reactor as well as other 
circuit resistance. Since equation 23 is 
an assumption, experimental verification 
must be obtained; the proof is supplied 
in these pages. 


(23) 


(24) 


Determination of 
Effective Resistance 


_ It is customary to calculate the effec- 
tive resistance R, by definition 


(25) 


where W is the wattage dissipated in the 
reactor iron and J the effective value of 
the fundamental component of current. 
When a ferroinductor is in series with 
another impedance across a sinusoidal 


Ryder—Ferroinductance as a Variable Circuit Element 


Figure 8. Voltage across a ferroresonant cir- 
cuit, for various values of circuit resistance 
exclusive of the effective resistance 


A—Measured 
B—Calculated 


voltage, neither the current nor the volt- 
age of the ferroinductor is sinusoidal, in 
general. Therefore the flux is not sinus- 
oidal but is made up of harmonic fre- 
quencies. The total iron losses vary as 
some power of the frequency and are also 
a function of peak flux density. For con- 
venience of measurement, the rms. cur- 
rent, voltage, and power most readily are 
obtained. Consequently the relation be- 
tween rms current, or ampere turns, and 
watts loss for such distorted wave forms 
would be interesting as it would reflect, 
not only the variation of iron losses with 
wave form, but also the variation of the 
losses with peak flux. 

Data have been taken showing that the 
variation of losses with wave form is as 
much a function of rms current as of peak 
flux density. Evidently the change of the 
losses with frequency is somewhat com- 
pensated for by the accompanying change 
in peak factor of the current. 

Figure 5 shows the losses of a reactor on 
Hipersil steel for various wave forms in- 
duced by the use of resistance in series 
with the reactor. The curves of Figure 5 
can be approximated to a fair degree of 
accuracy by a power series of the form 


NI NI\? 
W/lb= Ky, “1 x(™) + ae ey (26) 
which then gives as an expression for R,, 
by use of equation 25, the following equa- 
tion, in which J is in rms amperes 


(27) 


An experimental check of equation 27 
was obtained by measuring the iron losses 
of the 156-turn coil on Hipersil core, com- 
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puting the effective resistance by equa- 
tion 25 and plotting as the solid curve of 
Figure 6. The dashed curve was com- 
puted from equation 27 using the weight 
of 6.9 pounds and K; = 0.213 and Ke = 
—0.00784. The accuracy is good except 
over the unimportant low portion of the 
current values. 


Calculation of Reactance 


A discussion of reactance and of the 
design of units to give a specified value 
really hinges on the proof of existence of 
the weighting factor k of equation 22. 
The reactance then would be 


kaNI (28) 


X =wD sech 


The reactance can be obtained by meas- 
urement of impedance and effective re- 
sistance and using 
thom) 8e (29) 
Such measurements were made on the 
reactor previously used and are plotted 
as the solid curve of Figure 7. 

From Figure 7, k now can be calculated. 
Arbitrarily choose a point well out on the 
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Fifth harmonic 
(percent)..... eee Oat sre ae ers 
Seventh har- 
monic (per ‘ 
CEME) epee «=i aiees Oc Oke. Siler, 22.0 


cuit resistance. 


reactance curve, say at ten ampere turns 
per inch, at which point the reactance is 
112 ohms. If a value k exists, then this 
point, and all other values on the curve, 
should be predicted by equation 28. 
Solving for k, a value of k = 0.5, is ob- 
tained. By using this value of k the cal- 
culated curve of Figure 7 was obtained, 
showing good agreement with the meas- 
ured value. Similar good agreement has 
been obtained using other reactors and a 
wide range of steels, with values of k rang- 
ing from 0.3 to 0.5. 

The experimental evidence definitely 
seems to establish that a factor k does 
exist as a weighting factor. It fully sub- 
stantiates the assumptions of equation 
28, and permits its use to calculate the re- 
actance of a coil for any value of current, 
or to design a coil to have a particular 
reactance at a definite effective current 
value. 


The Ferroresonant Circuit 


Referring to equation 23, the possi- 
bility exists that the second term under 
the radical may go to zero at some value 
of J. At this point the denominator is 
small and the current rises. A circuit, 
including a ferroreactor, in which this 
happens is said to be ferroresonant, be- 
cause of the similarity of the properties 
to frequency resonance. 

One of the important circuit values, 
useful either for design or operation, is 
the voltage at which the resonant current 
jump takes place. Since the usual defint- 
tion places the reactive terms equal to 
zero, then at resonance | 


wD sech i = (30) 
and then 

i 
Tp =—— cosha* w*DC (31) 


kaN 


where J, is the current at resonance. It 
is not readily possible to measure this 
current, since before it is reached the cur- 
rent rises to a higher value. The voltage 
is, however, practically constant through 
this range and can be measured as Eg, 
the resonant voltage. 

At resonance, as the reactance is zero, 
the total voltage appears across the cir- 
Therefore 
Epa cosh~! w2DC (32) 
where R is made up of the circuit resist- 
ance plus the effective resistance of the 
reactor, or 


R=R.+R 


Reversing equation 32 a value for the 


(33) 


capacity required for resonance at a par- 


ticular voltage Ep is 


il kaNE 
C=— cos ieee 


farads (34) 


w?D : 
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Table II presents data taken to check 
equation 32. 

Assume a series circuit using the re- 
actor with Hipersil core and 156 turns, a 
capacity C of 25 microfarads, and ex- 
ternal resistance R, variable. Figure 8 is 
a plot of the voltage across the circuit, 
computed from equation 23, for various 
values of external circuit resistance Ry. 
The dashed portions of the curves having a 
negative slope cannot be realized experi- 
mentally, as the current jumps directly 
across. Apparently this jump starts at 
the point at which the negative rate of 
change of impedance exceeds the rate of 
change of current. 

Measured values of voltage for various 
values of R, also are plotted in Figure 8. 
There is a very marked agreement, es- 
pecially in values of voltage at which the 
current jumps occur, between the meas- 
ured and totally calculated values. 

For values of small R,, the jump does 
not occur at the same value of voltage for 
decreasing as for increasing voltage. The 
current in this region is multivalued. The 
amount of resistance which just permits 
resonance without multivalued current, 
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Figure 10. Value of the function 


2 cosh ka —ka sinh ke 
cosh? ka 


AMPERES ~ RMS 


Figure 11. Variation of voltage across a pure 
reactance, measured and calculated 
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or the value producing the curve with a 
single point having a tangent of zero 
slope, is called the critical resistance R, of 
the circuit. For many control applica- 
tions the possibility of two current values 
is undesirable, so that the value of the 
critical resistance is of importance. 

The value of R, can be determined (see 
Appendix II). Briefly, the voltage can 
be expressed as 


kaNI 1\3 
E -1ye+(o0 fee = -+) (35) 
l we 
and the point of zero slope will have 
aE 
—=0 36 
aI (36) 


Before taking the derivative it is neces- 
sary to write R as a function of J, as R in- 
cludes the effective resistance. From 
equation 27 the effective resistance may 
be written, and adding R, and the copper 
resistance of the reactor, with w signify- 
ing the weight in pounds, 


K,Nw K.N*w 


R=Re+Ret——+—, (37) 


Taking the three constant terms as R,, 
then the voltage equation 35 becomes 


E=IX 
Nw \? i oinge ai NZ 
Ree + wD sech yeas! 
2 Le i 1 we 
(38) 


After letting kaNI/l = ka and apply- 
ing equation 36, the equation reduces to 
a quadratic in the circuit reactance which 
has a solution, 


Dke sinh 
ee ee tee 
we: 2cosh? ka 


wDka sinh ka\? | Ki Nw 
ee | AR, Re 
\( cosh? ke ) a ae ) 


2 


(39) 


‘This indicates, in general, two values of 
the reactance for which dE/dI = 0, un- 
less the radical is zero. The curves of 
Figure 8 support this. For large Ry the 
value of the radical is imaginary, hence 
no real values of reactance for dE/dI = 0 
are possible. This is illustrated by the 
curves for 98- and 68-ohms resistance. 

However, for the curve with only one 
point having dE/dI = 0, the value of the 
radical must be zero. Applying. this 
condition leads to two equations, from 
one of which may be obtained 


wD sech pote ee 
. ww WRo 


Equation 40 states that at the point . 


of inflection for dE/dI = 0, the circuit 
reactance is practically equal to the cir- 
cuit resistance. 

~ By the use of curves for the functions of 
ka involved, the value of the current at 
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Table Il. Resonant Voltage in a Ferroresonant 


Circuit 
ER ER 
Total R, Measured, Computed, 
C, uf Ohms Volts Volts 


the inflection point may be found, and 
with further use of Figures 9 and 10 val- 
ues may be obtained for substitution in 


wD ka sinh ka 


41) 
2 cosh? ke ( 


o= 


and 
K,N*w 


5 (42) 


Re = Ro —R tan 
Values larger than this must be placed in 
the circuit to insure single-valued current 
at all times. 

The value of R; has been calculated for 
the circuit used for the curves of Figure 
8. This results in a value of 52 ohms, 
which, by consideration of both meas- 
ured and computed curves, is a satis- 
factory check. 


Variation of Ferroreactive 
Voltage Drop 


2 
As mentioned, it has been customary 
for many years to assume ferroinductance 
a circuit constant, and the ferroreactive- 
voltage drop in a-c circuits as propor- 
tional to the current, as in 


Em sin (wt+0) =oLIp sin wt (43) 


This is an obvious impossibility if L is 
considered a variable with either time or 
current, as actually occurs in an a-c cir- 
cuit. It is now possible to determine just 
why and to what extent the assumption 
can be supported. 


If 
X =D sech ka (44) 


then the ferroreactive voltage drop may 
be written as 


E, _oA B,N ka 
108k 


cosh ka (45) 

The ferroreactive voltage drop is seen 
to be a function of ka/cosh ka. This 
function is plotted against ka in Figure 9. 


SINH X 


Figure 12. Property of the gudermannian 
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It is seen that it has an approximately . 


linear rise to a maximum, followed by a 
gradual fall. If an inductor is operated 
on the rising portion, then the reactive 
voltage drop would be an almost linear 
function of the current, as assumed. 

The reactive voltage drop for the re- 
actor previously used was obtained from 
measurements of impedance and effec- 
tive resistance drops, and plotted as the 
solid line in Figure 11. The voltage drop 
also was calculated from equation 45 by 
use of the curve of Figure 9 and is plotted 
as the dashed curve of Figure 11. Good 
agreement with theory is secured over 
most of the range. As the measurement 
of X, independent of R,, is impossible, a 
better check is difficult. 

Over most of the range, up to about 
five ampere turns per inch, the assump- 
tion of linear reactive drop is not difficult 
to support. This means that the linear 
region extends almost to the point at 
which the peak of the ampere-turns wave 
reaches the knee of the magnetization 
curve (see Figure 2). 


Summary 


This investigation was instituted in an 
attempt to develop methods which would 
make ferroinductive circuits as sus- 
ceptible to analysis as circuits with con- 
stant parameters. 

The work has led to the development 
of an accurate empirical equation for the 
magnetization curve of a steel. This 
equation has been applied in predicting 
the inductance of a ferroinductor at any 
value of current, and methods have been 
developed for measuring this inductance, 
which check the theory closely. 

The equation for ferroinductance has 
been generalized into a relation for ef- 
fective ferroreactance by an assumption, 
and experimental evidence has been ob- 


tained to support the validity of the as- ~ 


sumption. Methods also were developed 
for calculating the effective resistance of 
an iron-cored reactor. Application then 
was made of both of these developments 
in calculating the impedance of circuits 
containing ferroreactors, and the results 
were again well supported by experiment. 

Another application of the theory was 


made to the ferroresonant circuit, and — 


simple relations for resonant voltage, 
capacity required, and the value of the 
critical resistance secured. All were 
checked satisfactorily by experiment. 
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Value of Inductance for Applied Sine 
Electromotive Force 


With e=E,, cos wt and neglecting the 
resistance of the circuit, an equation for the 
flux present in the iron can be written 


(46) 
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By the expression for the magnetization 
curve 


aN1 


b= AB gd oO 


l 


(47) 
and ordinarily the last term on the right can 
be neglected as very small. Then 


aes cy 
l ~ ABy 


(48) 


F rom the properties of the gudermannian? 
a right triangle can be drawn (Figure 12) 
where 


aNt @ 
LigsAB, fed 
and from which it can be seen that 
sech ene 50 
ch —=c 
Dyaen CAB he 
Substituting equation 46 into 50 
aes aNi et Ose : 
COS 
I apse 
= cos (G sin wt) (51) 


Then equation 18 for ferroinductance, 
neglecting the term containing c as small, 
becomes 


_@AB,N? (G Sin wt) (52) 
TO cos (G sin w 
Now it is known that 
cos (x sin r) = Jo(x) +2Je(x) cos 27+ 
2Ji(x) cos 4r+ ..... (53) 


where Jo(x), J2(x), Ji(x) ..... are Bessel- 
function coefficients which can be evaluated 
from tables of the function. Consequently 
the expression for inductance becomes 
aAB,N? 
10%] 
2J:(G) cos 4at+2Je(G) cos 6wi+..... ] 


ic [Jo(G)+2J2(G) cos 2wt+ 


Current Through a Ferroinductor, Sine 
Electromotive Force Applied . 


From equations 46 and 48 the following 
can be written 


| ed = ee sin wt (55) 
and then 
spel ype |. Sal 
Sen (2 Die at) 
(56) 


= S eae sin wt) 


The series expression for the antiguder- — 


mannian is 
61y7 
e+ote 040 * Binee 


and equation 56 becomes 


gd 'w=pt+ 


bap rae a, 
pat G siralha sin? wt 
aly 


SBS S sinbatt | (58) 


By substituting for the trigonometric rela- 
tions their identities in terms of multiple 
angles and collecting terms, 


iit 5G 2,135G? 
aG AEbe 2,135G? 


192 ' 322,000 ,000 


G3 5G 1,280G? 
sin wi — — +— Tan sh ehtie 6 x 
24 ' 384 ' 322,000 
Gs 427G 
sin 3wt-+| —-+——_-+ ..... i _ 
* wit ( 322,000 ) sin ae 
ele sae : 
302,000 °°" Sime( eb} waar ss (59) 
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The Value of the Critical Resistance Rx 


The circuit voltage, after inserting the 
resistance as a function of current, and set- 
ting ka NI/l equal to ka, is 


2 
E -1y{(m +2") +(o sech a+) 
@ 


(60) 


Then applying the condition of equation 36 
and collecting terms 


1 2 
wD sech Ra —— } — 
we 


ka sinh ka 1 
D—§—| wD sech ka—— }+ 
cosh? ka we 


2 2 
(x+%™*) = (eae Ae ) (61) 


pute 
ae 


I? PIs 


The last two terms reduce to 


R( Re Me (62) 


and equation 61 is seen to be a quadratic in 
the net circuit reactance and has a solution, 


1 
(. sech ka-+) = 
wc 


wDka sinh ko | 
cosh? ka 


wDka pag a 2 Ki Nw 
ni cosh? ka y- {Ret UI ) 
2 (63) 
For the curve for the critical resistance 


only one value of reactance is possible, so 
that the radical is zero, leading to 


Kk, Nw 


= Rosle 


owDka sinh ka 


cosh? ka IRs (64) 
1 wD ka sinh ka 
SS 65 
ie EL 06..-2 ~cosh* ka (65) 
Substitute eeniation 64 into 65: 
KiNw Ww 
aa 66 
wD sech ka sere Rt TTR, (66) 


Return to equation 65 and rewrite it as 


Ba 2 cosh ka—ka sinh ka (67) 
mice cosh? ka 


The left-hand side of this equation is cal- 
culable from circuit constants. Figure 10 
is a plot of the right-hand side against values 


of ka. By computing the left side of equa- 
tion 67, entering the curve at the value ob- 
tained for the right side, the value of ka 
may be read from the curve. 

The value of J may be secured from 


(Ra)l 


i 68 
aNk se) 
and from equation 64 may be written 
K,NwR wDka sinh ka \? 

Ppa eee eee EY (ese eer ee SS 69) ° 
ees LI ( 2 cosh? ka ) pag 82) 
and this may be solved as a quadratic, 

Ki Nw 
eet 
J KiNw\? | (wDke sinh zy 
We cosh? ka (70) 
2 

Figure 9 is a plot of the function, 
ka sinh ka 

cosh? ka (71) 


against ka. From the value of ka obtained 
in the foregoing, and the value of J from 
equation 68, the value of Ry may be deter- 
mined. However, for most practical condi- 
tions, equation 70 reduces to 


wD ka sinh ka 


=— —__— 2 
2 cosh? ka 72) 
and then R, is found from 
K.N? 
Riz Ree (73) 


[2 
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Determination of the Constants Bn,a,andc: 


Select three points on the magnetization 
curve having co-ordinates x1, yi; %2, Ye; 
Xs, yz; where x is on the H axis and y on the 
B axis. Point x1, 91, should be selected ap- - 
proximately at the point at which a line 
drawn from the origin with the greatest pos- 
sible slope is tangent to the magnetization 
curve. Point x2, yz should be chosen near ~ 
or above the middle of the curved portion 
of the knee, and point x3, ys, at a position 
above the knee and having x; equal to 2x2 or 
greater. 

It is possible, if xs or x2 are chosen too low, 
to have c become a negative number and 
this is undesirable as the curve will then 
drop at high values. 


Then 
yn = Bygdax,+ cx (74) 
yo= Bygdax,+cx2 (75) 
3 = B nZdaxs+ Cxs (76) 


Multiply equation 74 by x2, equation 75 
by x, and after subtracting 


(77) 


Likewise multiply equation 75 by x; and 
equation 76 by x2 and subtract 


X21 — X12 = By[xogdax, —xigdaxe] 


X32 — X23 = Bul xsgdax2 —xegdaxs] (78) 
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Heat-Flow Effects in a Resistance- 


Type Thermometer 


N. P. MILLAR 


ASSOCIATE AIEE 


T IS a well-established fact that temper- 
ature can be measured by observing 
the change in resistance of a given mate- 
rial whose resistivity is a function of tem- 
perature. This principle of temperature 
detection is utilized in present-day re- 
sistance-type thermometers which com- 
monly are called “aircraft thermometer 
bulbs.”” When used in conjunction with 
the proper indicating instrument, the 
resistance-type thermometer provides an 
accurate system for furnishing informa- 
tion to the instrument panel on tempera- 
tures at remote points in an aircraft. 
This information is transmitted in the 
form of changes in electric current that 
are caused by variations in the electrical 
resistance of the temperature-sensitive 
element. 

There are several kinds of resistance- 
type thermometers in use today. Prob- 
ably the most common is the two-lead 
type used in aircraft for the measurement 
of engine-oil, engine-coolant, cabin-air, 
and free-air temperature. Figure 1 shows 
this type of thermometer. For these ap- 


Paper 45-10, recommended by the AIEE com- 
mittee on instruments and measurements for pub- 
lication in AIEE Transactions. Manuscript sub- 
mitted October 27, 1944; made available for print- 
ing May 11, 1945. 


N. P. Mrvvar is design engineer, West Lynn Works, 
General Electric Company, Lynn, Mass. 


plications, the specified accuracy require- 
ment is a resistance change of approxi- 
mately 0.5 per cent throughout the tem- 
perature range of —70 degrees centigrade 
to +150 degrees centigrade. Although 
this accuracy generally is tabulated for 
several conditions of temperature in 
terms of resistance limits, it will be con- 
venient to use per-cent accuracy or per- 
cent error, as the case may be, in terms of 
temperature change in degrees centigrade 
for the purpose of the discussion in this 
paper. 

In addition to the accuracy require- 
ment of temperature detection, this type 
of thermometer must have a fast response 
to temperature change. For a change of 
temperature from 100 degrees centigrade 
to 0 degrees centigrade in water, the 
thermometer must reach the 10 degree- 
centigrade point within eight seconds. 

Since specifications for the resistance- 
type thermometer for-aircraft applications 
are necessarily severe with respect to ac- 
curacy and response, a theoretical inves- 
tigation of some of the factors affecting 
the accuracy and time of response will 
be of value from the viewpoint of both 
test and design. Although there are sev- 
eral factors involved in an analysis of 
this sort, the discussion in this paper 
will be limited to the effects of variations 


in the speed of agitation of the medium 
being measured on: 


1. The accuracy of temperature detection 
for several conditions of ambient tempera- 
ture affecting the screw-base head. 


2. The response of the temperature-sensi- 
tive element independent of head effects. 


An analysis of the first condition will 
be useful from a test and calibration 
viewpoint as it is proposed to show how 
errors may be introduced when ambient- 
temperature conditions are not controlled 
adequately. In the second condition, the 
factors affecting response as analyzed 
will be of interest primarily to the de- 
signer. The equations derived for re- 
sponse aside from emphasizing the im- 
portance of controlled conditions in test 
should serve as an example of a method of 
attack in the solution of response prob- 
lems. 

The fundamental equations for heat 
conduction between bulb and head and 
resulting temperature gradient expres- 


Figure 1. Typical resistance-type temperature 
transmitter 


sions are completely general and may be 
used where two cylinders or bars of dif- 
ferent cross sections are joined. The 
response expression is sufficiently general 
in character that it can be applied with 
slight modifications to other makes of re- 


Sg a a a ES ee ee eS a 


Divide equation 77 by equation 78 and after 
clearing 


(x31 — Xrys) edax2 = (X21 — Hye) gdax3+ 


(xs¥2—%X2ys)gdax, (79) 


The coefficients of each term in equation 79 
can be evaluated and the equation divided 
by the coefficient of the left-hand term, 
giving 


gdax, = Figdax;+ Fogdaxy (80) 


Values of a then are assumed and inserted 
in equation 80 until the equation is satis- 
fied, thereby fixing a for the steel used. 
After determining a, B, may be found from 
either equation 77 or 78, and c from either 
equation 74, 75, or 76. 


Special Symbols 


a=constant of a steel 
A=area 
B,,=constant of a steel 
c¢=constant of a steel 
D=aAB,,N?2/108] 
G=E,108/aB,N 
k =weighting constant 
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K,=iron-loss constant 
K,=iron-loss constant 
R,=effective resistance 
R,=critical resistance 
R,=constant circuit resistance 
R,=reactor copper resistance 
R,=resistance outside reactor 
w=weight 
W =watts 
a=ani/lor anI/l 
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sistance-type thermometers whose con- 
struction is similar to that shown in 
Figures 1 and 2. 

The specific problems to which these 
equations are applied in this paper were 
encountered primarily in the develop- 
ment of the bulb which is illustrated. 
The constants used in the calculations 
refer to developmental samples of this 
type of temperature bulb. 


Longitudinal Temperature 
Distribution of Bulb and 
Average Temperature Error 


CONDITION WHERE BASE TEMPERATURE 
Is CONSTANT 


In the application of the bulb to a 
normal measurement problem, the heat 
flow between the threads of the screw- 
base head and the wall into which the 
head is screwed is likely to be large enough 
to maintain the head at substantially 
the temperature of the wall. For this 
condition the temperature gradients that 
exist in the outer portion of the head be- 
come unimportant with respect to the 
temperature distribution in the bulb. 
In order that the temperature distribu- 
tion of the bulb for the above condition 
may be obtained, it becomes necessary 
to make the following assumptions: 


1. The temperature of the head is constant. 


2. The bulb cross-sectional area is constant 
throughout its length. 


3. The temperature at any one cross sec- 
tion of the bulb is constant, and the flow of 
heat through the lead supports inside the 
bulb is negligible. 


4. At steady state the temperature distri- 
bution in the element inside the bulb is 
essentially that of the bulb. 


5. The heat lost from the tip can be ac- 
counted for by imagining the length of the 
bulb extended to such a distance that the 
additional surface area is equivalent to 
the area of the tip. For this condition no 
heat is lost from the end; hence, the tem- 
perature gradient becomes zero. 


6. The agitated medium (gas or liquid) 
flows uniformly at right angles to the bulb. 


4. Bulb 

2. Head 3 
3. Insulation 

4, Element 

5. Element support leads 


Assumption 5 can be explained best by 
referring to Figure 3, which is a sche- 
matic sketch of the bulb and extended 
length and a representative temperature- 
distribution curve. From Figure 3 


< 


(refer to Appendix I for list of symbols 
employed) let 


6= T,+6, (1) 
In the foregoing expression 0, is posi- 
tive if 4 is a rise above T; and negative 
if 0) is a drop from T). 
From assumption 5 


or =nDod 


or solving for 6 


5=Do/4 _ (2) 
Therefore, the effective bulb length is 
L'=L+D)/4 (3) 


As the solution of this type of heat- 
conduction problem has been worked out 
completely elsewhere,1 the derivation 
will not be repeated here. The tempera- 
ture distribution along the bulb becomes 


cosh (x—L’)N 
= 4 
<a etoosts LN (4) 
If we assume that in equation 1 6, is 
positive, as shown in Figure 3, the tem- 
perature rise then becomes 


cosh (x —L’)N 


6=T,+46 
1% cosh L’N (5) 


Once the expression for the temperature 
distribution is determined, it becomes 
useful in evaluating the average temper- 
ature error of the detector element. Re- 
ferring again to Figure 3, the cross- 
hatched area under the curve represents 
the temperature error of the element be- 
cause of the conduction of heat along the 
length of the bulb. An evaluation of this 
error can be determined from the aver- 
age obtained by integrating equation 5. 

The average temperature over the ef- 
fective length of the element inside the 
bulb becomes 


chy sinh b 'N 


lpg Aig Se 6 
on Tt WN cosh L'N (6) 


Finally, the per-cent error is 


Per-cent error =100(0a9— Ty) /4 (7) 


The foregoing equation enables one 
to determine the average temperature 
error resulting from conduction of heat 
along the bulb for a constant base tem- 
perature. 


The accuracy of results de- 


Figure 2. Exploded view of 
a typical resistance-type tem- 
erature transmitter 


pends on how accurately the base tem- 
perature and ambient temperature of the 
medium are known. In practice very 
little error will be experienced, since the 
base temperature generally will be very 
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near the value of the medium tempera- 
ture, 


CONDITION WHERE TEMPERATURE 
GRADIENTS EXIST IN THE SCREW-BASE 
HEAD 


In the previous section the expression 
for the average temperature of the bulb is 
sufficient for evaluating the error for 
most applications, when it can be as- 
sumed reasonably that the temperature 
of the screw-base head is constant. How- 
ever, for isolated cases where temperature 
gradients exist in the head, the foregoing 
equation will not be adequate. This con- 
dition can be realized to some extent 
when the bulb is supported by a mate- 
rial which is a relatively poor conductor of 
heat. It then can be assumed that negli- 
gible heat is conducted from the threads of 
the screw-base head into the supporting 
member and that the average temperature 
of the head is not constant. For the sake 
of completeness, it is proposed to record 
in this section the equations that may be 
used for evaluating the error of the bulb 
when ambient-temperature conditions 
control the average temperature of the 
screw-base head. No attempt will be 
made to derive these equations as the 
solution to this type of problem is de- 
scribed in the literature.? 

Figure 4 shows a sketch of the bulb- 
head combination in which we have as- 
sumed that the head can be represented 
as having an average uniform cross sec- 
tion throughout its length. If we apply 
assumption 5 to the head, then 


V’=1+D,/4 (8) 
For the condition assumed in Figure 4 

6=T;—6; (9) 

for the bulb, and 

61=T a+," (10) 


for the head. 


Once the expression for the tempera- 
ture rise of the bulb (@,) and the head 
(0,’) have been derived, equations 9 and 
10 can be integrated to obtain the aver- 
age temperature of the bulb and head re- 
spectively. For the bulb the average 
temperature becomes 


(T; a Ta) 1 
=T,- x 
comet b/N tanh L’N 
tanh l’N, 
P 1N 
sinh b (11) 
cosh L’N 
Similarly for the head 
(T,—Ta) 1 
os es 
Con SATE yee sean itN s 
Z tanh L’N 
' = 
o , 
sinh l’N, (12) 
cosh 1’ N, 
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Finally, using the average temperature 
of the bulb (equation 11), the per-cent 
error becomes 


Per-cent error = 100(7; —Oqr)/(Ti1—Ta) (13) 
Heat-Transfer Coefficients 


At this point it might be well to con- 
sider a few expressions for the heat-trans- 
fer coefficient of gases and liquids. An 
expression for the heat-transfer coefficient 
between a solid and a gas or a solid and 
a liquid is extremely complicated and 
does not lend itself readily ‘to rigorous 
mathematical treatment. However, em- 
pirical relations have been worked out 
for bodies of simple geometry. The equa- 
tions herein listed are for liquids or gases 
flowing at right angles to single cylinders’. 


COEFFICIENT FOR LIQUIDS OR GASES 
FLOWING AT R1iGHT ANGLES TO SINGLE 
CyLINDERS (ForcED CONVECTION) 


h=0.86ky/Do(DoVpy/ py) *8(Cputz/Ry)® — (14) 
h=ky/Do[0.35+ 
0.47 (Do Vog/ty)°-5? \(Cpuz/ks)*® (15) 


For gases use equation 14 where 
(DoV p;/my) varies between 0.1 and 1,000. 

For liquids use equation 14 when 
(DeV py/ uy) lies between 0.1 and 200 and 
equation 15 above 200. 


COEFFICIENT FOR HEAT TRANSFER 
BY NATURAL CONVECTION 
(SINGLE CYLINDERS) 


Dep f?Bg “1 ceur) Po 
k.=0. 0 SSS = J | SS 
cad? l( uf ky 
(16) 


This expression assumes that the cyl- 
inder is placed horizontally in the liquid 
or gas. The writer has been unable to 
find a relation for vertical single cylin- 
ders. However, it is felt that for short 
cylinders there would be very little dif- 
ference in the coefficient for the two condi- 
tions, and therefore for approximations 
of the coefficient equation 16 can be used 
for either liquids or gases. Although in 
some cases radiation effects may be of the 
same order of magnitude as convection 
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effects, radiation will not be considered 
in this article. 

Any consistent set of units may be 
used for equations 14, 15, and 16. How- 
ever, in the illustrative example of compu- 
tations in Appendix III, English units 
were used in these expressions, as these 
are the generally preferred units. Con- 
sequently, the heat-transfer coefficients 
are in English units and a conversion 
factor must be applied to use these co- 
efficients in the foregoing equations for 
average temperature. For conversion 
factors refer to Appendix II and for 
symbols used in equations 14, 15, and 16 
see Appendix I. 


Effect of Agitation Velocity on 
Average Temperature Distribution 


In the preceding paragraphs for the 
heat-transfer coefficient we can see that 
among other variables the velocity of 
agitation is one that might considerably 
affect the value of the heat-transfer coef- 
ficient. Also, the error which a change in 
the velocity of agitation may cause in 
temperature detection certainly will be to 
a large extent dependent upon the ambi- 
ent-temperature conditions affecting the 
head. For example, the head may be 
held in an ice bath or in air and cooled by 
natural convection, or again in air and 
cooled or heated by forced convection. 
To show the magnitude of these effects 
we will assume several test conditions 
where we arbitrarily have selected con- 
stants from a given design for illustrative 
purposes only. 


ConsTANT HEAD TEMPERATURE 


Suppose it is required to compare the 
temperature measured by the resistance 
bulb with some other means of an oil 
bath where the oil-bath temperature 
T; = 100 degrees centigrade and the 


Figure 3 (left). Sketch of temperature distri- 
bution of bulb for constant base temperature 


Figure 4 (right). Sketch of temperature distri- 
bution for bulb—head combination 


ie 


head temperature is controlled by an ice 
bath where T, = 0 degrees centigrade. 
It also will be assumed that the container 
for the ice surrounding the head is in- 
suilated sufficiently from the oil bath that 
the head temperature is essentially con- 
stant at 0 degree centigrade. This con- 
dition corresponds to the required speci- 
fication for test of thermal conductivity or 
the effect the head has on the accuracy 
of temperature detection. Figure 5 shows 
three separate plots of equation 5 of 0.5, 
and 2.0 feet per second, and for_natural 
convection. 

Referring again to Figure 5, the cross- 
hatched section represents the average 
temperature error over the limits of x = 
0 tox = b’ where b’ is the effective length 
of the detector element and for this par- 
ticular case is equal to 4.25 centimeters. 
For the several conditions of agitation 
assumed, the errors represented by the 
cross-hatch sections using equations 6 and 
dgate 


(a). Natural convection per-cent error= 
—7.10 per cent 


(b). V=0.5 foot per second per-cent error = 
—1.39 per cent 


(c). V=2.0 feet per second per-cent error = 
—0.55 per cent 


In the following table are a few aver- 
age temperature errors taken from experi- 
ment on early sample production bulbs 
where the head has been packed in ice, 
the bulb inserted in oil at 100 degrees 
centigrade, and the oil agitation approxi- 
mately 2.0 to 2.5 feet per second: 


Bulb Per-Cent Error 
Namiber Pei /are cn aie lstomsyg atelotatolaieiere —0.281 
Number 125 Sas < FG Settee «or —0.384 
Num ber:d ats cepa mente ieee —0.247 
INwim ber 4s <enyeeisysis niot= aiais aah —0.262 
INtiim DELO si cfaicl<tercistotoreta sieteiareyere —0.372 
Numiber'6)....ac<.'22s ee ceteris « —0.315 


These errors are in good agreement with 
the calculated value of —0.55 per cent 
for an agitation of 2.0 feet per second on 
the same design bulb. 


VARIABLE AMBIENT TEMPERATURE 
CONTROLLING HEAD TEMPERATURE 


In the previous section we have shown 
how the velocity of liquid agitation of the 
medium being measured affected the 
accuracy of temperature detection for 
constant head temperature. In this 
section we shall reverse the process and 
hold the bath conditions constant and 
determine the errors resulting from vari- 
able ambient-temperature head condi- 
tions. 

Assume that the bath is oil at constant 
temperature 7; = 100 degrees centigrade 
and the velocity of agitation is also con- 
stant at V = 0.5 foot per second. For 
the temperature of the air, Tz = 25 de- 
grees centigrade. Figure 6 shows a plot 
of the temperature distribution where the 
head is in air and cooled by natural con- 
vection and again by air flowing at right 
angles at a velocity of 15 feet per second. 
The errors as represented by the cross- 
hatched section for b’ = 4.25 centimeters 
using equation 13 are 


(a). Natural convection per-cent error= 
1.09 


(b). Velocity of air=15 feet per second 
per-cent error =1.32 


From this analysis it is seen how vari- 
able ambient-temperature conditions con- 
trolling both the bulb and the head tem- 
perature distributions can affect materi- 
ally the accuracy of temperature measure- 
ment. In an actual measurement prob- 
lem in practice the ambient temperature 
generally will be closer to the temperature 
of the medium measured; hence, any er- 
rors because of conduction will tend to be 
negligible. However, for test purposes, 
in order to obtain measurable errors, the 
ambient temperatures often are held at 
extremes, and for this setup the impor- 
tance of maintaining constant ambient- 
temperature conditions such as velocity 
of bath agitation, temperature, and so 
forth, cannot be overemphasized. 


Equation for Response Time 
of Element . 


In the resistance-type temperature 
bulb, the time of response of the detector 
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Oil agitation: 
Ale 
2. 0.5 foot per second 
3. 92.0 feet per second 


element is an important factor in the 
bulb’s performance. It is desirable that 
the detector reach a steady-state condi- 
tion in the shortest time possible. The 
ideal performance would be instantaneous 
response, but this is practically impossible 
to obtain as component parts of the bulb 
structure have certain heat capacities 
that introduce lagging-time characteris- 
tics. It is the designer’s aim to reduce 
this time lag to a minimum. Conse- 
quently, from a design point of view, it 
would be helpful to have an expression 
for the response time of a typical tem- 
perature bulb that ties together all the 
variables of dimension and heat constants 
of material. Considerable testing time 
could be saved in the development of a 
design by using such an expression, as the 
engineer would be able to predict what 
would happen to the response time if 
changes in the variables of dimension or 
material were made. 

Most temperature bulbs exhibit com- 
parable component parts as viewed 
cross sectionally from the detector support 
to the outside casing. Figure 7 shows the 
essential components in cross section of 
the bulb pictured in Figure 2. 

Before an analysis can be made, the 
following assumptions will be necessary: 


1. For temperature bulbs of circular cross 
section, heat flow is radial to or from the 
detector. 


2. Heat flowing along the bulb casing has 
negligible effect on the response time. It is 
recognized here that this is not a valid as- 
sumption but is made to simplify the prob- 
lem. It is felt that in a properly designed 
bulb envelope this effect would be mini- 
mized. 


3. Negligible heat flows along element sup- 
port to the head. 


The component parts of Figure 7 can 
be grouped to form bodies having defi- 
nite heat capacities and resistances 


* 
Figure 5 (left). Temperature distribution of 
bulb, head temperature constant 


Figure 6 (right). Temperature distribution of 
bulb and head, bulb ambient controlled 


Convection 
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which impede the flow of heat. Sche- 
matically, these groups can be represented 
as a series-parallel circuit as shown in 
Figure 8. This is analogous to an electric 
circuit with capacitance and resistance. 
The differential equation for the series- 
parallel heat diagram as shown in Figure 
8 is 
{ss:R1R,D?+ [s:Rp+s(Rit+Rn) 1D +16, 
=(RitRa)gt+T =, 


The solution to the differential equation 
17 becomes 


(17) 


0;—8y 


Me—- MM, 


y= [mse™™ — me™* |] +65 (18) 
(Refer to Appendix IV for the derivation 
of equation 17 and solution 18 where m, 


and m, also are defined.) 


Effect of Agitation Velocity 
on the Response Time 


Referring to the expression for 0, in 
equation 17 we see that 0, is a sum of 
two temperatures, T; which is the temper- 
ature of the medium being measured, and 
(Ri+R,)q, which possibly could be called 
the temperature of the detector element 
due to self-heat when current flows 
through it. In good designs the effect 
of self-heat is made very small, and if this 
is done the term (Ri+R,)q¢ can be neg- 
lected for all practical purposes. Should 
it ever become necessary to conduct re- 
sponse-time tests where it is felt the self- 
heat of the element is a contributing fac- 
tor, then the complete expression of equa- 
tion 17 should be used. 

In the representative response curves 
of Figure 9 this self-heat term has been 
omitted from the calculations. These 
curves show the response of the element 
for various velocities of bath agitation. 
The solid lines are calculated curves as- 
suming essentially the same arbitrary con- 
stants as previously used in the analysis 
of the effect of conduction, and the dotted 
curve is taken from experiment. The 
curves represent a test condition where 
the bulb has been heated to 100 degrees 
centigrade in a water bath and then sud- 
denly immersed into a zero-degree-centi- 


Air agitation: 
4. Natural convection 
9. 15 feet per second 
Oil agitation: 

0.5 foot per second 
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LIQUID BATH 


1. V=0.5 foot per second 
9, V=1.0 foot per second 
3, V=9.0 feet per second 
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Figure 7. Sectional view of com- 
ponent parts for temperature bulb 4 


1. Element support 

9, Wire-wound temperature de- 
tector 

3. Binder 

Insulation 

5. Wall of outside casing 


> 


Figure 8. Diagram of grouped components 
for series-parallel heat flow 


grade water bath. Equation 18 was 


used where 

6;=100 degrees centigrade 
and 

T,=0y=0 degrees centigrade 


Again, it is seen how a change in the 
velocity of agitation affects the response 
time. The error in reponse readily can be 
visualized by noticing the differences in 
time at any particular temperature level; 
for example, the ten-degree-centigrade 
level. 

The experimental curve tends to ap- 
proach the zero-degree-centigrade level 
slower than the calculated curves. This 
is possibly due to the effect of the screw- 
base head cooling down slower than the 
element. It will be recalled that the ef- 
fect of the head was neglected in the cal- 
culations, but the good agreement be- 
tween experimental and calculated effects 
would seem to indicate that the assump- 
tion was justified. 

The results and computations shown 
by the curves of Figure 9 are based on de- 
velopmental samples. As a result of this 
analysis, critical parts were changed in 
the present design to improve appreci- 
_ably the response time. 


Conclusion 


In the foregoing analyses on tempera- 
ture distribution and response time, em- 
phasis has been placed on the impor- 
tance of controlled velocity agitation and 
ambient temperature in order that relia- 
able test results may be obtained. The 
expressions for the temperature distribu- 
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TIME - SECONDS 


Figure 9. Response time of bulb 


Response for temperature from 100 to O de- 
grees centigrade in water 


Solid line—Calculated 
Dashed line—Experimental (V=0.75 foot 
per second approximately) 


tion of the bulb-head- combination are 
general and can be applied to any similar 
problem where two bars or cylinders of 
different cross sections and materials are 
joined. Generality cannot be assigned 
to the response-time expression, as it 
must be modified and adapted to each 
make of temperature bulb. It was in- 
cluded in the discussion as an example of 
a method of attack in the solution of a 
particular response problem. The use of 
the response expression is limited in its 
accuracy when it is required to determine 
time-lag errors under ten per cent of the 
initial temperature difference. Above ten 
per cent of the initial temperature differ- 
ence, the expression is entirely satisfac- 
tory. The condition that exists as the 
indicated temperature approaches more 
closely the final temperature is discussed 
extensively in an article by Noyes.* 

For reference convenience the equa- 
tions applicable to the temperature sen- 
sitive element are grouped andlisted again 
as follows: 

A. Average temperature of element for 
constant base temperature: 


eer sa sinh b’N 6 
a0 aN pM cosh LM ) 
Per-cent error = 100(6g»— 7 ) /00 * (7) 


B. Average temperature of element where 
temperature gradients exist in the screw- 
base head: 


yaa) 1 
ae b’N tanh L’N a“ 
tanh VN, tt 
sinh 6’/N (11) 
cosh L’N 


Per-cent error = 100(T;—®ar)/(Ti—T a) (13) 
C. Response-time expression for element: 


0;—-8 
Oy = 4 P 
Mz—™M, 


[ze — mye" +0y (18) 
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Appendix |. Symbols Used for 
Conduction and Response 
Expressions 


Ay=outside surface area of bulb casing 
(square centimeters) 

A,=inside surface area of bulb casing 
(square centimeters) 

A,=outside surface area of element 
(square centimeters) 


AitAe 


=mean surface area of in- 
sulation (part 4, Figure 7) 
(square centimeters) 
A,=mean surface area of bulb casing 
normal to radial flow of heat (square 
centimeters) 

a, a, =average area of cross section of bulb 

casing, head (square centimeters) 
b =length of element (centimeter) 

b’ = (b++6) =effective length of element 
(centimeter) 

Cp =thermal capacity; numerically equal 
to specific heat (calories per gram 
per degree centigrade) 

Do, D;=average outside diameter of bulb 
casing, head (centimeter) 

6, 5;=additional length required to make 
the extended surface area equal to 
the area at the end of the bulb, 
head (centimeter) 

h, i, =heat-transfer coefficient (forced con- 
vection) between medium and bulb, 
head (calories per second per square 
centimeter per degree centigrade) 

he, ha =heat-transfer coefficient (natural 
convection) between medium and 
bulb, head (calories per second per 
square centimeter per degree centi- 
grade) 

k, ki =thermal conductivity of bulb, head 
(calories per second per square centi- 
meter per degree centigrade per 
centimeter) 

km=thermal. conductivity of insulation 
(part 4, Figure 7) (calories per sec- 
ond per square centimeter per de- 
gree centigrade per centimeter) 

L=normal length of bulb (centimeter) 

L'=(L+5) =effective length of bulb 
(centimeter) 
1=normal length of head (centimeter) 
1’ =(1+6,) =effective length of head 
(centimeter) 

M =mass (grams) 

Mm, M,=negative real roots of differential 
equation for response time (see Ap- 
pendix IV) 


N, N, =~ hp/ak, WV Ins fark 
p, pi=perimeter of bulb, head (average) 
(centimeter) 
q=heat flow (watts generated by ele- 
ment) (calories per second) 
1, In=heat flow through resistances Ri, 
R,, (calories per second) 
1=9/RmA m—insulation 
(part 4, Figure 7) 
Ry=i/kAs+1/hAo=total transfer re- 
sistance made up of two items 


n= 


resistance 
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y1/kRAs=the resistance of bulb casing to 
normal flow of heat 
1/hAy=the transfer resistance to heat flow 
between bulb and medium 
5, 5, =total heat capacities of components 
(calories per degree centigrade) 


=> (Mcp); (see Appendix IV) 
1 


T,=ambient temperature around head 
above 0 degrees centigrade (degrees 
centigrade) 

T,=ambient temperature around bulb 
above 0 degrees centigrade (degrees 
centigrade) 

t=time (seconds) 
6, 0; =temperature above 0 degrees centi- 
grade reference for any value 
x, x, for the bulb, head (degrees 
centigrade) 

6,, 0,'=temperature change for any value 
x, x; for the bulb, head (degrees 
centigrade) 

6;=initial temperature of bulb at :=0 
(degrees centigrade) 

6,=temperature at junction of bulb and 
head above medium temperature 
(degrees centigrade) 

Op=(RitRpgtTi 

6,=temperature of detector at time ¢ 
(degrees centigrade) 

6,=temperature of grouped component 
s, (degrees centigrade) 

%,%,;=distance along bulb, head (centi- 
“a meter) 
y=width of space occupied by insula- 
tion (centimeter) 
4, =thickness of bulb wall (centimeter) 
Z=akN/akiM, 


Symbols used in heat-transfer coefficient 
expressions, equations 14, 15, and 16 


‘ 8 =coefficient of expansion 

~ fp=thermal capacity at constant pressure 
= (British thermal units per pound per 
=< degree Fahrenheit) 

3 D,=outside diameter of cylinder (feet) 
ay g=acceleration due to gravity=4.17X 
t 108 (feet per square hour) 

a h, he=coefficient of heat transfer, forced and 
7 natural convection respectively (Brit- 
$ ish thermal units per hour per square 


foot per degree Fahrenheit) 

Rky= thermal conductivity (British thermal 
units per hour per square foot per 
degree Fahrenheit per foot) 

pr=density (pounds per cubic foot) 

pr=absolute viscosity; 2.42centipoises 
(pounds per hour per foot) 

V=linear velocity (feet per hour) 

At=temperature differential between the 
cylinder and medium (degrees Fahr- 
enheit) 


Appendix Il. Conversion Factors’ 


he =heat-transfer coefficient; _ 
mal units per hour per square foot per 
degree Fahrenheit) 


OCTOBER 1945, VotumeE 64 — 


(British ther- 


Divide h by 


7,373 to get calories per second per square 
centimeter per degree centigrade 

0.2048 to get kilogram calories per hour per 
square meter per degree centigrade 

1,763 to get watts per square centimeter per 
degree centigrade 


k=thermal conductivity; (British thermal 
units per hour per square foot per de- 
gree Fahrenheit per inch) 


Divide k by 


12.0 to get British thermal units per hour 
per square foot per degree Fahrenheit per 
foot 

8.064 to get kilogram calories per hour per 
square meter per degree centigrade per meter 
694.0 to get watts per square centimeter per 
degree centigrade per centimeter 

2,903.0 to get calories per second per square 
centimeter per degree centigrade per centi- 
meter 


Appendix Ill. Example of 
Computations 


For the purpose of illustrating how the 
conduction equations can be applied, one 
example of the computations will be given. 
The per-cent error will be computed from 
constants of a given design for one condition 
of medium agitation. For this condition 
it will be assumed that the head is placed in 
water at 0 degrees centigrade and that heat 
is transferred from the head to the water by 
natural convection only. The temperature 
of the medium being measured will be held 
constant at 100 degree centigrade and the 
medium will be a light grade of machine oil. 


Constants (see Appendix I for list of 
symbols) 


T,=100 degrees centigrade 
T,=0 degrees centigrade 
D,=0.711 centimeter = 0.0233 foot 
D, =1.53 centimeter =0.0502 foot 
a=0.139 square centimeter 
a, = 1.84 square centimeters 
p=2.24 centimeters 
pi =4.81 centimeters 
k=0.036 calorie per second per square 
centimeter per degree centigrade per 
centimeter 
ki =0.160 calorie per second per square 
centimeter per degree centigrade per 
centimeter 
ky=5.68X10-? Btu per hour per square 
foot per degree Fahrenheit per foot 
ky, =0.29 Btu per hour per square foot per 
degree Fahrenheit per foot 
p¢= 57.40 pounds per cubic foot 
pr, = 62.40 pounds per cubic foot 


B=9.5~ 10s 
61 =2.1-X 10-4 
=0.51 Btu per pound per degree Fahr- 
enheit 
Cp: = 1.0087 Btu per pound per degree Fahr- 
enheit 


pr=43.5 pounds per hour per foot 

pn =4.33 pounds per hour per foot 
L=5.08 centimeters 
1 =4.13 centimeters 
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Let V=one foot per second (velocity of agi- 
tated oil bath) 


From equations 3 and 8 


L’' =5.26 centimeters 
l’=4.51 centimeters 


In determining which equation to use for 
the heat-transfer coefficient for the agitated 
oil bath, we must evaluate the expression 
(DoVpy/us), remembering that all the vari- 
ables in all the expressions for the heat- 
transfer coefficients are in English units and 
V is in feet per hour. 


My 
This is less than 200; therefore, we must 
use equation 14. 


0.0233 X 3,600 X 1 X 57.40 
43.5 


=111 


h oe or, Ry)°* (14) 
) by 
_ 0.86 X5.68X 10-? 
ie 288K 10m! 
0.0233 S,500%57 20" 0.51 x85 \" 
( 43.5 Ee 10-2 


h =2.1(111)%43(390)°-8=95 Btu per hour per 
square foot per degree Fahrenheit or 
in the metric system (see Appendix II 
for conversion factors) 


h - 7373 =0.013 calorie per second per 


square centimeter per degree centigrade 


of qh ve 
0.139 X.0.036 
=5.26X2.41= 12.68 


Before we can proceed any further with 
calculations on the bulb, we now will have 
to evaluate the heat-transfer coefficient for 
the head. For this determination we must 
use equation 16 for natural convection as the 
water bath was assumed unagitated. 


if 3 D 3 2 At 0. 25 
aie 
1 epi ky 


It will be noticed that this expression in- 
volves the term At which is the temperature 
difference between the water and the head. 
Therefore, it becomes necessary by trial 
and error to assign values to Aé until the 
value assigned is approximately equal to the 
temperature difference between the ice 
water and the average temperature of the 
head. 

Let us assume for the first approximation 
that 


At=4 degrees centigrade =7.2 degrees Fahr- 
enheit 


0.58 0.29 


~~ 0.0502 


0.0502? X 62.42 X2.1X 
10-4%4.17X108X7.2 }X 


4.33? 
ner ee 
0.29 
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hea =3.07 [(16.5 X 10%) (15.05) }*5 
=3.07X22.3=68.5 Btu per hour per 


square foot per degree Fahrenheit 


or 
68.5 F 
rarer) 0093 calorie per second per 
318 square centimeter per degree 
centigrade 


N= (pee <p s (0098 X4.81 _ 9 399 
ayky 1.840.160 


IN; =4.51 X0.389 = 1.76 

__akN _0.189X0.036X2.41 
aki, 1.84X0.160X0.389 
=10.54X10-? 


We can now calculate the average tem- 
perature of the head from equation 12. 


(T1—Ta) 
=T, 
ahs IN, x 
inh 1’ N. 
1 sin 1 (12) 
tanh 1’N, | cosh l’M, 
Z tanh L’N 
tanh L’N =1 
tanh J’ N,; =0.943 
sinh 1’ N, =2.820 
cosh 1’ NN, =2.992 
Therefore 
:; , _ 100 1 2.820 
oe l-76 0.943 2.992 
10.54 107? 


1 
= 56. r= 56.9 5 wa) *0 943 =5.4 degrees centi- 
9.95 grade 


Now, since T,=0 degree centigrade, this 
value represents the temperature change be- 
tween the ice water and the head. Compar- 
ing this value of 5.4 degrees centigrade with 
the originally assumed value of At=4 de- 
grees centigrade, we see that we must assume 
another value and go through the same pro- 
cedure as previously outlined until the two 
values check within reasonable limits. The 
value of At obtained after two more trials is 


At=4.9 degrees centigrade 
If we use this value, then 


he =0.00979 calorie per second per square 
centimeter per eS centigrade 
— N,;=0:399 
ve N; ry al .80 
Z'=10.2810-? 


Having once found the above variables for 
the correct At, we now can proceed with the 
calculation of the average temperature of 
the bulb and the consequent error. 

From equation 11 we have 


T,-T, 
aes ae a) x 
1 sinh b’N a 
Z tanh L’N cosh L’N ) 
tanh l’N, 
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which is the expression for the average tem- 
perature distribution between the limits 
x=0, x=b’ for the element inside the bulb. 
(Refer to Figure 4) 


b’ =4.25 centimeters 
b’N =4.25 X2.41 = 10.25 


tanh L’N=1 
tanh 1’ N, =0.947 

sinh b’N=1/2e? % =1.41 X10! 
cosh L’N=1/ee"'% =15.9 X 104 


For (L’N) or any other value of the 
hyperbolic radian > 6.0, 


sinh L’N = cosh L'’N=1/2e""% 
Therefore, 


(100—0) 


6ap= 100— 
o. 10.25 


1 1.41104 
10.28 X10-? 1 15.9 X 10% 
0.947 


1 
6ae= 100 —9.75| —— }X0.0887 = 100—0.78 
peu (+5) 


a= 99.22 degrees centigrade 
Finally from equation 13 


i +4 


Per-cent error = x 100 (13) 


(100 — 99.22) 


100 =0.78 
100 “ 


Per-centerror = 


Appendix IV. Derivation of 
Equation for Response Time 


Referring to Figure 7, the summation of 
the heat capacities of parts 1, 2, 3, and one 
half of part 4 can be expressed mathe- 
matically as follows: 


s= (Mcp)i+ (Mcp)e+ (Mcp)s+!/2(Mcp)s 
(19) 


where, for example, (Mcp); is the heat ca- 
pacity of part 1 or its mass M times its 
specific heat ¢p. 

Similarly 


51=1/o(Mcp)4t+ (Mep)s (20) 


Now referring to Figure 8, the heat gained 
in calories per second by the body having a 
heat capacity s is 


dy 
mates 
dt q—-q 


4 de 
or, solving for —, 
g Io dt 


diy q-H 

dbP tas a 
Similarly 

d0z. i— Qn 

di Sy (22) 


Now the flow of heat from one body to 
another is equal to the difference in tempera- 
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ture of the two bodies divided by the resist- 
ance of the path; therefore 


(0y— 9) . 
ep BLL 23 
q R, (23) 
and 
(62— Ty) . 
24 
Gh Ry (24) 


Substituting equations 23 and 24 in 21 and 
22 and simplifying 


=1/sR,[qRi— (Oy—92) ] (25) 
and 


= 1/s,RiR, [Rry— (Rit Rn)2+RiTj) (26) 


Making use of the differential operator 


D =< equations 25 and 26 can be written 


(D+1/sR1)0y—42/sRi—g/s =0 (27) 
[D+ (Rit Rp) /s:RiRn}02— 


6y/s1R1— Ti/s1R_,=0 (28) 


If equation 28 is solved for @, and substi- 
tuted in equation 27 and remembering that 
Dq=0,. that is, for any one condition the 
flow of heat is constant, thus making the 
rate of change of heat flow equal to zero, 
one obtains after simplifying, the differential 
equation for the response time 


{ ss:RiRyD?+ [s1Rp+5(RitRn) ID+1} Oy 
=(RitRag+Ti=6p (17) 


Now the solution of the differential equa- 
tion 


(aD?+7D+1)6,=0 (29). 
will be of the form 
6y=ce™h + coe" (30) 


where ¢; and c2 are constants to be evaluated 
for the boundary conditions and m, and mz 
are raots of the auxiliary equation 


am?+nm+1=0 aeai(ol) 
Also 

a=siRiR, (32) 
n=5Rat+s(Rit Rp) (33) 


The auxiliary equation yields two nega- 
tive real roots, 


_ nat Vn? 4e 
Mita eae (34) 
and 

aa Vt 
iS (35) 


2a 


By actual substitution for the quantities 
under the radical sign it can be shown that 
m, and mg, are negative real roots. 


A particular solution of the differential - 


equation 17 will be 
(36) 


Oy=(RitRa)g+T; 
or 
by =p (37) 
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ee ee ——— 


“a 


Oy=Op 


y= (4—0p) m2] (m=) 
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Sag and Tension Calculations for 
Cable and Wire Spans Using 


Catenary Formulas 


JOHN F. NASH 


MEMBER AIEE 


T IS generally agreed that, in order 

to obtain accurate solutions of sag and 
tension problems involved in stringing 
electric power line conductors, it is neces- 
sary to use catenary formulas. The basic 
formulas are, of course, well known In 
order to utilize them, however, a great 
amount of laborious -calculating is re- 
quired. Certain short cuts in these calcu- 
lations have been evolved, notably by 
James S. Martin whose published tables 
and method have proved of great help to 


engineers in simplifying sag calculations. | 


Tn connection with the design and con- 
struction of transmission lines in the 
mountainous Appalachian region the writ- 
ers have evolved a method of making 
mathematically exact sag and tension cal- 
culations based on catenary formulas 
which is quite different from the Martin 


Paper 45-144, recommended by the AIEE commit- .- 


tee on power transmission and distribution for 
publication in AIEE Transactions. Manuscript 
submitted February 23, 1945; made available for 
printing July 11, 1945. 


Joun F. Nasu is electrical engineer with the Ap- 
palachian Electric Power Company, Bluefield, 
W. Va.; JouN F. Nasu, JR., isastudent at Carnegie 
Institute of Technology, Pittsburgh, Pa. 


The authors acknowledge the assistance of T. H. 
Worman and H. H. Rodee. 


where 
Ig= (Rit+Ralg+T; 


therefore the general solution to equation 
17 is 


Oy= ce"! + coe + F405 


The boundary conditions that must be 
satisfied are 


By=0% 
and 
dy 
Stars 


when t=O, 


(38) 


and 


when t= ©, 


If these boundary conditions are substi- 
-tituted in equation 39, the value of ¢, and ce 
~ can be determined 


(40) 


ait 


(39) - 


JOHN F. NASH, JR. 


NONMEMBER AIEE 


method, and which eliminates the trial- 
and-error assumptions involved in a por- 
tion of the Martin method. The working 
formulas used by the writers require only 
simple arithmetical calculations which can 
be handled by clerical personnel usually 
available in the engineering office. The 
calculations are not laborious, and can be 
easily checked. 

The writers’ method not only develops 
the sags, tensions, and conductor lengths 
for the various final and initial conditions 
of the design span (basic or ruling span), 
but also similar data for span lengths other 
than the ruling span. 


The procedure outlined is applicable to 
any cable or wire whose modulus of elas- 
ticity and coefficient of expansion are uni- 
form throughout the cross section, such 
as is the case with copper, copper-coated- 
steel, or steel cables. Sag and tension 
problems for composite cables such as 
aluminum cables steel reinforced, are 
usually solved by graphic methods based 
on stress-strain curves developed from 
laboratory tests on the particular cable 
under consideration. 

The writers’ method does, however, 
develop previously unpublished relation- 


fe N  —— —— 


C2 = — (0;—9y) mf (m2— m1) (41) 


Finally putting q and c, back into equa- 
tion 39 the solution to the differential equa- 
tion 17 becomes 

04—Op 


M2.— mM, 


y= [me — mie™*]+- 6p (18) 
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ships between sags, tensions, and cable 
lengths which are applicable not only to 
copper, copper-coated-steel, and steel 
cables, but also to problems involving 
composite cables, which information can- 
not be secured by graphic methods alone. 

The following text gives the basic 
catenary formulas, the derivations there- 
of, and an explanation of the procedure 
followed in actual sag calculations. 

The basic formulas of the catenary are 
shown on Figure 1. The nomenclature 
used in this figure is as follows: 


X and Y = Cartesian co-ordinates of any 
point in the catenary curve, desig- 
nated point B 

length of catenary from the vertex A 
to point B 

S = the deflection of the vertex A below any 
point B which may be under con- 
sideration 

vertical distance from the axis of ab- - 
scissas of the catenary to the vertex A 

A = vertex of the catenary curve 

€ = base of the Naperian or natural system 

of logarithms equals 2.71828 


N 
Il 


V 


I! 


These formulas are well known and need 
no proof of derivation. Formula A deter- 
mines the shape of the catenary curve 
which shape depends on the V function. 
Formula B determines the length of the 
curve which depends on the same V 
function. It will be shown later that the 
value of V depends on the cable tension 
at the span vertex, and the value of Y 
depends on the total tension in the cable. 
The sag is Y—V (formula C) which can 
be expressed in terms of the V value and 
span length (formula D). 

Referring to Figure 1 note that point B 
is a cable support, X the horizontal dis- 
tance from the vertex (low point of sag) 
to support, and Z the cable length from 
vertex to support. S is the sag of the 
cable below its support, or the span sag 
in problems with equal elevation sup- 
ports. 


Unit Values of Catenary Functions 


In catenary spans the values of V, Y, 
S, and Z bear definite relationships to 
each other expressed by the basic for- 
mulas, A,B, and C. When these formulas 
are divided by X, unit value formulas | 
result as follows: 


Y/X = V/X cosh X/V 
Z/X = V/X sinh X/V 
S/X = (Y/X)—(V/X) 


Related unit values of V/X, Y/X, S/X, 
and Z/X are tabulated in Table I, which — 
values can be applied to any length span, 
or any type cable. When V, Y, Z, or Sis 
known for any span the other values are 
quickly determined by interpolation. 
These table values are derived from ten- 
place hyperbolic sine and cosine tables and 
these values have the same accuracy as 
the sinh and cosh tables. Table I values 
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eliminate laborious calculations and pro- 
vide speed and accuracy in solving sag and 
tension problems. 


Additional Formulas and 
Nomenclature 


The following text explains the addi- 
tional formulas, derived from the basic 
catenary characteristics, which are used 
in this procedure. 

Let the following nomenclature be 
used: 


~~ 


= horizontal span length between supports 

L = catenary arc length of the span 

T = tension (total) in cable 

F = horizontal longitudinal component of 
tension in cable. It will be seen from 
formulas given hereinafter that F 
equals T at the span vertex 

H = horizontal loading per foot of cable 
due to wind pressure on cable (cable 
only or cable with ice loading) 

W = vertical loading per foot of cable due 
to weight of cable (cable only or 
cable with ice loading) 

R = resultant loading per foot of cable due 

to horizontal and vertical loading 


ZE = elongation of Z (not permanent 
stretch) due to loading 
ZT = change in length of Z due to tempera- 


ture change 

a = cross-section area of cable 

M = modulus of elasticity of cable 

C = coefficient of linear expansion per de- 
gree temperature change 

d = temperature change in degrees 

ku = unit permanent set of cable due to 
loading 

kt = total permanent set of cable due to 
loading 


The additional formulas are set out and 
explained in the following: 


1=2X (when both supports are at 
the same elevation) (E) 


Refer to appendix for the relationship of 
1 to x where span supports are at unequal 
elevations. 


Figure 1. The catenary and its basic formulas 
Y=(V/2Ke/" +e*/") (AA) 
Y=V cosh X/V (A) 
Z=(V/9Xer/" —€*/") (BB) 
Z=V sinh X/V (B) 
S=Y-V (C) 
S=V (cosh X/V—1) (D) 
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2d CABLE OMY pad ste 
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MGDULUS OF ELASTICITY 


Figure 2 


L=2Z (supports at the same ele- 
vation) 


(F) 


Refer to appendix for relationship of L 
to Z where span supports are at unequal 
elevations. 
Vals (G) 
The tension in a cable at any point is equal 
to the Y co-ordinate at that point times the 
per foot loading of the cable. In problems 
without wind pressure, T= YW. 


This formula is due to a certain peculiarity 
of the catenary. The tension in a cable at 
any point in a span is equal to the loading 
on a piece of cable of the length of the func- 
tion Y at that point in the span. If the 
cable, assumed to be perfectly flexible, were 
hung in a frictionless pulley at any point in 
the span with a length of cable hanging 
down just sufficient to reach the axis of the 
Y co-ordinate, the curve of the catenary 
would be undisturbed. (Reference: Mar- 
tin’s tables.) 


The formula shows that the Y function used 
in the catenary formulas is proportional to 
the total tension in the cable. 
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LOADING-POUNOS PER FOOT OF CABLE 
RESULTANT, 6LB WIND + ICE f 
VERTICAL CABLE ony |, 


VERTICAL CABLE wiTH £ “ICE 
 O- EFF. OF LINEAR EXPANSION £4X 19-6 HORIZONTAL SLB.WIND $ ICE 


sia oe eller 


iG At 

cee ie ee tae 
eee ies lie 
leita lee 


Sa Ff a ie 1G 
aes 


2979— 
a 9fo_ 


At the low point of sag (vertex) Y=V 
(refer to formula A) and T=F so that sub- 
stitutions in formula just given produces the 
one which follows. 


F=VR (H) 


The horizontal longitudinal component of 
tension in a cable is equal to the V function 
times the per-foot cable loading. In prob- 
lems without wind pressure, F= VW. 


This formula shows that the V function 
used in the catenary function is proportional 
to the tension at the cable vertex. 


Since Y= V+S (from formula C) formula G 
may be written: 


T=(V+5)R 
Therefore: 
T=F+SR 


This indicates that the tension in a cable 
at a support is equal to the horizontal longi- 
tudinal component of tension plus the prod- 
uct of the sag times the per foot cable load- 
ing. This relationship holds with spans 
which have supports at the same or at un- 
equal elevations provided S is taken as the 
deflection of the vertex below the support in 
question. This formula provides a quick 
determination of tension increase at sup- 
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CABLE ~/o B.H. 
LOADING ANDO 


O- STRINGING 
SE We 


Ea STRINGING eee — 
ae 


ports over tension at the vertex. In long- 
span construction this increase is an appreci- 
able item. 


Effect in Change of Loading 


Elongation of Z (not permanent 
stretch) due to cable loading is determined 
by formula I. 


ZE=(R/2aM)(XV+ YZ) (1) 


This’formula is ably developed in the 
Martin method of sag and tension cal- 
culations Under conditions of no wind 
W replaced R in this formula. 

Note the following variations in 
formula I. 


ZE=(RVX+RYZ) /2aM 
Therefore: 


ZE=(FX+TZ)/2aM (I-1) 
Effect of Temperature Change 


Changes in cable length due to tem- 
perature changes are found by using 
formula J. 


ZI =CadZ (J) 


The change in conductor length due to 
variation in temperature depends on the 
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Figure 3 


Solve for sag by using Table |, remembering 
that the V in V/X is the same V value occur- 
ring for the basic span under similar loading 
conditions. The related S/X value multi- 
plied by one-half the span produces the sag 
value 


original eae the coefficient of expan- 
sion, and the degrees temperature varia- 
tion. 


Determination of Permanent Stretch 


The following procedure is suggested 
for securing the permanent set (in Z) due 
to loading previously unstressed cables. 

First determine loaded stress in cable as 
follows: 


Stress (at support) =7/a 
Stress (at vertex) = F/a ; 
Stress (span average) =(7+ F)/2a 


This value is a close value to use with © 


permanent-set charts for the cable under 
consideration From the chart determine 
the unit permanent set, ku, caused by 
design loading, (T+ F)/2a, and the unit 
permanent set, ku, for the probable 
stringing stress. The difference between 
these & values will be the net unit per- 
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manent set to be used in calculating 
stringing sags and tensions. 


KT=KuZ (K) 


Problem Solution Procedure 


The authors recently designed and 
built an 88-kv transmission line located in 
mountain country. The sag and tension 
design data for this line are contained in 
data sheets 1 and 2 as shown in Figures 
2 and 3, and it is suggested that these 
be studied to determine the solution pro- 
cedure of this paper. These data sheets 
are coded to show the sequence of calcu- 
lations. The left-hand number gives the 
calculation sequence, the numbers in 
parentheses the previous values used to 
derive the present value, and the right- 
hand key letter the formula used. Where 
no key letter is shown the value is ob- 
tained by using Table I. S values result 
from subtracting V from Y. 

Data sheet number 1, shown in Figure 
2, covers calculations for the basic (ruling) 
span where X is constant. Data sheet 
number 2, shown in Figure 3, covers cal- 
culations for other length spans related 
to the basic span where X varies with the 
span length, but the V value for each 
final or initial condition remains constant 
throughout varying span lengths. 

While the data sheets are largely self- 
explanatory the steps in problem solution 
are further explained in the following para- 


graphs 


1. Tabulate the cable characteristics, the 
per-foot cable loading values, the basic de- 
sign span, and design final tension, item 1. 


2. Calculate Y, item 2, for design load 
conditions using formula G. Use Table I 
to secure related values of V, item 3, and Z, 
item 4. Design sag item 5 is simply Y—V. 
Horizontal longitudinal component of ten- 
sion F (item 1A) is secured by formula H. 
The calculating steps just outlined are based 
on the tension at support in the basic design 
span. If the design is to be based on a de- 
sired F value for the basic span first tabulate 
item 1A and calculate V, item 3, using for- 
mula H. Use Table I to secure related de- 
sign values of Y, item 2, and Z, item 4. 
Sag is Y—V, and total tension, item 1, is 
solved by using formula G. 


3. Solve for unstressed Z, item 6, all loads 
removed, but with the cable still at design 
temperature, using formula I. 

4. Solve for unstressed Z at other tempera- 
tures, items 7, 8, 9, and 10, using the item 6 
value of Z and formula J. : 


5. Determine related V and Y values for 
each unstressed Z value from Table I. 


6. Calculate Z (cable only) at various 
temperatures, items 21 to 25 inclusive, using 
formula I. 

7. Determine related V and Y values for 
each cable only load condition from T able I. 
Sags for each condition are Y-V. 


8. Solve for Z values (initial conditions, not 
prestretched) at various temperatures, 
items 46 to 50 inclusive by the use of for- 
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Figure 4 


mula K. For this problem the following Ku 
values were used: 


Ku—design loading = 0.00049 
Ku—stringing = 0.00008 
Ku (for formula K) = 0.00041 


The stress-strain chart from which these 
values were secured is reproduced in Figure 
4, Itshould be noted that the Kw values for 
stringing (initial) conditions varies very little 
over the range of stringing stresses encoun- 
tered. This indicates that even with a varia- 
tion between assumed stringing tensions 
used to secure Ku (stringing) and the final 
determined stringing tension, close stringing 
-sag and tension values are secured. String- 
ing temperature variations have practically 
no effect on the Ku value taken from the 
stress-strain chart. 


9. Determine related V and Y values 
(initial) from Table I. Solve for stringing 
sags, Y—V. 


690 TRANSACTIONS 


with Sirh,) =O7E48264 


CASE L 
Vertex BETWEEN SUPPORTS 


10. Solve for T and F (if desired) under 
various conditions. The cable loading per 
foot, and the Y and V values for each condi- 
tion give the T and F values. 


Wale 
initial conditions for other span lengths. 
Remembering that the V value for a given 
final or initial condition is the same for all 
span lengths (related to the design span), 
use these V values and Table I to secure 
these sags. Tabulate these sags on data 
sheet number 2 (Figure 3). F values for the 
related spans are the same as the value for 
the design span under like final or initial 
conditions. If desired, the T value can be 
quickly determined for any related span by 
means of Table I and formula G. 


The procedure outlined here gives full 
sag and tension data for final and initial 
conditions, not only for the design span, 
but also for similar conditions in other 
related span lengths. 

The calculation procedure can be re- 
versed, if it is desired to base the calcu- 
lations on other conditions such as final, 
cable only at 60 degrees Fahrenheit. 


Nash, Nash—Sag and Tension Calculations 


Solve for sags under various final and 


Hillside Span Calculations 


> 


Several approximate methods of deter- 
mining sags in hillside spans are in use. 
One of the best of these methods is pub- 
lished in Martin’s tables. Martin has 
also developed another method of calcu- 
lating hillside spans which has an ex- 
tremely high degree of mathematical 
accuracy. 

The appendix outlines a mathematically 
exact method, developed by the writers 
and their associates, for determining sag, 
deflection of vertex below supports, and 
horizontal distances from the vertex to 
supports in hillside spans. This method is 
recommended where precision results are 
desired. 


Appendix. Hillside Span 


Calculations 


This paper outlines a mathematically 
accurate method, developed by the authors, 
of determining sag, deflection of vertex 
below supports, and-distance (horizontally) 
from the vertex to supports in spans with 
supports at unequal elevations. Its use is 
recommended whenever precision results 
are necessary, such as with certain span de- 
signs crossing railroads, highways, or other 
lines. 

The method is based on maintaining the 
same horizontal longitudinal component of 
tension, and therefore the same V value, as 
in the ruling span to which the hillside span 
is related. 

The procedure outlined is applicable to 
any type cable such as copper, copper- 
coated steel, steel, or aluminium cable steel 
reinforced, where the ruling span sag (for 
a level span) is known. 

There are two general types of spans with 
supports at unequal elevations: 


Case I. Catenary vertex located between supports. 
Case II. Catenary vertex located below the lower 
support. 


Figure 5 illustrates these two conditions. 


Nomenclature (Refer to Figure 5) 


D =difference in elevation of cable supports 

1=span length (horizontally) 

X,, Yy=co-ordinates of upper support 

X,, Y,=co-ordinates of lower support 

S;=sag of cable, which is the maximum de- 
flection of the cable from the straight - 
(slope) line between supports 

X;, Ys=co-ordinates of catenary curve at 
the point of maximum deflection, Sz 

Y;=Y co-ordinate of a point on the slope 


line (between supports) directly 
above Y, 

S,=deflection of vertex below upper sup- 
port 


S;,= deflection of vertex below lower support 

Zy,=catenary length from vertex to upper 
support : 

Z,=catenary length from vertex to lower 
support 

L=catenary length of span (hillside span) 


- 
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V=the ruling (basic) span V value for the CATEN ARY DATA SHEET 


cable under the assumed loading 


ae Sens WITH SUPPORTS AT UNE QUAL ELEVATIONS 


If this V value is not known, it may be 
quickly determined as follows: 


Divide ruling span sag (level span) by X (1/2span), 
to secure $/X. From Table I determine by inter- 
polation the corresponding V/X value. This mul- 
tiplied by X (1/2 span), gives the required V value. 


This procedure may be used with any type 
cable. 

The various formulas and their deriva- 
tion are given in the following. In develop- 
ing these formulas the writers have assumed 
that the upper support is to the right of the 
lower support. Under case I conditions the 
lower-support X and Z values should be set 
in the formulas as minus quantities since 
they are to the left-hand (minus) side of the 
vertex. 


ose (1) 
or 
i ey 


Case II—As X,, and X, are on the same side 
of the vertex, both represent positive values. 


Case I—As X,, and Xz are on opposite sides 
of the vertex, X, is taken as a negative value. 


=Y,+D (2) 
Y,,= V cosh (X,,/V) 


X,41 
V.,—Vecosh! (2) 


Si Bs fe EEE ee 


‘ 
Y 
‘ 
1 
4 
1 
{ 
J 
3 
(] 
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Y,=V cosh (X_,/V) (3) 
D=Y,-Y, Bt S* 8.40" 
Therefore: ; 
' 
X,41 (=) i} 
BV eos -———_— | — "cosh | —— I 
/ ( V ) V CASE IZ 
Ce )4e(F) VERTEX OUTSIDE SUPPORT. 
a Viet 2 ao, Tae Extract square root: Figure 5 
_ € L +e7 L, 
D 
2 XL/V) [¢(t/V) = : 
ferro, Net? cate | The slope of th 
: 2 V e slope of the catenary curve at point 
mma rore S00 Seacgenee: ra X, is the sinh at that point, since the sinh 
: 7 is the derivative of cosh (X;/V) 
FaetulY fe/V) —4]4 = ye -24(2) _ is the de (X;5/ 
3 D 
e— @L/V) [e— /V) —1] a sinh (7) (6) 
; D ox 
- . TA é 7% ES mee 
4 Multiply by «4/V); is Of vr \ cosh (1/V)—2+ ( °) X;/V=function which has its sinh =D/I 
x V; 7 € L = 
a Bog [e(£t/V)] 2[e/V) — 1] + [eV ¥<1] X,=formula 6 value multiplied by V_ (7) 
- DN? Y;=V cosh (X, 8 
[e- WV) —1] Pe. \(2) 4.2 [cosh (I/) V—1] cameo (X3/V) (8) 
Transpose: (Xt/V) = V . (4) 
fe(E/V) jafe/V) 1] 2 e(X4/V) [eosh (1/V)+ sinh (1/V)—1] 5000? 
M4 z 
— =0/V)—4| AGHSNEOX ba 
; “ ne £0.00) 
Multiply by [€@/Y) —1] and add (D/V)?: : Pi _) +2[cosh (1/V)—1] rat 
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2D After Xz, is determined, Vz is found by ro) 6 s 9 
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: Figure 6. Stress—strain chart 
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4 


By proportion: 
(Ys— Yx)/(Xs—X1) =D/h 
Y,;=D(X;—X1)/I+- Yi 


S=19—7; 
Su=YVu-V 
Sis Y,—-V 


Z,=V sinh (X4/V) 
Z,=V sinh (X,/V) 
L=Z,—Z1 


(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
(15) 


Case II—Since Z, and Z;, are both on the 
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Nash, Nash—Sag and Tension Calculations 


Figure 7. Hillside 
sag conditions 


same side of the vertex, and originate at the 
vertex, both represent positive values. 


Case I—Since Z, and Zz, are on opposite 
sides of the vertex, and L is equal arith- 
metically to Z,+Zz, Zy, represents a nega- 
tive value (algebraic). 


Sample problems, case I and case II, are 
shown in Figures 6 and 7 which explain the 
procedure used in solving hillside problems. 
Tension values at supports in case-I prob- 
lems are found as follows: 


Horizontal longitudinal component: 
F=VR 

Tension in cable at upper support: 
1 Sige 


CASE 


Tension in cable at lower support: 
Tr a Y,R 
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Synopsis: Industry, in general, has been 
adopting the electric motor drive and its 
control to all types of machines. In the 
central station, where sequential and corre- 
lated operation is a necessity, the use of elec- 
tric-motor-driven auxiliaries also has shown 
a marked increase. Allrecent stations have 
been built with a major portion of their 
auxiliaries driven by electric motors. The 
author suggests the use of the station gener- 
ator bus as the most reliable source of 
auxiliary-power supply in electric stations 
of a closely interconnected system similar 
to that in the Chicago area. Separate 
auxiliary service units, not exceeding in size 
the requirements of the largest turbogener- 
ator unit, also are recommended. 


HE PRESENT ELECTRIC generat- 

ing station is dependent at all times on 
the integrity of the auxiliary-power sys- 
tem. Therefore, this system must be de- 
signed for maximum reliability. Other 
desirable characteristics of the auxiliary- 
power system are: safety of personnel, 
flexibility, simplicity of operation, ease of 
maintenance, and reasonable cost. 

The auxiliaries of the modern electric 
station consume approximately five per 
cent to seven per cent of the gross output. 
Therefore, when designing an auxiliary- 
power system, the engineer should bear in 
mind that he is designing the equivalent 
of approximately 1/20th of the entire 
conversion and distribution system fed 
from the station He also should bear in 
mind that on the integrity of this 1/20th 
rests to a large degree the usefulness of the 
remaining 19/20ths. 

An ideal auxiliary-power-supply system, 
regardless of its size, always should remain 
a simple system. The tendency to cross- 
connect and interconnect should be 
strongly curbed. Dependency should be 
placed on sturdy, rugged, and well-in- 
sulated equipment rather than on compli- 
cated switching and relay arrangements 
designed to remedy faulted conditions. 


| Trend to Electric Drive 


Im electric stations on a closely inter- 
connected system similar to that in the 
Chicago area there has been a steady trend 
from individual steam drive’ to electric 
drive for all station auxiliaries. 

_ The modern induction motor has be- 
come the simplest and most reliable of ro- 
tating machines, and it is being adopted 
by the industry as a universal drive. New 
insulations have been developed to with- 
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stand boiler-room temperature with con- 
tinuous operation. In those applications 
where variable speed is a necessity, the 
wound-rotor induction motor is available, 
but with some sacrifice of reliability and 
simplicity and somewhat higher first cost. 


Early Sources of Auxiliary-Power 
Supply 


Several sources of electric power have 
been used to provide service for the auxil- 
iary motors. The most common was the 
turbine connected to an auxiliary genera- 
tor. Other sources were the shaft alter- 
nator on the main turbine and the trans- 
former directly connected to either the 
generator leads or to the main station 
busses. 


When separate turbogenerators are used 
for supplying power for the auxiliary- 
power centers, these units must be in- 
stalled in duplicate in order to provide 
complete segregation and reliability. 
Where the station has a number of power 
centers, at least one spare turbogenerator 
is necessary with the connections provided 
for the relief of all other centers. The 
cross-connecting of these auxiliary-power 
units necessitates an excess capacity in 
each unit, and all the associated switching 
and relay protection should be of the same 
quality as that used on the main station 
busses. ; 


The installation of the auxiliary-power 
generator on the shaft on the main unit 
has been supplanted in some cases with 
a transformér connected to the generator 
leads. There are some disadvantages of 
the shaft alternator or transformer on the 
generator leads, as these units are po- 
tential sources of outage of the main unit 
and they introduce the problem of chang- 
ing the power source for the auxiliaries in 


_ the starting and stopping periods. If the 


auxiliary-power transformer is discon- 
nected from the generator leads and re- 
connected to the main bus to which the 
unit itself is connected, the principle has 
not been changed, but there is greater 
flexibility, and there is no need for switch- 
ing operations during the starting and 
stopping periods. 


Station Bus as the Source of 
Auxiliary-Power Supply 


The main bus of a station to which the 


generators are connected is the simplest 
type of electrical equipment, and it lends 
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itself readily to a high order of mechanical 
and electrical protection. When the 
busses are divided into sections with each 
section in a separate bus chamber and 
equipped with either balanced relays or 
fault bus protection, it is difficult to con- 
ceive any major fault which would shut 
down more than one or two adjacent sec- 
tions of a station bus. As each section of 
the bus is supported by the adjoining sec- 
tions and as the entire station bus is sup- 
ported by all generators in the station and 
also by transmission lines from other sta- 
tions, during disturbances, these trans- 
mission lines become, in effect, auxiliary- 
power-supply lines for the station in dis- 
tress. 

This supporting function of the trans- 
mission lines makes it unnecessary to pro- 
vide self-starting auxiliary-power genera- 
tion equipment in more than one or two 
stations on the entire system. 

Where the power system is so con- 
structed that it will sectionalize automati- 
cally during trouble, a complete shutdown 
of any section will not prove disastrous 
to the system as a whole. 

In view of the foregoing and because of 
the reliability of the station generator bus 
as proved by years of operating experi- 
ence, there appears to be ample justifica- 
tion for full electric drive of all station 
auxiliaries and also for the use of the sta- 
tion generator bus as the source of auxil- 
iary-power supply. 


Auxiliary-Power Service Units 


It generally is recognized that trouble 
on the auxiliary-power system may cause 
temporary outage of the generating units 
served. Where the auxiliary-power sys- 
tem is so interconnected that it embraces 
the power supply for the entire station, 
any trouble on this system also may affect 
the entire station. It follows, therefore, 
that by designing the auxiliary-power sys- 
tem in noninterconnected units, it is pos- 
sible to confine the effects of failure of any 
power unit to the generating capacity 
which it serves. 

Because on any interconnected system 
there is a possibility of the loss of any of 
the larger generating units and the system 
is so set up as to sustain such loss without 
undue disturbance, it follows that the size 
of the auxiliary-power service unit should 
be stich that the generating capacity 
which it serves should not exceed the 
capacity of the largest generating unit on 
the system. Therefore, the generating 
capacity of the largest unit on the system 
should be used as the basis of design of a 
reliable auxiliary-power supply. 


ee ee ae ee 
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In spite of the inherently high reliability 
of power lines and transformers, two sup- 
ply lines are still considered necessary for 
each auxiliary-power unit. These auxil- 
iary-power supply lines should be equal in 
reliability and capacity so that either can 
be considered as a reserve for the other, 
and each should be capable of carrying 
the entire auxiliary service unit. 

This principle is illustrated in Figure 1. 
Here the station busses are shown in their 
simplest form consisting of two bus sec- 
tions connected by a tie circuit breaker. 
One of the auxiliary-power supply lines is 
connected to the bus supported by the 
generating capacity served by the auxil- 
iary-power unit, and the other supply line 
is connected to a bus supported by a trans- 
mission line. It will be noted that each 
auxiliary-power center bus is fed from two 
transformers, one on each of the auxiliary- 
power supply lines. Section circuit 
breakers in these busses can be used for 
automatic power restoration in case of loss 


of either of the supply lines or to divide 
the busses for maintenance purposes. 

To secure the maximum utilization of 
the equipment employed and to take ad- 
vantage of its short-time overload capac- 
ity, the transformers supplying each bus 
could be selected to have a definite over- 
load during the outage of the opposite 
transformer or of the power line which 
feeds it. When both transformers are in 
service, the total load of each bus will be 
divided between the two transformers, 
allowing a safe loading margin for this 
type of equipment. 


Auxiliary-Power Centers 


In designing the auxiliary-power center 
primary consideration must be given to 
features having a direct bearing on the re- 
liability, ease of maintenance, and equip- 
ment life. Auxiliary-power centers should 
be located as near the load center as pos- 
sible, and particular attention should be 
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Figure 1. Auxiliary-power system for a 
generating station 
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paid to the protection from external haz- 
ards such as water, smoke, and so forth. 
The room should be ventilated with fil- 
tered air and all auxiliary power switching 
equipment, relays, and associated control 
apparatus should be treated as any other 
vital station equipment. The switchgear 
should be of the draw-out type and easily 
interchangeable. The manufacturers are 
ready to furnish such equipment com- 
pletely assembled which can be compactly 
and easily installed. 

Separate auxiliary-power centers serv- 
ing auxiliaries common to the entire sta- 
tion such as crib house and coal-handling 
equipment may be connected to the first 
pair of auxiliary-power lines to be in- 
stalled to the station. These centers 
should be housed in the individual rooms 
with the same precautions taken as with 
the larger centers. 


Auxiliary-Power Voltages 


In the interest of simplification and the 
reduction of kinds of equipment and 
voltages, it appears desirable to limit the 
number of voltages on two For large 
motors, that is, above 100 horsepower, the 
voltage of 2,300 is universally used, and, 
as the_manufacturers are now ready to 
supply motors at this voltage in sizes as 
low as 60 horsepower, it would be difficult 
to justify the change of this voltage to a 
higher or lower value. Therefore, it is 
recommended as a standard voltage. 

On the other hand, for the smaller 
motors and lighting requirements the 120— 
208-volt system has many advantages. 
Unless there are some other special rea- 
sons, this voltage should be used as the 
second standard voltage. 


Conclusions 


The essential characteristics of the 
power supply to the auxiliary motors of a 
generating station may be summarized as 
follows: 


~ 


J. In an electric power station on an inter- 
connected system the station generator 
busses should be used as the source of 
auxiliary-power supply. 


2. <A separate and independent auxiliary- 
power service unit should be provided to 
serve the maximum amount of generating 
capacity, the loss of which could be sus- 
tained by the system without undue dis- 
turbance. ; 


3. Each auxiliary-power center should be 
supplied by two lines operated in parallel, 
one line connected to the bus supported by 
the generator and one line to the bus sup- 
ported by a transmission line. 


4. There can be as many auxiliary-power 
center busses connected to the supply lines 
through transformers as are required by the 
design of the station and by the limitations 
of the switching equipment involved. 


5. All contactors, circuit breakers, relays, 
and control apparatus should be installed in 
separate well-ventilated rooms. 
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Motor Starting Resistors 
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HE USUAL METHOD of starting a 

shunt motor from a constant-po- 
tential source is to insert one or more 
steps of armature resistance which are 
short-circuited by contactors operated 
after a definite time. The required ca- 
pacity of a resistor for this type of duty is 
directly related to load conditions and 
time setting of relays as well as duty- 
cycle requirements. If time settings are 
made arbitrarily without some co-ordina- 
tion with the kind of load, the energy dis- 
sipated in the resistor may be unduly 
high, because the load may be up to speed 
in a time much less than the setting. On 
the other hand if the load has a high in- 
ertia, the definite time may be too short, 
causing excessively high peaks on switch- 
ing points after the first one. Although 
d-c motors have been used extensively in 
this way, equations governing such opera- 
tion do not appear to have been pub- 
lished. 

In many industrial applications load 
data have not been well known to the elec- 
tric-system designer. He has had to de- 
pend upon a systematic grouping into a 
single classification of various loads, 
based only on initial inrush current and 
duty cycle. Such a classification in one 
case includes conveyors, line shafting, 
boring mills, punch presses, ball mills, 
and coal crushers. A better approach 
to starting-resistor design requires more 
information on load characteristics as 
well as the effect of these characteristics 
on starting-resistor capacity. 


Scope of Paper ‘ 


This paper presents an analysis of 
conditions which exist when a d-c shunt 
motor with constant applied field is 
started by inserting one step of armature 
resistance. Two cases are treated: 


(a). 
(b). Load torque varying directly as the 
speed. 


Constant-load torque. 


It is the purpose of this work to obtain 
theoretical expressions for the total energy 
dissipated in a resistor as a function of 


6. For simplicity it is recommended that 
only two voltages be employed for the 
auxiliaries and that the service to all motors 
be uniform and have the same method of 
operation. 
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load inertia, torque, final speed, initial 
inrush current, and accelerating time. 
Relations existing between speed, cur- 
rent, and second current peak as a func- 
tion of time and circuit parameters are 
examined. 


Assumptions 


1. The starting resistor is assumed to 
hold constant resistance independent of 
temperature. 

2. Armature reaction is neglected. 
This is a fairly good assumption for cur- 
rents of 200 per cent or less. , 

3. In this paper all curves are plotte 
for a motor internal resistance of ten per 
cent. In practice this internal resistance 
may vary from 12 per cent at five horse- 
power to 4.5 per cent at 150 horsepower. 


Results 


The co-ordinates of all curves shown 
are in dimensionless form, so that the 
data are applicable to any size motor or 
load. 


Time Constant. The developed 
equation of speed for both torque cases 
is similar to the equation for current 
build-up in a RL circuit, which allows the 
concept of time constant to be used. For 
the constant-torque case the term 9J/T, 
is the time constant of the system, and for 
the variable-torque case the equivalent 
term is QJ/(T,,-+ 9k). At one time 
constant the speed is 63.2 per cent of its 
ultimate speed, and after two-time con- 
stants the speed is 86.5 per cent of the 
final. All results obtained in this paper 
are presented as a function of the number 
of time constants rather than time in 
seconds. In general two time constants 
has been selected as a good switching 
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7. The entire auxiliary-power system for 


any unit should be so protected by relays. 


that in case of a fault on any part of the 
auxiliary service unit the faulted equipment 
would be automatically disconnected. 
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time, and most curves are presented for 
this value. 


Speed and Current Curves. The 
curves in Figures 4a, 4b, 5a, and 5b show 
the current and angular velocity during 
the accelerating time for various ratios 
of load torque to full-load torque. The 
parameter, a, in Figures 4a and 4b is the 
ratio of load torque to full-load torque 
and, g, in Figures 5a and 5b is the ratio 
of the load torque at the no-load angular 
velocity ©, to the full-load torque. 


Resistor Watt-Seconds. The curves 
in Figure 6 show the factor by which the 
JQ? of the system can be multiplied to 
give the watt-seconds generated per start 
in the starting resistor. They are plotted 
for the case where the resistor is short- 
circuited after two time constants. These 
curves show clearly that the energy dis- 


Ll Le 


OL stop 


Figure 1. Elementary wiring diagram showing 
typical definite-time starting circuit 


M=line contactor 
IA=time accelerating contactor 
OL = overload relay 

R=total circuit resistance =R,+r 
V=line voltage 
e=counterelectromotive force 
i = armature current 

R, = external resistance 
r=internal resistance 


sipated in the resistor is decreased as the 
initial inrush is increased. For example 
for a fully loaded motor the watt-seconds 
decrease in the ratio 1.37 to 0.83 as the 
initial current is raised from 125 per cent 
to 200 per cent. 

Figure 7 represents the same data as 
Figure 6 for the case where the load 
torque varies directly as the speed. 

Although the curves in Figure 7 show 
that the watt-seconds in the resistor de- 
crease as the load is increased, it should 
be noted that the switching speed also 
has decreased because of a decrease in 
d=T,/(T,+Qk), and t=20F/(T,+Qk) 
as Qk is increased. 


Second Current Peak. Figure 8 
shows how the second current peak varies 
in terms of the first current peak for differ- 
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TORQUE (T) 


ANGULAR VELOCITY (CG) 
Figure 2. Relations existing between motor 


torque and angular velocity when the load 
torque is a constant 


(Q,0) 


ent values of initial torque and load 
torque. These curves indicate that for a 
starter with only one section of resistance 
the motor must be very lightly loaded in 


order to keep the second peak down to © 


reasonable values. A corollary to this 
statement is that, if the motor has an 
appreciable load, it will require more 
than one resistance step for good com- 
mutation. . 


Switching Time. Figure 9 shows 
how the watt-seconds generated in the 
resistor vary with the time allowed for 
acceleration. These curves indicate that, 
if a motor has an appreciable load (over 
25-per-cent full load), itis important to 
short-circuit out the resistor as soon as 
possible consistent with a safe second cur- 
rent peak. For a switching time longer 
than two time constants Figure 9 shows 
- how the heating severity on the resistor 
increases with only a slight gain in 
angular velocity. For example, if a = 
T1/Trr = 0.75 and i = 2.0 Trt and 
switching occurs at two time constants, 
the speed is 86.5 per cent, wy = 62.5 per 
cent 2, and Mis equal to 0.7. If switch- 
ing occurs at three time constants, the 
speed is 95 per cent wy, and M = 0.87. 
This shows an increase of 24.3 per cent 
in watt-seconds in the resistor for a gain of 
only 9.8 per cent in speed. If the load is 
full load, then a = 1.0, and there is an in- 
crease of 31 per cent in watt-seconds for 
the same 9.8 per cent gain in speed. 


Circuit Diagram 


Figure 1 shows a typical definite time- 
starter connection diagram. When the 
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Figure 3. Relations existing between motor 
torque and angular velocity when the load 
torque varies directly as the speed 


start button is pressed the coil of the 
accelerating contactor 1A is energized, 
thus opening its normally closed power 
contact and closing its normally open 
control contact. When the control con- 
tact on 1A closes, it energizes the line 
contactor coil M which seals itself in 
through its own interlock. The closing 
of contactor M connects the motor arma- 
ture to the line through the resistor R; and 
allows the initial current J, to flow. Si- 
multaneously, the coil of 1A is de-ener- 
gized, so that after a definite time 14 
drops out short-circuiting the resistor R; 
and allowing the second current peak J; 
to flow. 


Speed-Torque Diagram 


Figures 2 and 3 show relations between 
torque and angular velocity for the con- 
stant- and variable-torque case respec- 
tively. The developed motor torque is 
given by equation 8 and is shown as a 
straight line going through the points (0, 
T,) and (Q, O). The point of intersec- 
tion of this line, with the load torque line 
determines the steady-state operating 
speed (wy) when resistance is in the arma- 
ture circuit. The point w, represents the 
speed at switching. The torque after 
switching rises to 7; which is on the line 
given by equation 8a for a motor with 
internal resistance of r. 


Analysis 
For nomenclature used in this analysis 


see the appendix. 
In a d-c motor the well-known equa- 
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tions for torque and back electromotive 
force are 


chi 1) 
P= 57108 " 
and 
pace (2) 
27108 $ 


Since V = e + 1R, then 
j=—__ =_-——_ (3) 
Putting equation 3 into equation 1 gives 
TH coV. -| ch 2 

 2n10°R [210°] R 


ch cow 
OE GUA To 4 
Onl0® RL =i, | (@) 


With no load on the machine e becomes 
V, and w = Q, so that equation 2 re- 
solves to : 


cgQ 


v=o 108 


and 


_2r10°V 
aes 


Substituting equation 5 into equation 4 
gives 


cH 2) . 
LS ae HE -| (6) 


Att = 0, w = o, and 


(5) 


purge, lens ee 


Io (7) 


Then equation 6 may be written 


radi -2) (8) 


The torque equation for internal resist- 
ance r is 


T=T, ¥(-2) 
r Q 


as initial torque is inversely proportional 
to circuit resistance. Dividing equation 7 
by equation 5 gives the useful relationship, 


(8a) 


>on ta ) 


so that equating 6 and equation 1 gives 
the following equation for current 


eee To a, So 
"Ra Sit aaa (Q—w) =1(1 7) (10) 


CASE 1: CoNSTANT-TORQUE LoapD 


The graphical representation for this 
case is shown in Figure 2. 

The difference between generated 
motor torque, T, and load torque, T;, 
causes acceleration, so that 


tagline ar : met) 


» 


<r — = 
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Substituting for T from equation 8 gives 
=T,.—Ty, (12) 
whose solution is 

(13) 
fe tag Se? 
and equation 13 becomes 

T= _Tot 

--( case ate = | 


Att=o, 


(14) 


(15) 
so that 


__ Tot 
~ OF 
@=o, l—e 


Putting the expression for w from equa- 
tion 14 into equation 10 yields 


(16) 


GY EES ok al ea 
int] 74(7ot), a | (17) 
ise T, 
Let 
VRE T: 
hat ot 
(Fe% T, teat). b, so that T, b 


and the equation for current becomes 


— 
i=1,] (1—b)+be a | ue 


The energy dissipated in the resistor 
in time ¢, is 


ty 


?Ridt=I,?RiX 


h _Tot\2 
fc ur) a (19) 
0 


at 
=10R| (1 —b)*t,+2b(1—b) 7% 
: 0 


nn 


Pott b20T 27 ott 
(1-« a ) eee x( 1-« 7) (20) - 


Let 4) = so that equation 20 reduces 
o 


to 


2 
E ae [2—2.27b+0.761b7] 


(21) 


When the value for J, from equation 9 is 
put in, equation 21 reduces to 


Bao} =| [2—2.27b+0.76167] (22a) 
or 


Ry = fz 
= Jn — || 0.491+0.748—+ 
B: {2 | l 7 T 


: oe T otha 
wi aie (22b) s#24o( TEE) -r, 


To 


> aewe! 


207 
Atti= r equation 14 becomes 


Uy) 


wr =w4(1 —e-*) =0.865ey (23) 


Second Current Peak, I, 


At ¢ = ¢, the timing relay 1A (Figure 1) 
drops out short-circuiting out the ex- 
ternal resistance Rj, so that the resistance 
of the circuit changes from R to r. 

Just before switching 


1=I, one and ¢;= pe 
Q 27108 


Now 
ey @) 0. 0.865e, 
eS hale 24 
Vago Q See 
The new current peak is given by 

V— V 0.865: 
h= ce od (25) 

r fe Q 


The same relationship can be obtained by 
considering similar triangles in Figure 2. 
Equation 25 also can be written using 
the relationship of equation 15. 


Raced 
h =): —0.865 = (26a) 
r ths 
4 r 
=" 0.135-+0805 =] (26b) 
r ip 
4 I 
= “| 0.135-+0.865 Aa (26c) 
r ies 


since 7 6 


If switching takes place at tf = © so that 


; wy 
int{1-“) 


then from equation 15 and equation 1 


Vib 
Ty lip 


— from equation 1. 


(27) 


Cask 2: Loap ToRQUE DIRECTLY PRO- 
PORTIONAL TO SPEED 


Let 
=kw (28) 


and 


Tg =k. 


As before 


rat(1-2) 


These relationships are shown in Figure 3. 
Then 


dw 
eG he es 


so that 


(29) 
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Figure 4a. Speed and current versus time for 


200-per-cent initial torque and various ratios 
of a constant-load torque to full-load torque 
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Figure 4b. Speed and current versus time for 
150-per-cent initial torque and various ratios 
of a constant-load torque to full-load torque 


and . 
TotQk 
TQ is Ce ): 
Qo= Ce 
Totort 
At t = 0, w = 0, so that Cis determined 
and 
Tot+Qk 
TAL oe al ): 
oS (30) 
T,+0K 
At 
TQ 
tednher hal vane ste 


TRANSACTIONS 697 


Let 


QT 


B The (32) 


so that equation 30 can be written 


t 
jeplttee : ) 


Now as in equation 10 


3 @ 
t=I, Lise 


which becomes from equation 33 


foo) 


The watt-seconds generated in the re- 
sistor R, in the time #; is 


(33) 


(34) 


which becomes 


I,2R 

Bal] (ow) +B Qa) (0-0) x 
1 2 2t 
(1-« n 28 (:-67)] (36) 
Let 
207 

h= =2B 
= TeeOk Oe 
so that 


@] =a,(1 —e~*) = 0.8650, 


did 

” 

WwW 

Le 

8 = 
MEANS <a 
« 07 ee 
3 Vl edea 
oO 

@ 05 

wu 


TERS 
LIA 
Cae Ae 


(ae 
| 


as 


Figure 5a. Speed and current versus time for 

200-per-cent initial torque and various ratios 

of load torque to full-load torque when the 
load torque varies directly as the speed 
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ae (38) 


re (39) 
Q T,+0k 
Then from equation 37 
pea (40) 
TL OCT. 


Substituting equation 38 and equation 40 
into equation 36 gives 


E=I,2R,[2(1 —d)?+2d(1 —d) (0.865) + 


0.491d?] ae 
: If 


1) 


which, using equation 9, reduces to 


R 
E=J0? = [2—-2.27d+0.761d2]d (41) 


Example 1 


A centrifugal casting machine used for 
spinning molten metal to desired shapes 
is driven by a five-horsepower 230-volt 
1,200-rpm d-c shunt motor with a full- 
load current of 20 amperes. The inertia 
referred to the motor shaft is 20 pounds 
feet squared. The load during accelera- 
tion is practically all friction and is ten 
per cent of rated full-load torque. A two- 
point starter with one section of starting 
resistance is to be used. In order to make 
the accelerating time short 200-per-cent 
starting torque is indicated. _ 

The accelerating time setting for the 
timing relay and the watt-seconds lost per 
start in the starting resistor are required. 


: 
c 
QuErcnges. 
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Figure 5b. Speed and current versus time for 

150-per-cent initial torque and various ratios 

of load torque to full-load torque when the 
load torque varies directly with the speed 
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The rated full-load torque is 5(5,250) + 
1,200 = 21.9 foot-pounds, so that the 
initial torque and load torque are 43.8 
and 2.19 foot-pounds respectively. Since 
the rated motor speed is 1,200 rpm, and 
the speed regulation or internal resist- 
ance drop is assumed to be ten per cent, 
the no-load speed is 1,333 rpm. From 
Figure 4a where T, = 0.1 Tz the switch- 
ing speed is 0.82 X 1,333 or 1,093 rpm, 
and the steady-state speed, wy is 1,266 
rpm. The time constant OF /T o; in? the 
practical system, is given by the relation 
(WR2N) + (307.8T,) where WR? is in 
pounds foot squared, NV is no-load revolu- 
tions per minute, and 7, is initial torque 
in foot-pounds. Inserting the values 
WR?, N, and T, given in this example 
gives the time constant of the system 
as 2.0 seconds. Ina time of 1, 2, 3, and 4 
time constants the speed will be 63.2, 
86.5, 95, and 98 per cent of wy and the 
watt-seconds lost in the resistor will be 
5,920, 6,950, 7,160, and 7,220. 

If switching occurs at two time con- 
stants, the second current peak is given by 
equation 25 or canbe obtained graphi- 
cally from a construction similar to Figure 
2. This current peak equals 


230 1,266 
== —| 10: —— } |=36.0 
rl 0.865 (G)| 0 amperes 


This inrush is allowable, being less than 
200-per-cent full-load current, so that 
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Figure 6. Multiplying factors for JO? to ob- 

tain watt-seconds dissipated in resistor per 

start for various ratios of initial torque to full- — 

load torque when the load torque is constant 

and switching occurs at a time equal to two 
time constants 
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Figure 7. Multiplying factor for JQ? to ob- | ails } 
tain watt-seconds dissipated in resistor per 
start for various ratios of initial torque to full- ‘2 ao) ue 
load torque, when the load torque varies di- a 


rectly with the speed and switching occurs at 
a time equal to two time constants 


switching at two time constants or four 
seconds is satisfactory. 


Example 2 


A five-horsepower planer motor rated 
500 rpm, 230 volts with a full-load current 
of 20 amperes drives a friction load of 25- 
per-cent full-load torque. If a two-point 
starter is used, the switching time and 
watt-seconds in the starting resistor are 
to be determined. 

The WR? of the system referred to the 
motor shaft is ten pounds feet squared. 
The full-load torque is 52.5 foot-pounds. 
If 200-per-cent starting torque is allowed 
T, = 105 pounds. The no-load speed is 
556 rpm. Then the time constant be- 

10 (556) _ 
307.8 (105) 
The JQ? of the system is 


comes =(0.172 second. 


4.62(WR?) (N?) _ 4.62(10) (556)? 
104 = 104 
= 1,430 watt-seconds 


At two time constants the second current 
peak from equation 26 is 


230 0.25 
=——] 0.135+0.865( —— 
fi al pa ( 2 )| 


=48.6 amperes 


The multiplying factor for JQ? obtained 
from Figure 6 is 0.475. Then the watt- 
seconds become 0.475 X 1,430 = 685 
watt-seconds. 

It should be noted that this value is 


Figure 8. Curves showing the relation be- 

tween first and second current peaks as a 

function of load torque, initial torque, and 
switching time 


approximately ten per cent of the value 
found for the motor of example one, which 
has the same applied voltage, horsepower, 
internal resistance, and inrush current. 

The watt-seconds per start are not 
much different for two, three, or four time 
constant because of the low-load torque. 
If a high-load torque is present, a two- 
point starter is not satisfactory because 
of the high resultant second peak. 


Appendix. Nomenclature 
_ ahd Units 


Tag 


e=counter electromotive force at any 
instant 
é,=value of e at time 4, 
V =line voltage 
4=armature current at any instant 
I,=armature current at /=0 
J, =armature current after switching time 
t= th 
I,=current corresponding to torque Ty, 
R=total resistance in armature circuit 
R,=external (starting) resistance 
ry =internal resistance of motor 
T =torque developed by motor in watt- 
seconds 
T,=value of T at <=0 
T,=constant load torque in watt-seconds 
T,= variable load torque at any speed in 
watt-seconds 
- Tg=value of T; at speed of 2 
KE=kinetic energy of rotating system in 
centimeter-gram-second units 


Figure 9. Multiplying factor for JQ? to ob- 

tain watt-seconds dissipated in resistor per 

start as a function of switching time for various 

ratios of load torque to full-load torque for 
a constant-torque load 


Plotted for 200-per-cent initial torque 


J=polar moment of inertia of rotating 
system in centimeter-gram-second 
units 

WR?=inertia in pounds feet squared 

E=energy in watt-seconds 

w=angular velocity at any instant in 
radians per second 

@,=value of w at t= 

wr=value of w at f= © 

Q=no-load angular velocity in radians 
per second 

N=speed in revolutions per minute 

a =angular acceleration at any instant in 
radians per second squared 

t=time in seconds 

i; =value at tat w=) 

¢=useful flux per pole crossing the air 
gap 

k =constant 

A, C=constants of integration 
b=(T,—Tx)/To 

@=T /(T o+2k) =wy/2 

In order to change from.metric units to 

the practical system the following factors 


can be used. 


2 
Ws 1.358 = J watt-second$ 
32.2 


4,62WR2N210-4=JQ? watt-seconds ~ 


7 <0 radians per second 
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Statistical Methods in the Development 
of Apparatus Life Quality 


ENOCH B. FERRELL 


NONMEMBER AIEE 


Synopsis: Life tests on a new design of re- 
lay were so planned that the methods of 
statistical quality control could be used to 
separate assignable causes for variation from 
random causes for variation during life. 

The relays were inspected frequently at 
the beginning of the test and less frequently 
later. The results of these inspections were 
plotted in the form of control charts. From 
a study of points outside control limits, im- 
provements were made in the design, the 
method of manufacture, and the method of 
test. From a study of the control limits 
and the number of points within them, pre- 
dictions were made as to the useful life to be 
expected. 

Simplified methods used in recording and 
analyzing the data and in establishing 
trends are described. 


EVELOPMENT PEOPLE, manufac- 

turers, even consumers, make a great 
many life tests. A common way of mak- 
ing these life tests is something like this: 
Go to the end of the assembly line, get a 
number of whatever kind of gadget is be- 
» ing made, put them in a life-test station, 
and run them to destruction. Results: 
A nice table of numbers and a lot of dead 
gadgets. Nothing more. 

Now, what is the purpose of a life test? 
The consumer wants to know: How 
often will I have to replace this piece of 
equipment? The manufacturer or his 
development man wants to know: How 
long a life can we guarantee to our cus- 
tomer? ’ 

The very nature of these questions 
shows that they are not at all interested 
in how long a particular gadget that was 
made last month did run before failure. 
They are interested only in predictions 
about how long many gadgets that will be 
made next month will run before failure. 
To restate the questions to be answered: 
First, can reliable predictions be made 
about the life of the gadget? Second, 
if predictions can be made, what are the 
expected average and dispersion of the 
life, or, if reliable predictions cannot be 
- made, why not, and what can be done 

about it? 
There is another question: Can a de- 
sign change be made that will increase the 
life or reduce the cost? That question 
was given little consideration in setting 
up the tests to be described, because we 


Paper 45-142, recommended by the AIEE sub- 
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had a design that we intended to produce 
in the existing form to meet certain uses. 
We wanted to know whether this same 
design might be useful elsewhere. We 
did, of course, learn things from the in- 
vestigations that led us to both design 
improvement and process improvement. 
If they had been our main objectives, we 
would have made little, if any, change in 
our method of study. But our original 
objective was simply an evaluation of a 
design. 

Consider the first question, reliability. 
One of the fundamental requirements for 
reliable predictions of this type is that 
they be based on measurements of repre- 
sentative samples from a uniform pro- 
duct. In the tests to be described here 
the product to be studied was a new type 
of relay which was in the midst of de- 
velopment and preparation for manufac- 
ture. We had made a good many small 
lots. We had studied the more important 
characteristics of these by the control- 
chart technique.!:2 We had some con- 
fidence in a process standard that had 
been based on our control limits. We 
were getting a good many outages in our 
manufacturing process. That is, we were 
getting a good many points outside our 
control limits. But we were identifying 
and eliminating the troubles. Another 
way to say this is that we were making a 
good many relays that were not what we 
intended, but we knew what we wanted 
to make, and we knew a process that 
would do it. 

For the life test we took samples from 
those lots which were in statistical con- 
trol. We believed our samples were 
representative of the stable manufactur- 
ing process that would exist after we had 
eliminated the troubles. And we knew 
what the characteristics of the relays 


‘made by that process would be, knew 


that they would be useful to our cus- 
tomers. 

We believed that, if we were to put 
much faith in an ultimate life figure, it 
must be arrived at by a more or less con- 
tinuous and understandable process. 
That is, we were not satisfied merely to 
let these relays die; we wanted to know 
how they aged and what was the nature of 
their final failure. We arranged to oper- 
ate and release each relay in a work cir- 
cuit 60 times per second in an effort to 
wear it out. At stated intervals we 
would remove it from this work circuit 
and inspect it. This inspection would 
consist of accurate measurements of its 


i 


Ferrell—Statistical Methods and Apparatus Life Quality 


two principal characteristics: the cur- 
rent at which it would operate or pull up, 
and the current at which it would release 
or drop out. We would plot a control 
chart for each relay. We wanted several 
points on each control chart before its 
relay failed. 

We arranged to make about 20 inspec- 
tions during the first ten days. If the 
relays failed in less than ten days and we 
had not enough data, we could start over 
without too much loss. But to continue 
two inspections per day was too expensive. 
Moreover, it would give us more data 
than we had time to study. So, after an 
initial period, we would inspect the relays 
whenever their age had increased about 
ten per cent. Table I shows the inspec- 
tion schedule. It will be noticed that, if 
we plot control charts using subgroups of 
two or four, the time intervals within a 
subgroup show some uniformity. Be- 
yond the schedule shown, the ten-per- 
cent rule was applied. Throughout there 
was some adjustment to fit convenient 
working hours. 

In measuring the operate and release 
current at the inspections, we have used a 
measuring set that minimizes the influ- 
ence of the operator or the surroundings. 
The relay is connected to the measuring 
set, and the operating switch is thrown. 
The measuring set automatgcally in- 
creases the current in the relay slowly 
until it operates and then displays the 
value of the operate current on a meter 
for several seconds. The operator merely 
throws the switch, reads the meter, and 
writes down the reading. The meter has 
a six-inch scale and is read to one or two 
parts in 1,500. 

Table II shows the method of recording 
the data. This is one half of a double 
page. Release current is recorded on the 
other half. There is a separate double 
page for each relay. At each inspection 
four observations of operate current are 
made and recorded on one line. After 
them are recorded the range and mid- 
range of these four repetitive observa- 
tions. They may be called repetition 
range and repetition midrange. When 
two inspections have been made, the two 
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Figure 1. Operate current: relay 740 
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repetition midranges are treated as new 
data, and the range and midrange are 
computed for the group of two. 

In this work and in most of our work 
we have used ranges and midranges in 
preference to standard deviations and 
averages. The ranges and midranges are 
easier to compute, and the method of com- 
puting them is exactly the same in all de- 
tails, whether the sample size is two or six. 
This simplifies the instructions to the 
technical assistants and speeds up their 
work. As these statistics depend on only 
the extreme observations, they may be a 
little more useful in detecting trouble. 
Control chart coefficients are published 
for ranges. For a sample size of two, the 
midrange and average are, of course, the 
same. For small samples, in general, it 
may be that the midranges and the aver- 
ages, with their statistical fluctuations, 
are enough alike to permit their inter- 
change in an analysis of this type. We 
have assumed this to be so, and up to 
sample sizes of six, we have used the mid- 
range with the published control-chart 
coefficients for the average. 

Repetition ranges represent variations 
in the relay, and also variations due to 
meter reading, building vibration, and 
the like. We would expect this disper- 
sion to be constant, both within and 
among the relays. The average repeti- 
tion range and control limits based on it 
were computed by lumping together 
several inspections on several relays. 
They are shown at the bottom of Table 
II. The repetition ranges here are badly 
out of control. This was at the beginning 
of the tests. We convinced ourselves 
that the trouble was due to operator in- 
experience and was not seriously affecting 
the experiment. The repetition ranges 
later did come into fairly good control. 

The group ranges represent the afore- 
mentioned variations plus the variations 
caused by handling the relays, drifts in 
the measuring set and the like, plus any 


variation due to real aging in the relay. | 


They show, on the whole, very good con- 
trol. They indicate that the effect of 
aging between inspections is small as 
compared with what we might call the 
effect of handling. 
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s Figure 2. Operate current: relay 740 


We do not expect the repetition mid- 
tanges to stay within limits based on 
repetition ranges, because an additional 
cause for variation, the handling, is inter- 
posed between inspections. 

We might have expected the group mid- 
ranges to be in control within limits 
based on group ranges. They were not. 
They showed definite trends. Here was 
a real indication of aging. This aging 
trend was evaluated in the following 
manner. 

After some 14 group midranges had 
been plotted for a relay, a median line 
was drawn asin Figure 1. It was a slop- 
ing median line. It was placed at such a 
height that half the points were above it 
and half below. It was placed at such a 
slope that the number of runs, above and 
below, was a maximum. 

The use of this line and the method of 
placing it may need some explanation. 
If we believed that there existed some 
functional relation between operate cur- 
rent and age, we could compute the cur- 
rent for each age on the basis of that 
functional relation, subtract the com- 
puted current from the observed current, 
and get a set of remainders. ‘These re- 
mainders would represent the departure 
of our experience from the assumed func- 
tional relation. We could study these re- 
mainders statistically. If we found, in 
the remainders, evidence of cycles or 
trends, then we would say there are func- 
tional relations other than that already 
considered. If we found what the statis- 
tician calls ‘no evidence of lack of con- 
trol,” then we would think there is no 
functional relation between the remain- 
ders and the age. Our confidence in this 
belief would depend on the thoroughness 
of our search for lack of control. 

We have done just this, but have done 
it graphically. We have used, in effect, 
a graphical transformation of co-ordi- 
nates. The functional relation that we 
have used is defined by the time scale, the 
position, the slope, and the straightness 
of the line.” Because we have an unusual 
time scale, we are testing an unusual 
functional relation. There may be a 
better or more logical functional relation. 
The best of statistical control in the re- 
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mainders would not prove that this func- 
tional relation is ‘‘the right one’ but 
merely that empirically it is a good 
approximation in the region studied. 

In our case the time scale and straight- 
ness of the line were purely matters of 
convenience. They fixed the form of a 
two-parameter function whose two param- 
eters, the height and slope of the line,— 
could be easily chosen. The choice of 
height rests on our desire to have the 
central value of the remainders after 
transformation equal to zero. It is 
somewhat easier to use the median as the 
measure of central value than some of the 
others. So, we placed the line with half 
the points above and half below. 

We have chosen the slope of the line in 
an effort to make one of the simplest tests 
for control show no assignable causes. 
This test is the study of runs’? above and 
below the median. A runisa sequence of 
consecutive points on the same side of the 
line. The expected number of runs is 
roughly half the number of points, actu- 
ally (n+2)/2. This makes the expected 
average length of run about two. The 
presence of longer and fewer runs tends to 
indicate the presence of trends. We 
would like to include any such trends in 
our functional relation, and that- would 
eliminate those long runs. The presence 
of shorter and more numerous runs, which 
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tribution to the concept of a median of an 
ordered array, we have qualified it and 
called it a sloping median. Perhaps 
trend median would be a better name. 

These sloping median lines were drawn 
for eight relays with encouraging results. 
The number of runs was fairly close to 
the expected number. The slopes were 
in good agreement. To show this we 
measured and averaged these slopes and 
redrew the plotted medians, so that all 
had this average slope. Since the manu- 
facturing variations among relays is 
greater than any of the variations dis- 
cussed here, each line was drawn at a 
height to make it the median for that one 
relay. 

To study further the singleness of this 
assignable cause for variation, control 
limits were placed above and below these 
median lines at spacings derived in the 
usual manner from the average group 
range. Figure 2 shows the complete con- 
trol chart for group range and midrange. 

Note that this chart goes up to 600 
hours age. The determination of slopes 
and control limits was made on eight re- 
lays at an age of 166 hours. The control 
chart is holding good through an ex- 
trapolation by a factor of nearly four in 
age. 

Figure 3 shows the aging trend up to 
5,000 hours. The upper curve is for 
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operate current, the lower for release cur- 
rent. Each point is the average for ten 
relays. It represents four repetitive 
readings, at each of two inspections of 
each of ten relays—a total of 80 observa- 
tions, averaged in each point. The slope 
of the median line for operate current is 
the same as that determined at an age of 
166 hours. The last few points are sig- 
nificantly above the line. It may be that 
the whole aging trend is caused by change 
in a repeatedly overstressed spring and 
that this flattening of the curve shows 
approach to a new equilibrium. The 
continued slope of the release current 
seems to disagree with this. We do not 
know. 

The median line for release current as 
drawn at 166 hours was steeper. Only 14 
points were available then, so it may have 
been a ‘‘small sample” effect. It is more 
likely to be related to erratic behavior 
sometimes encountered in the first 20 
hours. This will be considered later. 
The slope of the release line shown in 
Figure 3 is the same as that of the operate 
line. 

Control limits have not been drawn on 
the ten relay average curves of Figure 3. 
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If they were, they would be spaced less 
than a third as far apart as in F igure 2, 
and we would observe many outages. 
We think the explanation is this: In ad- 
dition to the dispersion due to what we 
called “handling,” there is an effect of 
temperature on the measuring set. This 
is less than the ‘“‘handling”’ effect, and, in 
single relays, is concealed by it. When 
we average ten relays, the dispersion due 
to handling is reduced. But, because the 
relays were started into their tests in a 
few groups and measured together later as 
a group on a cold day or a hot day, aver- 
aging does not reduce the temperature 
effect. This now shows up to give out- 
ages on limits set by the ‘handling’ dis- 
persion. This also will be mentioned 
again. This same temperature effect 
probably accounts for some of the long 
runs observed in the individual curves. 

At the beginning of this discussion two 
questions were asked: What prediction? 
How reliable? A prediction has been 
obtained: A life of over 5,000 hours 
with an aging in that life of nine parts in 
150. For reliability it is necessary to re- 
turn to our control charts. 

Table III is a summary of outages 
observed in tests on 28 relays. At the 
time of preparing this summary, some had 
been run to destruction, others had been 
run a few hundred hours without failure, 
and others a few thousand hours. 


Nine relays showed outages in the first . 


20 hours, mainly high values. The time 
scale used was that of the schedule of 
Table I. If the chart is replotted on 
other time scales, some of these outages 
disappear, and others appear. We do 
not know what time scale should be used. 
It may not be important. We think 
these early outages indicate a real 
trouble and contributed to our bad guess 
on the aging rate for release current at 166 
hours. There is still more to be said 
about this. 

Ten relays showed outages all at about 
the same time when the measuring set 
went bad. That trouble was corrected. 
It was found that the calibration of the 
set had been in error by about two per 
cent. In the plotting of these charts, the 
early points have been corrected by that 
amount. 

Fourteen relays showed outages by 
having high operating current after about 
2,000 hours. This may be the aging of 
the spring as mentioned before. 

There were six outages that were traced 
to the temperature effects in the measur- 
ing set already mentioned. 

Seven relays were removed from the life 
test without giving information about life. 
For one pair the circuit had been wired 
wrong, and the relays were worn out in 
600 hours. The fault was discovered at 
about 40 hours, but the test was continued 
just to see what would happen. For 
another pair the circuit broke down and 
damaged the relays. Another pair aged 
very rapidly and was found to have been 
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Selsyn Design and Application 
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N the last few years, new developments 

of Selsyn principles and new applica- 
tions of modified designs have opened a 
vast field of use, the emphasis of which is 
on the system, within which the Selsyns 
exert control. The many advantages of 
these new uses are not yet fully realized. 
Therefore an explanation of the funda- 
mentals of design and application of 
Selsyns will give a firmer basis for present 
applications and increase the future use- 
fulness of this highly versatile means of 
control. 

In certain forms Selsyns have had a 
reasonably long and distinguished service 
in industry in the past in such applica- 
tions as remote indication of water level, 
controller position, and so forth. Many 
improvements have been made, and much 
has been learned about the possibilities 
and limitations of such systems. This 
paper presents a discussion of design and 
application fundamentals as distinguished 
from the mathematical analysis. 


What Is a Selsyn 


Selsyns, as discussed in this paper, are 
electric machines used as control devices 
which in systems involving two or more 


units can indicate the relative position of 
their shafts to a high degree of accuracy, 
even though a considerable distance may 
intervene between the units (the name is 
a contraction of self-synchronous). A 
servo mechanism, or servo system, is an 
atrangement of power and power-control 
units within which the Selsyn system 
operates to guide the action of the power 
units. 

The different kinds of Selsyns can be 
classified roughly by size and accuracy as: 


1. Power Selsyns. 
2. Instrument Selsyns. 
3. Indicator and control Selsyns. 


Power Selsyns are similar in construc- 
tion to wound-rotor induction motors and 
have an equivalent size. They might be 
used, for example, to maintain synchro- 
nism of the ends of a lift bridge. Instru- 
ment Selsyns are usually extremely small 
and light and used only to carry a light- 
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weight pointer to indicate position, for 
example, of the trim tabs or wheels in an 
airplane. Extreme accuracy is not re- 
quired of either of the foregoing kinds of 
Selsyns. Indicator and control Selsyns 
are midway in size and have errors 
counted only in tenths of degrees. Be- 
cause of their high accuracy as control 
devices they enjoy a much wider field of 
use than either of the other two types. 


Basic Selsyn Systems 


An explanation of elementary Selsyn 
systems is needed as a basis for design 
specifications. Selsyn systems may be 
divided into two basic groups, depending ~ 
on whether their principle of operation is 


1. Torque transmission 
or 
2. Voltage indication. 


Each type of system has its own unique 
advantages, depending on the needs of 


GENERATOR MOTOR 


STATOR 


Selsyn generator and motor con- 
nection diagram 


Figure 1. 


improperly made. The seventh failed 
suddenly at 2,690 hours and was found to 
have a foreign particle in it that had 
This also was 
faulty manufacture. These seven told us 
nothing about normal relays. 

Three relays operated at heavier loads 
have failed. The ten relays used to plot 
the average aging curve were worked into 
loads of 20 watts or less. One of these 
three relays was worked at 200 watts. It 
shows a normal aging curve but failed at 
2,645 hours. The other two were worked 
at 300 watts. They showed abnormal 
aging and failed at 490 hours. There was 
some question as to the manufacture of 
these two as they were taken from a lot 
with a large number of known defectives. 
From, this meager information we are 


tempted to guess that at these heavy - 


loads the dependable life is about 500 
hours. 

In addition to these outages for which 
causes have been assigned, there were ten 
outages in over 2,000 points for which the 
cause is tnknown. With three sigma 


‘limits, the expected number of outages is 


six, and the sampling fluctuations might 
take this up to 13. It is possible that 
these ten outages are really due to random 


4 fluctuations. 
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From these tests we have two sets of 
conclusions to draw. For the consumer, 
we can promise a useful life of over 5,000 
hours at 60 operations per second with a 
load of 20 watts or less in a properly de- 
signed circuit. At 200 or 300 watts, we 
have some indication of a life of a few 
hundred hours. “This applies to relays 
made by thé standard process as it ex- 
isted at the time of the test. 

For the development man we have 
several conclusions. First, we need a 
measuring set that is easier to operate and 
free from temperature effects. We are 
now building a set that we think will be 


‘better. Second, something should be 


done about the initial aging. We now 
think this is caused by a combination of 
chemical action and impact polishing. It 
seems to stabilize after a few hours. We 
have introduced a stabilization aging run 
as part of the manufacturing procedure. 
Third, the aging trend, though small as 
relay aging usually goes, is undesirable. 
We should note that the very fact that 
we had to draw our control charts on 
sloping medians indicates the presence of 
an assignable cause. We traced this to 
the over-stressed spring; we changed the 
spring material, and new tests indicate 
that we have almost eliminated this slope. 
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Fourth, the relays were damaged by 
heavy loads in the circuit used. This 
may be because of the load and hence an 
inherent limitation, or it may be because 
of the circuit which is now being studied. 


This report may be summarized this 
way: The life tests were so designed 
that random causes and assignable causes 
could be separated. From the data re- 
lated to the random causes we have made 
predictions about the useful life of our 
standard product in which we have much 
confidence. From the data related to 
the assignable causes we have been led to 
improvements in our design, our manufac- 
turing process, and our testing process, 
and we may be led to improvements in our 
method of use. 


References 


1. MANUAL ON PRESENTATION OF DATA. Ameri- 


can Society for Testing Materials. 


2. ConTRoL-CHART MetrHop oF CONTROLLING 
QuALITY DURING PRODUCTION. American Stand- 
ards, Z 1.3, 1942. 


3. CONTRIBUTIONS OF STATISTICS TO THE SCIENCE 
or ENGINEERING, W. A. Shewhart. University of 
Pennsylvania Bicentennial Conference. Volume 
on Fluid Mechanics and Statistics, 1941, pages 97- 
124. 


Transactions 703 


GENERATOR CONTROL 


TRANSFORMER 


ROTOR 


ROTOR %, 
A-G OUTPUT 
VOLTAGE 
A-G SUPPLY 
VOLTAGE 


Figure 2. Selsyn generator and control- 
transformer connection diagram 


the application. In some cases a group 
of interconnected Selsyns forms a system 
of its own, but more generally it is only 
part of a larger servo system which it 
controls. 


SELSYN GENERATOR AND Motor SYSTEM 
(TorQUE TRANSMISSION) 


The first basic type of system comprises 
two Selsyns between which torque is 
transmitted electrically to rotate the 
shaft of the motor, or receiver Selsyn, in 
synchronous correspondence with the 
shaft of the generator, or transmitter 
Selsyn. The motor shaft may carry a 
dial for indication purposes or may rotate 
some other mechanical device; the prin- 
ciple is the same. 

The Selsyn generator and motor are 
electrically and mechanically identical 
except for the addition of a damper fly- 
wheel to the motor rotor to reduce un- 
desirable mechanical oscillations. In 
each excitation power is applied to a 
single-phase primary (usually rotor) wind- 
ing which induces voltages by transformer 
action in the three secondary (usually 
stator) windings which are connected in 
the conventional Y with 120-degree 
mechanical spacing. 

When the stator windings are inter- 
connected as in Figure 1, any lack of 
correspondence between generator and 
motor rotors causes the voltages in the 
stator windings to become unequal, thus 
circulating currents through the windings 
and producing restoring torques to bring 
the motor into correspondence with the 
generator. When both rotors are in 
correspondence, the stator voltages are 
equal, and no current flows. 

The voltages induced in the stator 
windings are all in time phase, since only 
single-phase power is applied to the rotor 
and the Selsyn revolves only slowly. The 
magnitudes of the various voltages depend 
on the relative postion of stator and rotor 
windings, and thus a unique set of volt- 
ages is produced in the stator for each 
position of the rotor. The fact that these 
sets of voltages are a very accurate meas- 
ure of rotor position is responsible for the 
_ widespread use of Selsyn systems. 


SELSYN-GENERATOR AND CONTROL- 
TRANSFORMER SYSTEM (VOLTAGE 
INDICATION) 


The second basic type of system com- 
prises two Selsyns connected electrically, 
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Figure 3. Selsyn-system connection diagram 
including differential Selsyn and exciting 
capacitors 


in the second of which (the control trans- 
former) a voltage is induced whose 
polarity and magnitude are functions of 
the relative direction and amount of dis- 
placement between the shafts of the two 
units. This voltage can be used for indi- 
cation purposes but generally acts as 
control voltage for a servo system. 

The Selsyn generator of this system is 
identical in all respects to that of the 
first basic system described. The Selsyn 
control transformer is similar to the gen- 
erator, except that it has a high-im- 
pedance winding on the stator and the 
rotor winding is not connected to the 
power supply. 

When stator windings of generator and 
control transformer are interconnected 
as in Figure 2, the currents in the control- 
transformer winding are proportional to 
the voltages in the generator windings, 
thus producing a magnetic field in the 
control transformer corresponding to that 
in the generator. The voltage induced in 
the single-phase winding of the control 
transformer is thus a sine function of the 
relative displacement of the rotors. 


MopIFICATION OF BASIC SYSTEMS 


A differential Selsyn may be included 
in either basic system. It functions either 
as a differential generator to transmit a 
set of Selsyn voltages, while modifying 
them by adding or subtracting the amount 
of rotation of its shaft, or as a differential 
motor to receive voltages from two gen- 
erators and rotate the sum or difference 


of their rotations. The voltages applied - 


to the three-phase primary (usually 
stator) windings of a differential genera- 
tor from the Selsyn generator induce a 
new set of voltages in the secondary three- 
phase windings, which appear as if the 
generator has been turned additionally by 


Figure 4. View of indicator panel for bascule | 
bridge showing Selsyn-operated indicators 
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Figure 5. Connection diagram for typical 
servo system 


the amount of shaft rotation of the differ- 
ential. An exciting capacity in parallel 
with the primary winding of a differential 
Selsyn often is used to reduce the heating 
of the rest of the system. Figure 3 illus- 
trates a typical connection diagram for a 
Selsyn system, including a differential 
generator. 


Typical Selsyn Applications 


To illustrate the basic systems just 
described, some typical applications of 
Selsyn systems are helpful. 


SELSYN GENERATOR—MOTOR SYSTEM AS 
POSITION INDICATOR 


The leaves of a bascule bridge must be 
kept closely synchronized in position to 
insure correct operation. Automatic 
equipment is provided to accomplish this, 
but Selsyn systems often are used to pro- 
vide visual proof to the operator that all 
is well! A Selsyn generator is geared to 
each leaf of the bridge, and the shafts of 
corresponding Selsyn motors are attached 
to pointers on a dial to represent the 
bridge. The pointers correspond accu- 
rately to the position of the leaves and 
thus quickly check operations. Figure 4 
shows the dial of such an installation. 
Figure 1 shows the connection diagram for 
the installation. 

Similar applications of Selsyn systems 
were made as early as 1914 to show the 
position of lock gates, safety chains, and 
water levels in the Panama Canal.” 


_SELSYN GENERATOR—MOorTorR SYSTEM 


USED FOR TRANSMITTING TORQUE 


Continued rotation of a Selsyn genera- 
tor will cause rotation of the connected 
Selsyn motor, whose shaft will rotate any 
attached load up to the limit of the allow- 
able transmitted torque. 
shaft operation of Selsyns is similar in all 
respects to the previous example, except 
that an average angular difference be- 
tween generator and motor is required to 
supply load torque. 

This use of Selsyns is obviously very 
convenient in many cases but has definite 
limitations in the amount of torque that 
can be transmitted without overheating 
the system and in the mechanical oscilla- 
tions that may occur with changes in 
load. A better system is described in 
the following paragraphs. 
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This flexible- 


SELSYN-GENERATOR—CONTROL- 
TRANSFORMER SYSTEM CONTROLLING 
TYPICAL SERVO SYSTEM 


Torque amplification, or the control of 
a large or high-power object by means of 
a small or low-power one is often neces- 
sary in industry (for example, in the 
machine-tool trade). Many new develop- 
ments, and therefore the greatest possi- 
bilities, are in a system utilizing the high 
accuracy of control of a servo system 
possible with a Selsyn-generator—control- 
transformer system. A typical servo 
system is diagrammed in Figure 5. 

The output voltage of the control 
transformer (which is proportional to the 
relative position of generator and control 
transformer) is fed to an electronic con- 
trol device, which controls the flow of 
power to the driving motor. The driving 
motor turns the load (and control trans- 
former) until the output voltage of the 
control transformer becomes zero. Any 
motion of the generator results in a corre- 
sponding motion of the load with an 
accuracy independent of the size of the 
load, as the driving motor is chosen 
accordingly. This is a new type of 
application for Selsyns and bids fair to 
eclipse all others in versatility of useful- 
ness. A great amount of development 
has been done designing electronic control 
devices for maximum performance for 
each application. Their design is highly 
important to successful system operation 
but is outside the scope of this paper. 


Characteristics, Design, and 
Construction of Selsyns 


The use specifies the operating charac- 
teristics of a machine, and these in turn 
determine the design and method of con- 
struction. Selsyn systems of the first 
basic type have been in operation for 
some time, although the use of both types 
has been rapidly broadening in the last 
few years. Consequently, many present 
standard types of construction and 
methods of design have evolved from 
other machines such as small a-c syn- 
chronous motors. From a study of the 
requirements of each kind of Selsyn the 
most suitable design may be evolved. 


SELSYN GENERATOR 
For a generator used in either of the 


basic Selsyn systems, the general speci- 


fications are about the same. 


1. Secondary voltages are such functions 
of rotor position that a highly accurate 
indication of position can be obtained when 
operated with a complementary Selsyn. 


2. Sufficient torque developed when 
coupled with a suitable Selsyn motor, so 
that motor friction, or the resistance of a 
specified connected load, may be overcome 


_ sufficiently for required accuracy. 


voltage and frequency. 


3. Minimum drain of current and power 
from supply lines when operated at rated 
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Table |. Torque Gradients 


Values Are for 60 Cycles 


Inch-Ounces Inch-Ounces 


Model* Per Degree Model Per Degree 
Lessee shee 0.07 PR Oe 0.16 
See ee 0.45 5 ea Gis ae 0.40 
Dives svete ele 1.2 ere CRED 1.75 
Ud the ecicate 3.4 


* See Figure 9 for relative sizes of units. 


4. Adequately large torque capacity and 
low-voltage regulation to give proper per- 
formance of the rated number of connected 
Selsyns in specified systems. 


5. A temperature rise under operating 
conditions adequate to insure satisfactory 
life. 


6. Bearing design and lubrication suitable 
for high position accuracy and adequate life 
at specified rotation speeds and tempera- 
tures. Allowance must be made for possible 
limitations in available torque from the 
driving device. 

7. Construction must include convenient 
means of mounting and resistance to normal 
hazards of operation such as vibration, 
shock, moisture, dust, fungus, and so forth. 


The design of a Selsyn generator is like 
that of any small a-c machine, and the 
construction is often similar. A standard 
type of construction of stator and rotor 
for a generator is shown at the left in 
Figure 6. All circuit quantities and 
methods necessary to make standard 
analyses of Selsyns and their circuits are 
contained in the usual analysis of syn- 
chronous a-c machines.4 Unfortunately, 
since Selsyn errors are caused by devia- 
tions from the approximate theory com- 
monly used, there is as yet no precise 
method of predicting error or designing 
for a given controlled amount of it. The 
usual design formulas for larger syn- 
chronous machines can be used for excita- 
tion and torque calculations on all types 
of Selsyns, if’correction is made for the 
changes in relative dimensions. Ordi- 
nary precautions regarding distribution of 
the coils of the winding, number and skew 
of slots, and so forth must be taken, but 
special precautions are needed on machin- 
ing tolerances, if accuracy is to be high. 

Most Selsyns have a sinusoidal varia- 


‘tion of stator line voltage with rotor 
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position. Figure 7 shows the variation of 
the magnitude of the three line voltages. 
All voltages are in time phase. It has 
been shown that any space harmonics in 
the flux distribution, caused by the loca- 
tion of coils or dissymmetry of the mag- 
netic structure, and time-phase differ- 
ences between current in the various 
windings, caused by any circuit unbal- 
ance, can produce errors in the Selsyn 
system. The collector rings and brushes 
must be of durable materials with low 
stable voltage drop to avoid erratic errors. 
Gold or silver alloys are commonly used. 

The torque developed by a pair of 
Selsyns (except control transformers) 
when their rotors are out of correspond- 
ence varies with the sine of the relative 
angular difference as shown in Figure 8. 
The amount of this torque for a given 
design may be calculated in terms of the 
usual electric-machine-circuit constants.* 
Representative generators develop torque 
gradients with electrically identical mo- 
tors as shown in Table I. 

The models 1, 3, 5, 7 generally are used 
for position indication only, whereas 
models 2, 4, 6 are used alternatively for 


. torque transmission as electrical flexible 


shafts. 

Since for normal operation Selsyns are 
at or near correspondence position, the 
circulating currents in the stator are 
relatively small; consequently, the exci- 
tation power is the principle factor in 
determining heating. A stiffer torque 
gradient therefore can be built into 
Selsyns which are intended for position- 
indication use only, resulting in increased 
torque to overcome bearing and brush 
friction and provide better accuracy. 

Recommended system loadings of vari- 
ous sized generators are given in the next 
section. Accuracy and heating are the 
limiting factors. 


SELSYN Motor 


A motor is used only in the first of the 
basic systems—that utilizing torque trans- 
mission. As previously mentioned there 
are two possible uses of that system;* the 
motor shaft may carry a lightweight dial 


Figure 6. Standard Selsyn construction show- 
ing stator, generator rotor, motor rotor with 
damper, and differential generator rotor 
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which, once set properly, records the 
position of the generator shaft very 
accurately, or the motor shaft may drive 
some device or load in synchronism with 
the generator shaft. The requirements 
are the same as for generators, but, in 
addition 


1. The motor must come quickly into 
synchronism with the generator and not 
oscillate unduly when power is applied. 


2. Bearing and brush friction must be kept 
low to insure a high accuracy of corre- 
spondence with the generator. 


The design of all motor parts is identi- 
cal with that of the generator in order to 
satisfy the general requirements of torque 
and accuracy, but in addition a damper is 
required. Oscillation of the motor is re- 
duced by a mechanical inertia-friction 
damper fastened to the shaft, as shown in 
the middle rotor in Figure 6. 

Special precautions must be taken 
with bearings for indicator Selsyns to 
insure low friction and high accuracy. 
All parts are cleaned carefully and aligned, 
and in critical cases special bearings are 
used. On the other hand Selsyns for 
torque transmission are inherently less 
accurate and in some cases may be built 
entirely from standard small induction- 
motor parts without special design. 


SELSYN CONTROL TRANSFORMER 


A control transformer is used only in 
the second of the two basic systems— 
that using voltage indication. Its special 
requirements are: 


1. The output voltage should be an accu- 
rate measure of the relative angle between 
generator and control transformer, and the 


stator <= 
VOLTAGE & 


' 
ro) 
[o) 


Figure 7. Selsyn-stator line voltages as a 


function of rotor angle 


MOTOR | TORQUE 
OUTPUT | VOLTAGE 


Figure 8. Motor-torque and control-trans- 
former output voltage as a function of displace- 
ment angle 
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power available should be sufficient to 
operate specified electronic devices. 


2. The excitation power and current must 
be a minimum, as they must flow through 
the generator and therefore limit the num- 
ber of control transformers that can be 
connected. 


8. The reaction of a control transformer 
on the generator must not affect seriously 
the accuracy of transmission of position 
information to other control transformers 
that may be connected to the generator. 


The mechanical design of a control 
transformer is similar to that of a genera- 
tor. The variation of the output voltage 
with rotor position is sinusoidal as shown 
in Figure 8. To minimize the reaction of 
the control transformer on the generator 
the magnetic circuit is kept symmetrical 
by carefully shaping the rotor as shown in 
Figure 10 and using a three-phase stator 
winding similar to that on the generator 
but of much higher impedance. Thus 
only an equalized three-phase load is pre- 
sented, the generator signal is not un- 
balanced, and the excitation power re- 
quired is kept low. 

The volt-ampere burden of electronic 
devices operated by the control trans- 
former is commonly low, making easy the 
fulfillment of the requirements. However, 
if the load consists of peaking trans- 
formers for operating thyratron circuits, 
the volt-ampere burden is high, and a 
compromise is necessary with the re- 
quirement for low power drain from the 
generator, or excessive voltage regulation 
will be present. 

Because the control transformer pro- 
duces practically no torque and its shaft 
always will be positioned by some external 
driving motor, no special precautions 
need be taken with the bearings to keep 
friction to a minimum. 


DIFFERENTIAL SELSYN 


A differential Selsyn may be used in 
either type of system and may be either 
a generator or motor with similar general 
requirements, but in addition 


1. The series impedance introduced by the 
differential must be low enough, so that the 
torque or voltage stiffness of the system 


to which it is added will not be seriously 


reduced, 
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Figure 9. Standard Selsyn sizes 


Left to right, front row: models 1, 3, 5, 7; 
back row: models 2, 4, 6 


2. The excitation power and current re- 
quirements must be a minimum to reduce 
the heating of the generator. 


The foregoing requirements require a 
compromise for best-design. Usually a 
low-impedance design is aimed at, and 
then exciting capacity is placed in shunt 
with the primary winding to reduce the 
current drain load from the generator. 
The rotor at the right in Figure 6 is that 
for a Selsyn differential generator. The 
corresponding stator winding is prac- 
tically identical with that of a generator. 


Design Modification 
for Special Applications 


The standard Selsyn designs just de- 
scribed can be built in all the variations 
of mounting, voltage, frequency, number 
of phases, and so forth of equivalent-sized 
standard induction motors. The funda- 
mental Selsyn principle, however, can be 
applied in two special designs which are 
worthy of note here because of the flexi- 
bility of Selsyn application which they 
indicate. 

Extremely small size may be obtained 
by a radical change in design to a Gramme 
ring type as shown in Figure 11. Here 
the stator winding is in the form of a 
toroid, while the rotor is of salient-pole 
design. This design lends itself to auto- 
matic machine winding in core and wire 
sizes impractical with conventional slotted 
stators. The principal disadvantages are 
that the impedance is inherently high and 
the design of a differential is quite awk- | 
ward. The accuracy possible is quite 
comparable to that for larger standard 
units of the generator and control-trans- 
former varieties. 

For applications of limited rotation 
(+30 degrees), very high accuracy is 
sometimes made possible by winding the 
stators with only one phase, thus utilizing 
the winding volume and distribution to 
best advantage. The physical appearance 
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P Figure 10. Possible shapes of rotor punchings 


of such Selsyns may be identical with 
those previously shown, or stator and 
rotor may be mounted independently to 
occupy minimum space. The circuit in 
Figure 12 illustrates such an application. 

The single-phase Selsyn units are iden- 
tical and are operated as generators. The 
secondary voltages are connected oppos- 
ing (for like rotation), and the difference 
voltage operates a servo system with one 
unit rotated by the sending mechanism 
and the other turned into synchronism 
by the servo-system power drive. Note 
the differences between Figures 12 and 5. 


Possible Selsyn and Servo Systems 


Selsyn systems of generators and 
motors for remote indication or genera- 
tors and control transformers for con- 
trolling servo systems may consist of from 
2 to 40 Selsyns or more. The problems 
of such systems are largely those of heat- 
ing limitations in the generators and 
differential generators, since the accuracy 
is determined readily and the stability of 
the system is controlled by proper design 
of the electronic control device. Table II 
shows the number of motors and control 
transformers that can be handled by 
different sizes of generators without over- 
heating. The model numbers refer to 
standard sizes and are not proportional 
to dimensions. 

In general each proposed Selsyn system 
must be checked for heating experimen- 
tally as this method is much simpler and 
less fallible than usual calculations for 
small machines. 

Accurate control of large amounts of 
power by simple and low-power means is 
the object of the design of a servo system. ® 
A vast fund of knowledge has been ac- 
quired on the design of these systems 
during the last few years, and much of 


Motor and Control Transformers 
Handled by Generators 
Values Are for 60-Cycle Machines 


ne 


Table Il. 


Number Current 


Number Number Transformers 
Generator of of Model 1 or 3 
Model Motors Motors 


Number Model 1 Model 3 No Cap.* With Cap.* 


Seepareteonsiira WeSor ces (Uae eee Oe alia 1 
Cr occmn at A Ratestioise PSone Ditene sees 12 
ee ratioce Lp nS copG Boe ode (i Ree: 24 
ThSOOUI EO C2) ees jE sor ORs stetaotl 40 


* Cap. refers to the exciting capacity needed for 
power-factor correction to reduce current drain. 


\ 


for contr ol transformer 
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Figure 11. Méiniature Selsyn using Gramme 


ring construction 


this data is yet to be applied industrially. 
An understanding of the principles of 
Selsyn control should hasten such appli- 
cations. Servo systems controlled by 
Selsyns have been developed in a range 
from 1/299 horsepower to 65 horsepower 
(there is no apparent upper limit). 

The typical servo system of Figure 5 
described previously used Selsyn genera- 
tor and control transformers whose output 
controlled a power motor with the aid of 
an electronic device such as an amplifier. 
This is the most accurate Selsyn system 
and allows plenty of latitude in the choice 
of power control equipment. Any size of 
load motor can be controlled equally 
accurately by simple changes in the 
amplifier design. 

Selsyn motors also may be used to 
control servo systems, however. If a 
suitable contact-making arrangement is 
fastened to its shaft, a Selsyn motor can 
control a split-series d-c motor which 
drives the load and at the same time 
repositions the stator of the Selsyn motor 
(ball-bearing mounted and called a 
control motor), until a null position is 
reached by the contacts. Figure 13 
shows the circuit arrangement for such 
a servo system. Figure 14 shows a 
control motor disassembled. The cage 
in the upper part of the figure carries 
the stator on ball bearings, so that it 
may be turned by means of a gear 
(not shown), Alternatively, a Selsyn 
system similar to the foregoing might be 
connected to a pilot valve in a hydraulic 
pump and motor system thus obtaining 
delicate and accurate control over large 
forces. 

All applications of Selsyn systems 
which use Selsyn motors as the control 


element suffer from the vagaries of fric- 


tion in the Selsyn and the load it drives. 


SINGLE PHASE 
GENERATOR 


SINGLE PHASE 
GENERATOR 


LOAD 


Te ELECTRONIC 
CONTROL 
DEVICE 


4-C SUPPLY 
VOLTAGE 


POWER 
SUPPLY 


Figure 12. Selsyn servo system using single- 
phase Selsyns for limited-rotation application 
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Possible instability is thereby increased, 
and many manufacturing difficulties may 
crop up. It is best where possible to 
drive the shafts of Selsyns positively and 
employ the excellent and predictable 
accuracy possible with the generator— 
control-transformer system. 


Selsyn Errors 


Errors in Selsyn systems are caused by 
friction or electrical discrepancies such as 
impedance unbalance. The reasons for 
the various errors and the probable 
magnitudes will be discussed. 

Selsyn Systems Involving Selsyn Motors. 
These always have friction in the motor 
bearings and sometimes friction in the 
load to contend with. There is also some 
electrical error of the magnetic field, but 
usually the error due to friction is larger. 
Representative values of guaranteed 
maximum static error for pairs of like 
units used as indicators are given in 
Table III. 

The insertion of another Selsyn, such as 
a differential, or the presence of appre- 
ciable line impedance reduces the torque 
that can be developed by the Selsyn 
motor, and therefore increases its error. 
For example, a Selsyn generator and 
motor system of model-3 series has a 
guaranteed static error of not more 
than +0.6 degree maximum; the inser- 
tion of a differential generator of the 
same size increases the system static 
error by from 50 per cent to 75 per cent. 
The effect of line impedance on torque 
can be seen in Figure 15, Error presum- 
ably will change inversely with torque. 
The addition of several Selsyn motors in 
parallel will reduce the available torque 
per motor and therefore increase the error 
of each. 

Selsyn motors have dampers to reduce 
unwanted oscillations, but during chang- 
ing conditions or continual motion a cer- 
tain amount of oscillation is likely to be 
present. These dynamic errors vary 
considerably, but it is easily possible to 
have errors twice or three times those for 
static conditions. It is important to note 
that this oscillation is inherent in genera- 
tor-motor systems and is almost im- 
possible to remove. Variations in torque 
caused by line-impedance unbalance will 
of course accentuate this trouble. 

Selsyn - Generator — Control - Transformer 
Systems. These have only electrical 
errors which under static conditions in- 
volve inherent errors due to the design 
of the units and manufacturing errors due 
to the various tolerances between parts. 
When a curve was drawn of error versus 
angle of rotation from some reference é 
point for a certain design, the inherent 
error was found to be principally a sixth 
harmonic of rotation, whereas the manu- 
facturing errors tend to be second har- 
monics. Reduction of the second har- 
monic may be possible by better control 
of manufacture; the reduction of the 
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Figure 13. Selsyn-generator and control- 
motor contact follow-up system 


sixth harmonic is possible only through a 
change in design. 

The maximum error of a reasonably 
good generator-control transformer is not 
more than +0.3 degree. Insertion of a 
differential Selsyn will increase this maxi- 
mum error about 75 per cent. It will be 
noted that among other advantages the 
generator—control-transformer system has 
approximately one half the error of a 
generator-motor system. Improved de- 
sign will better these figures. 

One of the sources of errors in Selsyn 
systems is unbalance of the line im- 
pedances. It has been found necessary 
to keep the sections of the exciting capac- 
ity used for differential Selsyns balanced 
within 1 per cent. In the case of one 
control transformer it was found that a 
1 per cent unbalance in resistance in the 
stator windings caused nearly a ten per- 
cent increase in maximum error. Bal- 
anced loads may be connected safely, but 
unbalanced loads change impedance and 
cause time-phase differences between the 
currents of the various circuits, resulting 
in an extraneous voltage or error appear- 
ing. 

Each Selsyn generator—control-trans- 
former-system has an inherent limit of 
accuracy, as the output-voltage signal of 
the control transformer becomes too small 
for convenient use at very small angles 
from correspondence. By paralleling the 
original Selsyn system with another 
geared up by 16-1 to 36-1 it is possible to 
multiply the accuracy of any given sys- 
tem and obtain very much smaller system 
etrors. The two systems can be syn- 
chronized automatically electrically, so 
that the low-speed system prevents the 
high-speed system from pulling-in on a 
false zero point. 

One operational error in generator- 
control-transformers system is worthy of 
note. Rotation of the system produces 
generated voltages in the control-trans- 
former output in addition to those in- 
duced by transformer action. The mag- 
nitude of this effect is dependent on the 
Selsyn impedances and usually may be 
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Table Ill. Guaranteed Maximum Static Error 
Maximum Maximum 
Model Static Error, Model Static Error, 
Number Degrees Number Degrees 
SL arcvsesronttsners 1.5 DO eemacasetcners 1 
Sameer: 0.6 be ophteyaeaals 1 
Geet assets 1 


Figure 14. Selsyn generator with ball-bear- 
ing-mounted stator showing stator support and 
brush rigging 


compensated for at a given speed only. 
For 60-cycle units the control trans- 
former will lag the generator by 0.5 de- 
gree to one degree when rotating at 200 
rpm. 


Selsyn Application Suggestions 


Selsyns are high-grade accurate instru- 
ments and should be treated as such. 
Ordinary tests in the field can check only 
the continuity of the wiring and do not 
give any indication of the accuracy of a 
unit. Selsyns are built to withstand all 
reasonable conditions of operation, but 
careful handling is a requisite during 
installation. Manufacturer’s suggestions 
on mounting should be followed if the best 
use is to be made of them. 


ZEROING 


In order to provide a reference position 
from which to measure rotation, for each 
Selsyn type there has been arbitrarily 
designated a combination of stator and 
rotor voltages and corresponding relative 
positions known as zero positions. The 
procedure of locating these positions is 
known as zeroing. Standard instructions 
are available. 


APPLICATION SPECIFICATIONS FOR 
SELSYN SYSTEMS 


When planning a Selsyn system for a 
new application the following points 
should be considered. 
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PERGENT EXTERNAL RESISTANGE (OHMS) 
Figure 15. Variation of motor torque with 
line impedance for models 2 and 6 


1. Is a generator-motor or a generator— 
control-transformer system indicated? 


2. Check supply voltage and frequency. 
Determine allowable drain in watts and 
amperes and regulation of supply. 


3. What are requirements of load in 
torque, speed of rotation, duty cycle, ac- 
curacy? Will any tendency of a generator- 
motor system to oscillate be objectionable? 


4. Determine limiting conditions at appli- 
cation location: temperature, humidity, 
dirt, vibration, shock, and so forth. 


5. Does the generator have a stiff driving 
mechanism, or is the friction of bearings 
and brush rigging important? If a genera- 
tor-motor system is used, can the driving 
mechanism handle the friction of both 
machines as well as the load? 


6. Are the line impedances balanced, in- 
cluding any exciting capacities? 

7. Are the method of mounting, the gear- 
ing, and so forth accurate enough to make 
the best use of the Selsyn system? 


An understanding of the general prin- 
ciples of Selsyn system operation is the 
best guide to satisfactory applications; 
with it the possibilities for greatly in- 
creased use of Selsyn-controlled systems 
will come into use rapidly in industry. 


References 


1. ConTrrRots FOR MOvABLE BRIDGES, 
Hamilton, G. W. Newman. 
Record, May 4, 1944. 


Cc. P. 
Engineering News 


2. Lock Controt Boarps AND INTERLOCKING 
SyvsTEMS FOR PANAMA CANAL, C. H. Hill, C. T. 
Hentschel, General Eleciric Review, January 1914. 


3. SELSYN INSTRUMENTS FOR POSITION SYSTEMS, 
T. M. Linville, J. S. Woodward. AIEE TrRans- 
ACTIONS, volume 53, 1934, June section, pages 
953-60. 


4. FUNDAMENTAL CONCEPTS OF SYNCHRONOUS 
Macuine Reactances, B. R. Prentice. AIEE 
TRANSACTIONS, volume 56, 1937, Supplement, 
pages 1-26. (Also see bibliography.) 


5. PRINCIPLES OF SELSYN EQUIPMENT AND THEIR 
Orrration, L. F. Holder. General Electric Review, 
September 1930. 


6. SwLF-SyYNCHRONIZE FOR REMOTE CONTROL, 
Harold Chestnut, T. C. Johnson. Electrical Manu- 
facturing, December 1944. - 


ELECTRICAL ENGINEERING 


a 


Optimum Air Gap for Various Magnetic 
Materials in Cores of Coils Subject 
to Superposed Direct Current 


V.E. LEGG 


MEMBER AIEE 


Synopsis: A method is developed for cal- 
culating optimum air gap and core size for 
choke coils whose windings must carry 
direct current in addition to alternating 
current. It is employed with data on typi- 
cal magnetic materials to give curves from 
which design dimensions can be obtained 
readily to fulfill specified requirements for 
inductance, resistance, and d-c burden. 


HE PROBLEM of proper proportion- 

ing of air-gap and metallic-path length 
of the magnetic core of choke coils and 
transformers frequently arises in the de- 
sign of coils whose windings must carry 
direct current along with the desired 
alternating current. This problem has 
been approached in the past along lines 
laid down by Hanna.! This involved cal- 
culations based on known characteristics 


~ of the magnetic materials and taking into 
- account the effects of air gaps of various 


lengths inserted in the magnetic circuit. 
Taking an estimatedly correct core vol- 
ume, V, the optimum value of applied 
field then was computed, from which the 
number of turns in the coil was obtained. 
The resulting coil resistance then was cal- 
culated to see if it was satisfactory. If 
not, a new core volume was assumed, and 
the calculations were repeated until the 
desired winding resistance was attained. 
It has seemed that a more direct ap- 
proach to optimum dimensions could be 
devised, which would give an immediate 
answer as to the suitability of any given 
core material for a specified inductance, 
resistance, and d-c burden. An analysis 
of the problem has been made, and curves 
have been plotted for several important 
magnetic materials from which design 
dimensions can be readily obtained. 


General Problem: L, R, and I 
Specified 


The general method is based on the 
known fact that prerequisites of induct- 
ance L, resistance R, and d-c burden J, 
can be met by proper expansion or con- 
traction of the size of a core, leaving the 
ie ee aig 2 Se 
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ratios of dimensions fixed. Thus, for ex- 
ample, all dimensions can be expressed as 
fixed multiples of the metallic core length. 
The essential equations then can be set up 
and solved for minimum core length. 
This gives relationships between the (yu, B) 
curve, (u;, B) curve, and the specified L, 
R, and I of the coil, which must be met 
for the optimum conditions. The neces- 
sary metallic path length, air-gap per- 
centage, and number of turns in the coil 
follow directly. 

Considerable study has been given by 
others to determine the ratios of dimen- 
sions in various types of coils to apportion 
space properly to windings and magnetic 
materials. The present analysis assumes 
that technically or commercially approved 
dimension ratios are known for whatever 
coil and core configuration may be con- 
sidered and confines itself to determina- 
tion of core and air-gap relationships. 
If the metallic-path length is /, the average 
length of a turn of wire in the winding will 
be ul, the area available for copper wind- 
ing will be v/?, and the cross-sectional area 
of the magnetic core will be wi?, where u, 
v,and ware knownconstants. The length 
of the air gap is similarly al, where the 
factor a is to be adjusted to make /] as 
small as possible. Air gaps will be ini- 
tially assumed so short as to avoid fring- 
ing, so that the flux density in the air is as 
great as that in the metal. Necessary ad- 
justments to take Account of fringing with 
longer air gaps will be described. 

With these assumptions the specified 
resistance R, inductance L, and d-c burden 
T enter into the equations as follows. 

The resistance of the copper winding 
will be proportional to the total length of 
wire (N X average turn length, wl) and 


inversely proportional to the cross-sec- 


tional area per turn, v/?/N, or 
R _ eN ul t up N? 
—w/N ol 


(1) 


where N is the number of turns, / is in 
centimeters, p is the resistivity in ohm- 
centimeters, and the copper area con- 
stant » takes into account the packing fac- 
tor and insulation of the winding. 

The inductance, as measured with alter- 
nating current of small amplitude, de- 
pends upon the permeability of the metal 
and the relative length of air gap. The 
permeability to be used is the a-c per- 


‘meability at the value of superposed field 


Legg—Air Gap in Coils With Superposed Direct Current 


set up by the direct current in the winding. 
For simplicity only the reversible per- 
meability u, will be considered. The re- 
sults for values of alternating current dif- 
fering from zero will approximate quite 
closely those obtained for zero current, 
namely, u;. This follows from the fact 
that the a-c permeability changes less with 
changing current in the presence of super- 
posed field than without The inductance 
is derived from the basic equation 


N@®,, r 
C=——— «10-5 henry 
Um 

where #,, is the peak flux in maxwells 
corresponding to the a-c peak tm, in am- 
peres. The flux can be written as the ratio 
of magnetomotive force, 0.47Nim, to the 
reluctance, 1/wlu,+ al/wl?, whence 


wi 47rN*wl 


L= 
l+purta 


X10-9=4rN2yu,wl X10-* (2) 
where pe is the effective -permeability, 
that is, the permeability of a uniform core 


material occupying the same space as the 
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Figure 1. Normal and reversible permea- 
bility of four-per-cent silicon iron 
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Figure 2. Typical shell-type core with rela- 
tive dimensions indicated 
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Figure 3. Optimum air gap, relative metal- 
path length, and effective permeability for 
magnetic cores subject to superposed d-c field 


core in question and yielding the same in- 
ductance. Substituting NV? from equation 
1 gives 
ArvwRlP? 
upL 


1/up-to= 10-9 =) (3) 


where 
k=(4rvwR/upL) X10-® 


The magnetomotive force due to direct 
current in the winding is distributed 
between the magnetic core and the air gap 
so as to maintain the steady flux density B 
in the core by means of field strength H= 
B/, and in the air gap by field strength 
H,=B, neglecting fringing in the gap. 
The magnetomotive force is thus 


1B/ut+alB =0.4rNI 


Substituting NV from equation 1 gives 


1 0.401 \" m 

i (0 ee — =~ ,, 4 
B B Nupl BWki? (4) 
where 

m=4rIV/ (4nR3v*w+[u3p3L]) X 10-13 


Equations 3 and 4 contain essentially 
three unknowns—B, a, and / (u and p, 
are functions of B). The final equation 
needed to determine these unknowns and 
to satisfy the condition for smallest pos- 
sible coil is d//dB=0, all other dimensions 
having been assumed proportional to 
powers of /, Eliminating a between equa- 
tions 3 and 4 gives 


BERL /u—1/uy tbl) =m (5) 
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4 
= 0,00321 wveR® 
Mr = 0. usp3L 
4 
=I R? 


weg 


AIR-GAP LENGTH IN PER CENT 


EFFECTIVE 
PERMEABILITY 


Differentiating with respect to B and set- 
ting di/dB=0 gives 


d 1d eal 
patty Le tea 
Br wdB p, dB Be 

(6) 


where 


Claes | 
Substituting this value of k/? back into 
equation 5 gives 


B2AW BA+1/p;—1/u=m (7) 


This equation gives the optimum value 
of B for the desired value of m, but it also 
implies selection of corresponding values 
of u, ur, du/dB, and du,/dB, to satisfy the 
equation. These functions must be deter- 
mined from (u, B) and (u,, B) curves such 
as shown in Figure 1 for four per cent 
silicon iron. On account of the involved 
nature of the data, equation 7 is handled 
most readily in reverse direction, by in- 
serting known values of B, py, u,, and so 
forth, from the magnetic data and solving 


for the constant m. Such calculations 
from the curves of Figure 1 are given in 
Table 1. 

The value of the air-gap ratio is ob- 
tained from equations 3 and 6 as 


a=BA-—1/p (8) 
The metallic-path length from equation 

6 is 

L=V/(BA+1/ur—1/u)/k (9) 


A function which reveals the influence 
of the air gap is the effective permeability, 
Me. Thus, from equations 2 and 8 


1 ih 
~A/tpta = BA+1/u;—1/p 


The necessary number of turns in the 
winding follows from equations 1 and 9. 

It is now feasible to plot pertinent data 
of air-gap and metal length for any de- 
sired magnetic material against values of 
m. From such curves essential dimensions 
of any coil can be read off immediately 
when m has been computed. For prac- 
tical purposes it is convenient to use 
values for m corresponding to typically 
proportioned cores. The parameters in 
the foregoing equations are 


Le (10) 


m=4nl X10-*W/4rR5v3w/(10u%p3L) and 
k=4rvwR X107-9+ (upL) 


where J is in milliamperes, R in ohms, p 
in ohm-centimeters, L in henrys, and / is 
in centimeters. The constants u, v, and 
w will have various values, depending on 
the shape of the core, whether annular, 
shell type, or otherwise. Under the as- 
sumption that shell-type cores as illus- 
trated in Figure 2 are most common for 
use with air gaps, typical cores have been 
measured for values of the dimension 
ratios. Thus w=1.8, v=0.02, and w= 
0.04, approximately. Inserting these 
values in the above equations gives 


m=4.17X10-9IR+~/RL 
and 
k=3X10-6R/L 


(11) 


For cores having such typical dimension 
ratios, it is convenient to express results in 
terms of 


m,=IR+~/RL=m-+ (4.17X10-3) 


Gb(GB emia eee 1.03 0.45 

fr retest ecenscchetitasaeuslses 386 369 

ONG OBA cone Coe —0.007 —0.010. —0.017 
AX TO a5 Aarne ot 98.... Soe 144..., 
RESCLOR nabeencnee 2.56 2.89. 

MMB veeiecksiantyiratentcatelereis fi 0.0882 0.3815 

DLP srecacbvatatche Ce (sheer n aT 21.15 TORO wes 

a@ (per icent) ache ees Semienha wees is 0.018 
Dedrcisyststs toys) sys 08 Sisson DO ee siete s SH) vsrare 

PTY Cretery, Wee m ach ae ew sale 386. 346. 

LEA V cotiin. eteee 0.478 5.09 

NAD NAVi/ Le tena iens 451 479 

INL USSEO Sh ee eres 0.312 1.082 


—0.56 —0.85 —1 00 —0.42 
294 188 95 20 
—0.034 —0.068 —0.031 —0.008 
377 1,889 3,292 17,720 
6.25 24.70 cs 49.5..2. 313.5 
6.77 TE Dawes 2,230.... 29,900 
1,625 17,800.... 535,000... .7,170,000 
0.285 1.87 3.90 26.3 
SOO cnt geEOO Onn ne Zocor 
TCO ie eel Outs ADP S83 3.2 
cee 740.... 11,780... .3,120,000 
704 1,383.... 1,985 
19.18 150.0.... 3,760 


Legg—Air Gap in Coils With Superposed Direc Current 


ELECTRICAL ENGINEERING 


a 


— 1=1,\/3,000upL/4r0wR 


4 
-. 
: 


Values of m, have been computed as given 
in Table I for four per cent silicon iron. 
They have been used as abscissas in Figure 
3, for plotting optimum air gap and effec- 
tive permeability of four per cent silicon 
iron. Computations similar to those in 
Table I based on published magnetic data? 
have been made for magnetic iron, Per- 
mendur, 45 Permalloy, and 4-79 molyb- 
denum-Permalloy, and the results plot- 
ted in Figure 3. 

An additional family of curves is shown 
in Figure 3, labeled relative metal length, 
l, The necessary metal length from 
equation 9 involves k, for which an ex- 
pression is given in equations 11 for typi- 
cal core dimension ratios. If the ratio 
R/L is taken as unity, the typical value of 
kis 3X10-%. With this value ‘‘relative 
metal-path lengths” have been computed 
from equation 9. The actual core length 
in any given case then would be /,.~/L/R. 

If other values of u, v, and w are to be 
used than the assumed typical values the 
curves of Figure 3 apply if the abscissas 
are calculated from the equation 


m, = (4/4.17) aI X 1073/4 R32w/(10u3p3L) 
(12) 


Similarly the correct metal length 7 will 
be obtained from equation 9 in terms of 
the relative length /, given in the curves 
by the equation 


(13) 


Special Case I. 
Specified 


L, I, and 1 (or V) 


The problem thus far has assumed com- 
plete freedom in the choice of dimensions. 
Frequently, however, the problem may 


Figure 4. Optimum air gap and number of 
turns for a coil having specified inductance, 
core size, and d-c burden 

L in henrys 
I in centimeters 


begin with a certain size of core and in- 
quire after the optimum air-gap length to 
provide a specified inductance in the pres- 
ence of a given amount of direct current. 
In this case it will be necessary to adjust 
the coil resistance along with the air-gap 
length to satisfy the optimum conditions. 
The problem becomes that of ascertaining 
the values of J, and m which correspond 
to the optimum conditions as defined by 
the above equations and which yield the 
specified inductance and metallic-path 
length for the specified current. 

The metallic-path length / is known in 
this case, but J, and R in equation 13 are 
not known. Substituting the value of R 
from equation 13 in equation 12 gives 


26.6m,? LI? LI? 14) 
13 wit V ( 
where V is the volume of the core. This 


resembles the fundamental equation de- 
rived by Hanna,! but it has the advantage 
that m, and J, can be computed for any 
given flux density and material by the 
methods here described. If the first 
member of equation 14 is computed using 
associated values of m, and /, which al- 
teady satisfy the optimum conditions, it 
yields the necessary parameter to insure 
that the corresponding /, and « are opti- 
mum under the specified conditions of L, 
I, andl. 

With optimum values of J, and a, the 
required number of turns in the winding 
from equations 1 and 13 becomes 


3,000L 3,000L 
nana 4rlw 144 4nV 


The resistance in the winding then follows 
from equation 1. 

The data used for Figure 3 have been 
analyzed further to find the values of 
LI*/V which correspond to the optimum 


values of m,,1/,, and a. The results have 
been plotted in Figure 4, showing values of 


1,\/3,000/4% (N/1)/ V/L 


(15) 


lin milliamperes and a against LI?/V. 
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Case II. L, N, (or R), and 1 (or V) 
Specified 


If inductance is specified, and it is de- 
sired to know the percentage air gap re- 
quired to permit the use of the largest 
possible direct current in the winding of a 
coil which is already constructed, the 
curves in Figure 4 can again be used. All 
of the factors required to compute N+ 


l\/V/L now are specified. It remains 
only to locate the indicated point on the 
N+lV/V/L curve for the material of 
which the core is constructed, and read 
the corresponding value of LI?/V. From 
the latter value can be calculated the 
maximum current which can be em- 
ployed without understepping the speci- 
fied induetance. 

The necessary air-gap length can be 
read off directly from Figure 4. 


Case III. 
Specified 


N (or R), I, and 1 (or V) 


If the d-c burden is specified, and the 
coil is already constructed (that is, / and 
N or R are fixed) it may be desired to ad- 
just the air-gap length to yield the maxi- 
mum inductance. Proceeding as in case 
I, the inductance is solved for in equation 
13, and substituted in equation 12, which, 
together with equation 1, gives as the 
necessary relation 


79.6m,/V 1,=NI/l (16) 


Proceeding as in case I, the first mem- 
ber of equation 16.is computed for each 
flux density, using associated values of m, 
and J,, This insures that the specified 
conditions of N, I, and/ are satisfied when 


Figure 5. Optimum air gap and permeability 
for a coil having specified inductance, core 
size, and d-c burden 


L in henrys 
I in centimeters 
lin milliamperes 


AIR-GAP LENGTH — PER CENT 
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the optimum conditions of l, and a are 
employed. Curves in Figure 5 give the 
effective permeability and air gap plotted 
against NI/I. The inductance attained 
with the values of uw, and « so chosen will 
be the maximum possible. The induct- 
ance in henrys is computed from equation 
2s 


Case IV. N (or R), L, and 1 (or V) 
Specified 


If the inductance is specified and the 
coil is already constructed, the curves of 
Figure 5 can be read backwards to find 
the allowable direct current and the neces- 


sary air gap. 


Case V. N (or R), | (or V), and a 
Specified 


If a finished coil is at hand, the ques- 
tion may arise as to the direct current 
which should be used to employ the core 
and coil most efficiently. Curves on Fig- 
ure 5 may be used in this case to locate 
the value of NJ/I which corresponds to the 
specified value of a. With this value of 
NI/l, optimum current is computed. 
Similarly the corresponding effective per- 
meability is read from the curves, from 
which the optimum inductance is found. 


The Air Gap 


The foregoing analysis has been con- 
cerned with determining the optimum air- 
gap length to satisfy certain conditions. 
When the practical question arises as to 
the number of millimeters spacing to in- 
sert, still further analysis is required, on 
account of magnetic fringing at the gap. 
In general a longer physical gap must be 
inserted into the magnetic circuit than in- 
dicated by the optimum percentage. 
The correction is less for very short gap 
lengths, or if the total amount of gap is 
divided into two or more short sections 
with interspersed core material. The 
correct gap length can be found empiri- 
cally by building the coil as designed and 
then adjusting the air gap to give the cal- 
culated inductance with the specified 
direct current in the windings. An ap- 
proach to the calculation of leakage 
around an air gap has been given by Par- 
tridge.® ; 


Conclusion 


Consideration has been given to the 
general problem of adjusting the size of 
magnetic core, air-gap length, and number 
of turns in the winding to fulfill specifica- 
tions as to inductance, resistance, and d-c 
carrying capacity. Mathematical means 
have been worked out for fulfilling speci- 

fied conditions with a minimum quantity 
of core materials whose permeability and 
reversible permeability curves are given. 
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Eddy-Current Resistance of 
Multilayer Coils 


T. H. LONG 


MEMBER AIEE 


Synopsis: Most of the earlier studies of 
eddy-current resistance have been made by 
those interested primarily in the effect of 
compromise transpositions on the losses of 
rotating equipment. Their results have in- 
cluded formulas for the eddy-current resist- 
ance for perfect transpositions, but these 
have gotten into handbooks in difficult form 
or have been ignored entirely. Such formulas 
are presented. here in more usable form, 
with more information on their limitations, 
and further formulas are derived for mini- 
mum losses for a number of different cases. 
Included is a set of curves showing eddy- 
current resistance as a function of the num- 
ber of layers and conductor thickness. 
Formulas also are included that take into 
account the differing lengths of conductor in 
successive layers and that approximate the 
end losses in a spiral coil on account of radial 
flux. 


HE CUSTOMARY approach to the 

problem of eddy-current-loss  cal- 
culations for multilayer coils has been to 
assume a coil side surrounded on three 
sides by a medium of infinite permeability 
and no loss and the use of rectangular 
conductors. There has been one excep- 
tion to this that is discussed later. 

The principal aim of most of these in- 
vestigations has been to arrive at a loss 
factor that might be applied to the d-c 
resistance of slot windings of various types 
to find the effective or a-c resistance. 
This has included evaluating the loss 
factor for the individual layers, which is 
all that needs to be applied if the layers 
are in series or if a perfect transposition 
system is used, and a different loss factor 
that includes the circulating current 
caused by compromise transpositions in 
certain practical windings. 

Formulas so derived for slot windings 
have been applied with reasonable accu- 
racy but some awkwardness to such ends 
as calculating the loss in transformer 
Paper 45-137, recommended by the AIEE com- 
mittee on basic sciences for publication in AIEE 
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coils. It is the purpose of the present 


work to derive a formula that can be ~ 


modified readily to account for the differ- 
ence in layer lengths, and that will lead to 
simple and general approximate formulas 
that can be used for a very rapid survey 
of design possibilities in many cases. 

A paper by Butterworth’ considers an 
inductance witlout the usual partial iron 
circuit and wound with round conductors. 
It is shown that the ratio of reactance to 
resistance is a maximum for a coil so pro- 
portioned that the ratio of diameter to 
length is from 2.5 for low frequencies to 
3.2 for high frequencies, the distinction 
between low and high frequencies being 
made according to the degree to which 
skin effect is evident in an isolated con- 
ductor. At high frequencies the react- 
ance-to-resistance ratio is improved by a 
spaced winding. Formulas are derived 
for losses in such coils and shown to cor- 
respond to measured results. It also is 
shown that for the coils in question the 
losses are almost entirely due to the radial 
component of flux rather than the axial 
component. As these results are limited 
in their application to single-circuit sys- 
tems (also end-to-end coupling) of rather 
limited proportions, they are not con- 
sidered further here. 

Returning to the more usual analysis 
of eddy-current problems, it has been 
customary to assume further that: 


1. The conductors could be represented by 


rectangular bars of the type shown in Figure . 


1A, so disposed that two of their flat sur- 
faces are parallel to the general direction of 
the leakage flux. 


2. That component of leakage flux parallel 
to the other two flat surfaces could be neg- 
lected. 


38. That the defect in the length 7 of net 
copper (along leakage) compared to the 
total length of the leakage path J, could be 
accounted for by a fictitious permeability 
w=1/l and is constant throughout the coil. 


4. That the temperature and resistance of 


the conductors do not vary through the 


winding. 


Calculations have been made for several 
typical materials, to illustrate the method 
of utilizing this type of analysis. 
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Coil Loss and Effective Resistance 


In the derivation outlined in the ap- 
pendix additional assumptions have been 
made to the effect that the eddy-current 
losses in question are due only to the cur- 
rent in the coil being examined and that 
this current is in phase through all of the 
layers comprising the coil. Appropriate 
modifications for other cases are reason- 
ably obvious and have been given by 
Lyon, among others. 

It is shown in equation 33 that the loss 
in the mth layer is, in watts 


wA =By2C,A[(2n?—2n+1)F\+ Fi] (1) 
n which 


Ba=increment in leakage-flux density 
through layer in lines per square inch 
C, =1.935mp10-8/p? 
A =area in square inches of one surface of 
conductor parallel to leakage flux 
oh O1nV uf /o (7, is in inches, see 
Figure 1B) 
f =frequency in cycles per second 
F,=x?/48—x7/18,660 
Fy 2/x%—14x3/1,440 
| nas l/ L, 
m=0.505V uf/p 
p=microhms per centimeter cube 
w=watts loss per square inch of A 


Precise definitions of F; and F; are given 
in the appendix. 

From this result it follows that the sum 
of these losses from = 1ton = Nis, in 
watts 


By?C,A { (2N?+1)F,/3+ Fo} /N (2) 


where By is the highest flux density asso- 
ciated with the Nth layer under the orig- 
inal assumptions. For comparison it is 
shown in equation 41 that the loss neg- 
lecting eddy current is 2By?C,A/Nx. 
Therefore it follows that 


Rac/Rac= («/2){ (2N?+1)Fi/3+ Fh} (3) 


When x < 2 the error involved in ap- 
proximating F, and F;, by writing their 
series to the first termsin x with positive 
exponents amounts to +-4.5 per cent and 
—0.4 per cent, respectively. . Making 
these substitutions we find that 


W=By?C,A {x3(5N?—1)/360+2/x}/N (4) 
Rac/Rac=x'(5N?—1)/720+1 (5) 
So the proportionate increase in resist- 
ance due to eddy current is 

Re/Rac=x'(5N?—1)/720 (6) 


The restrictions on this formula are that 
x < 2, and those of the stated assump- 
tions. For most practical designs in 


E' which eddy-current losses are on the 


order of ten per cent, this approximation 
gives results of slide-rule accuracy. 
Accounting for differences in layer cir- 
cumferences, it is shown in equation 38 
that if ap and a; are, respectively, the 


_ radii (or circumferences) of the layers at 


zero and maximum leakage-flux densities, 
the loss for the coil is 


2 
3N24+N+1 Sp F mee (7) 


6 ao 2a9 


From this and from equation 41 it follows 
that; for << ;2; 


x4 
Re) Ra ao5\ 51 — 
15N?+5N+5 ap—ai) 2a 
eee eg) 
a a+ 


Derivations for Minimum Loss 


The minimum practicable loss in an a-c 
coil is usually desirable, and in order to 
investigate the relation between parame- 
ters for this condition it will be convenient 
to use equation 4. This may be treated 
as a variable in either N or x and the 
condition for minimum loss determined 
by setting the appropriate differential 
equal to zero. 

This shows that when JN is variable 
the losses are a minimum when N = 
12/x?, and that when x is variable the 
condition for minimum loss is that x = 
~/240/(5N?2—1). 

Substituting these relations succes- 
sively in equation 5, we find that if NV is 
variable minimum loss corresponds to 
R./Rac = 1, and that if x is the variable 
minimum loss corresponds to R,/Ra. = 
0.33. This may seem a little surprising 
at first glance, but the first relation simply 
represents a less efficient use of conduc- 
tor. It is necessary that the relation- 
ships be different in order that they be 
valid. For any particular frequency 
either relation can be shown to be a con- 


dition for a maximum in the ratio of re-. 


actance to resistance. 

These two cases are of more academic 
than practical interest at standard fre- 
quencies except in the case of air-core 
reactors, since they assume that economy 
is unimportant as applied to conducting 
material and space. At radio frequen- 
cies, and even at lower frequencies, econ- 


aASSUMED ZERO LEAKAGE 


Figure 1A (left). Geometrically simple coil 
side assumed in derivation 


Coil is surrounded on three sides by iron 


Figure 1B (right), Enlarged view of one x 


corner of Figure 1A 


Long—Eddy-Current Resistance of Multilayer Coils 
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Figure 2. Effective resistance of 100-layer 
coil plotted against x 


Three cases are shown to illustrate the effect of 
varying f, m, and y independently 


omy of conducting material and space is 
not important as very little of either can 
be used from considerations of energy 
economy. 

Equation 4 can be rewritten as a func- 
tion of p by writing out the various terms 
included in C; and x. Then by setting 
the differential with respect to p equal to 
zero it can be shown that the losses are a 
minimum when p is such that V = 12/x?. 
This is the same as the condition for mini- 
mum losses with WV variable. 

It can be shown that where both direct 
and alternating currents are present in a 


_coil the total loss is 


W = (2By*C,A /N) {x3(5N2—1)/720+ks/x} 
(9) 


where k; = 1 + 2/,-/Ig, in which the 
ratio is taken for the peak value of the 
a-c wave, and By refers only to the alter- 
nating component of flux. From this it 
can be shown that if x is taken as the 
variable the losses are a minimum when 


x = ~/240ks/(5N?—1) (10) 


A somewhat more practical case is for 
square or round wire and for which the 


Table |. Data on Two Small Coils Wound 
From 0.022-Inch Round Enameled Wire 


Inside Diameter 13/15 Inch; Outside Diameter 
~ 18/15 Inches, Eight Layers 


Long Coil Short Coil 


ToitranG stole Ata ol stale er erelalayel el otatend 686 + e002 
Werigth, inches \....2). 2). sc ee tsb 
D-c resistance, ohms....... 3.88 1.93 
Axial space factor for 

equivalent rectangular 

WILE: Het ae's wisrelet neksioleye ee, « 0.83 0.83 
Nagaoka’s constant....... 0.828 0.703 
Millihenrys at 1,000 cycles 

per second........eeeee- 3.97 1.93 

siete ercvelofe ofelioncl Se icuem ers erovara is 0.687 .. 0.583 
27 Fi/ 2 ey Mortara eile Sieh 0.01273.. 0.01173 
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frequency, conductivity, coil length, and 
number of turns are fixed. The number 
of layers is now proportional to the wire 
diameter and may be substituted for in 
equation 7. By approximating and 
F,, dropping certain terms that are not 
significant for N>3, and collecting terms, 
it is possible to arrive at a manageable 
expression for W as in equation 53; pos- 
sible d-c loss also has been included. Then 
the square-wire diameter for minimum 
loss is determined to be approximately 
2.76/(tf/12)'/.. The corresponding round- 
wire diameter is 12 per cent greater. 

These simple approximations for the 
wire size for least loss are based on the 
assumptions that: 


1. There is no external magnetic circuit or 
coupled coil. 


2. There is no unidirectional component of 
current. 


3. Coil length ~effective coil diameter and 
aH~ 2a. 


If these conditions are not all fulfilled a 
more exact solution for the wire diameter 
for minimum loss from equation 56 should 
be used. Any one of the foregoing items 
readily can influence the wire diameter by 
one gauge number (12 per cent). 

Figure 7 shows the relation between fre- 
quency, turns per inch of-coil length, and 
round-wire diameter for minimum loss 
based on the approximations in equation 
57 outlined in the foregoing. 

For comparison with the minimum-toss, 
cases in which N, X, or p are independ- 
ent variables, the value of x from equa- 
tion 55 can be substituted in equation 6, 


assuming that k;=1 and that ao>=a so. 


that kk=0.5. Then R./Ra=0.5. 

In this last case for least loss it has 
been assumed tacitly that in the absence 
of an external magnetic circuit (see Fig- 
ure 1) the radial field could be ignored. 
Some justification is given for this later. 

A situation that is more frequently of 
practical importance is the case in which 
dimension h of Figure 1A, that is, the 
radial thickness of the coil, is fixed, and 
the insulation required between lamina- 
tions is of fixed thickness. Ordinarily 
extra insulation will be required between 
conductors, and still more extra insulation 
between coil sides, but these extras may 
be lumped together as a constant before 
determining h. In this case N is a func- 
tion of x, or N = 2mh/(x + 2mé); this 
value for N can be substituted in equa- 
tion 7, and, after approximations that 
are reasonably good for N > 3, the value 
of r; for minimum loss can be found from 


11g/5= 1 Aes Fo ia 
ON 25212! 3ki—1 
where ky = (a + a1)/2a, and g = 
{1 + 38/2n)/(l + 8/r)?}; 1/8 
may be plotted as a function of 7,g/5 and 


then this may be used as a step in deter- 
mining 7. As an approximation when 


(11) 
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r,/6 > 1, and to slide-rule accuracy when 
71/6 = 35 


5 carey Oe 2 
Sesh Net 28h?! 3k, —1 


An instructive approximation can be 
made from equation 12 when 7/6 > 4, 
and if the influence of ky is neglected, 
the value of 7; for minimum losses be- 
comes 


\ 96 

16 end —_— 
2h?m4 
This can be substituted back into equa- 
tion 6 along with the definition of NV in 
terms of 7, and the eddy-current loss for 


that value of 7; that makes the total loss 
the least can be determined as 


Re/Rac® (2/s0) (m4h?52)'/*(1 —8/n)? 


(12) 


(13) 


(14) 


To take a numerical example assume that 
at 60 cycles 


m=2 
h=6 inches 
6=0.01 inch 


Then, for minimum-loss equation 12 de- 
termines 7; to be 0.0444 inch and N to be 
110 layers, and as x = 0.1776 equation 6 


Figure 3. Three-turn spiral with three parallels 
showing simple method of transposing 


evaluates the eddy-current loss at 8.35 
per cent. Equation 14 states that the 
eddy-current loss is 0.117 (1 — 6/n)?, 
and if the difference between this last 
factor and one is ignored the determination 
of eddy-current loss is rather rough. How- 
ever, this factor involving 6/7, will vary 
only slowly as the other parameters of 
equation 14 vary, so that equation gives 
an accurate indication of the effect of 
these variables when 7,/6>4. 


Effect of Radial Component 
of Field 


The work up to this point has assumed 
that the winding is surrounded on three 
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sides by a medium of infinite perme- 
ability and no loss so that the loss for 
rectangular conductors could be deter- 
mined quite precisely under the assump- 
tion of no radial component of field. If 
the external circuit be removed the situa- 
tion becomes quite different, whether the 
conductors are round or rectangular. 

By measurement on an eight-layer coil 
(described later) in which the length was 
about equal to the diameter, the field 
strength along the axis of the coil varied 
about 50 per cent from the center to the 
ends, and the radial component at the 
ends was not much less than the axial 
component at the ends. It would seem 
that in such a case, as far as losses are 
concerned, the presence of the radial 
field would just about make up for the 
deficit in the axial field. Experiment 
shows this to be the case, and, when the 
ratio of coil-length to diameter is greater 
than one, eddy-current losses can be ap- 
proximated reasonably by using equation 
6 with 7, determined as the diameter of a 
square wire having the same cross sec- 
tion as the actual round wire. In this 
case » should be determined as the space 
factor of the assumed square wire in the 
axial direction multiplied by a factor 
giving the ratio between the actual in- 
ductance and the inductance calculated 
from the long-coil formula, Such a fac- 
tor can be approximated from Nagaoka’s 
constant by using for coil diameter the 
actual diameter plus two thirds of the 
radial depth. 

When /,/D>0.3, Nagaoka’s constant 
can be approximated to within two per 
cent by 1.02—1/(1+2l2/D) in which I, is 
the axial length of the coil and D is the 
effective diameter of the coil. 

It should be pointed out that, if the 
radial thickness of a winding is less than 
about one quarter of the effective coil 
diameter and also less than one quarter 
of the coil length, the eddy-current loss 
may be mainly the result of the radial 
component of field, and the formulas 
derived here cannot be used correctly. 

These formulas are intended for con- 
centrically coupled coils having equal 
and opposed ampere turns, and for other 
coils in which the coil geometry indicates 
that most of the eddy-current losses are 
due to the axial field. For concentrically 
coupled coils, the effective diameter can 
be taken as the radial distance between 
coils plus one third of the sum of their 
radial thicknesses. 

In the case of coils wound with rec- 
tangular conductor with the flat of the 
conductor parallel to the principal mag- 
netic field, the situation is not so clear, as 
a given radial field can produce much 
higher losses on account of having a wider 
conductor to work on. 

- It is quite apparent that the losses will 
be reduced by any steps that will reduce 
the radial component of field, and this 
dictates the use of coils that are long as 
compared to their diameter, and what 
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amounts to the same thing, the close 
coupling of load coils either inside or out- 
side the coil being studied. 

As a one-turn-per-layer coil has no 
radial field except at the ends when ener- 
gized by alternating current the use of 
such a coil may represent a step in the 
right direction when a considerable con- 
ductor area per turnis required. Froma 
practical point of view such a coil has the 
additional recommendation that voltage 
stresses from steep-wave-front transients 
are distributed rather equally between 
turns, because the turn-to-turn capacity 
is large and quite uniform, and all except 
the first and last turns are quite well 
shielded from ground. Figure 3 is an 


illustration of such a coil, and it also shows 


a transposition system that can be used 
when the number of turns must be less 
than the number of layers. 

It should-be noted that if other condi- 
tions are appropriate the end losses for a 
one-turn-per-layer coil will be the same as 
for a two-turn-per-layer coil formed by 
assembling two spirals each half as long 
and suitably connecting them in series. 
It would seem that spiral coils would 
represent the most efficient construction 
possible since they have radial field losses 
only at the ends; a possible exception 
would be those cases in which conductors 
can be used for which the x measurement, 
determined for the radial field, can be 
less than one or two. This follows as 
otherwise the losses at the ends will be 
about the same in any case, and the spiral 
construction eliminates radial field losses 
through the rest of the coil. 

In practical constructions the con- 
ductor width of such spirals will be 
limited to perhaps five inches or less by 
considerations of heat transfer, but a 
number of such spirals can be assembled 
end to end and connected in parallel to 
make up any desired conductor width, 
with spaces between the spirals for cool- 
ant circulation. 

The end losses of such a spiral coil can 
be approximated from equation 1 for 
both ends as “ 


Ra, 72) pis 2rad|ao—| 1, 
Rac \By/ (u‘)” A 


in which B, is the radial component of 
field strength and »’ is the radial space 
factor. This is not a particularly satis- 
factory approximation as it assumes the 
radial field to be constant over the end of 
the coil, but it at least will indicate the 
magnitude of the end loss to be expected. 


(15) 


Experimental Measurements 


ROUND-WIRE COILS 


In order to test the application of 
formulas derived for rectangular con- 
ductors and a partial magnetic circuit to 


coils from round wire and surrounded by 


air, two small coils were wound from 
0.022-inch round enameled wire, each coil 
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Table Il. Observations on 60-Turn Spiral 
Coil of Electrolytic-Copper Ribbon 


One Inch Wide by 0.0035 Inch Thick 


G0 PITCHES TACIS yale iojetsyeceye sajersvereyaie sv elel eo 1e aie 0.97 


AL MUCHES LAGMISty Tyee iols lola ne srorencteleveceleva.s 0.437 
D=euresistance, Ohms Fog sc aslscleleses we ons 0.0715 
Effective ribbon thickness, inches..........0.0025 
Weistenetemra ones contr ere kare we neccvelcisiisr ty «! siquentroteiereaste exe.s 0.642 
ME Cracre Biers hier ehe ei cha leielove, ote elats: evs eceié, av aieeverigie 0.281 
Ae Miter NO eee Gicic Go Oa EEE ae Geet 0.3075 
Millihenrys at 10,380 cycles per second..... 0.0706 
Table Ill 
MPe ce elon ccs ister casts csat.cn sh ess 0.157. .0.174. .0.206. .0.226 
Ra/ Rios steko eat ccste 2.33! ..2.95-. 13.43 2.3.87 
Ra/ Rac corrected:...2.45 ..2.82 ..3.48 ..3.87 


Ba/ BN calculated. ..0.71 ..0.724..0.731..0.743 


having an inside diameter of 0.81 inch, 
an outside diameter of 1.19 inches, and 
eight layers. Other information is given 
in Table I. 

The effective resistance was measured 
by providing a mica decade capacitor for 
parallel resonance and driving from the 
5,000-ohm tap of an oscillator through a 
33,000-ohm decoupling resistance that 
was noninductive. The voltage across 
the parallel-resonant circuit was meas- 
ured by a vacuum-tube voltmeter, and 
then a decade resistance was substituted 
for the parallel circuit and so adjusted 
that the voltage across the resistance was 
the same as that which had appeared 
across the parallel circuit. If the ca- 
pacitor loss is charged to the inductance 
the effective series resistance of the in- 
ductance is given by the formula: in- 
ductance+ (capacitance times substitu- 
tion resistance). 

This method is not precise but for fre- 
quencies such that x < 2 the change in 
inductance with frequency will be very 
small and the method is reasonably satis- 
factory. The reactance-resistance ratio 
of the coils used was roughly from 10 to 
30 for frequencies from 2,500 cycles to 
20,000 cycles. At the upper limit of fre- 
quency the method begins to introduce 
appreciable inaccuracies on account of 
the inductance in the resistance decade, 
but a check by using a carbonized resist- 
ance indicated that the error was only 


’ two or three per cent. 


The results are shown in Figure 6 as 
two sets of points plotted and the theo- 
retical curve of equation 8 drawn in. 


EguatTION 56 


Another test of the same nature, but 
intended specifically as a check on equa- 
tion 56, was made on a series of five 
2,000-turn coils and at the single fre- 
quency of 10,000 cycles. T hese coils were 
each one inch long, they were layer 
wound but not layer insulated, and they 
were wound on wooden bobbins of 0.75- 
inch diameter. 
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A series resonance and substitution 
method was used to determine the effec- 
tive resistance, using either 0.003 or 0.004 
microfarad of a mica decade plus a vari- 
able air capacitor. 

The following observations were made 
at 10,000 cycles: 


Nominal 

wire 
PollOnO) ce2klses a allPele o5 
Outside 

coil 

diameter, 

inches, yl. P20) FO 05 
D-c 

resistance, 


ISO Reel 2 ate 


..44.8 ..389.3 .. 
Rac by 
equation 
8,ohms....71.6 .. 


Rac meas- 


OES salle) oc 


..66.5 ©.64.3 ..68.0 ..91.0 


The measured value of R,, includes a 
capacitor resistance correction arbitrarily 
figured for 0.001 power factor. This 
amounts to five ohms for the first three 
columns and seven ohms for the last two 
columns. Correction is necessary since 
the reactance/resistance ratio of some of 
the coils was above 60. 

The round-wire diameter for minimum 
loss as determined from equation 56 is 
0.0107 inch which is confirmed by the fore- 
going experimental result of 0.0110 inch, 


Errect oF SMALL RADIAL DEPTH OF 
WINDING 


By way of emphasizing the inherent 
defects of the approximations used, in 
the absence of an external magnetic cir- 
cuit and for the case in which the radial 
depth of the winding is small in compari- 
son to the effective diameter of the coil, 
three coils of 2.375 inch inside diameter 
were wound from 0.010 round wire. 

Data on the coils and measurements at 
10,000 cycles follow: 


——§<—<———s 


Total turns, .. 500% 600 . .1,000 . 1,200 
Number of layers... 12 ss 8 as 5 
Coillength,inches., 0.58 1.45... 2.90 
Radial thickness, 

ATTCHES iets sialeterene <r 0.180. 0.12.. 0,075 
D-c resistance, 

(bit baaponenaods 41.8 69.0 .. 84.7 
Rac by equation 8, f 

OMG spelaeiotelebedetetel 42.4 7 Om Seren Site 
Rac measured, 

OHMS oan eleforeislerole 49.2 92.0 .. 155 


The same correction for capacitor 
power factor was made in the foregoing 
case as was made for the set of five coils. 

It is obvious from the geometry of these 
coils that most of their eddy-current loss 
will result from the radial field when there 
is no external magnetic circuit, and so 
any method based on axial field losses 
only must be seriously in error. 


Enp Loss IN SPIRALS 


Experimental work on small-scale spiral 
coils is complicated by the low impedances 
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involved, and the following account is not 
presented as being particularly conclu- 
sive, but rather as being the only experi- 
mental evidence available relative to 
equation 15. 

A 60-turn spiral coil of electrolytic- 
copper ribbon 1 inch wide by 0.0035 inch 
thick was wound and the observations 
listed in Table II were made. 

Measurements were made with parallel 
capacitances from 0.768 to 3.33 micro- 
farads corresponding to frequencies from 
10,380 to 21,660 cycles and substitution 
resistances from 89 to 203 ohms. The 
circuit was driven from the 125-ohm tap 
of the oscillator through a 500-ohm re- 
sistance. Results were calculated as 
shown in Table III. 

The corrected values were arrived at 
by plotting on logarithm paper and draw- 
ing the best possible straight line to fit 
the points. Values of B,/By were cal- 
culated from equation 15 as the curves of 
Figure 4 indicate that the maximum value 
of eddy-current loss would be about six 
per cent; these values substituted into 
equation 15 give the corrected end-loss 
factors. The value of B,/By was meas- 
ured with a 20-turn one-quarter-inch- 
diameter search coil, and the maximum 
that could be measured at 10,000 cycles 
was just under 40 per cerit. This makes 
it seem questionable as to whether the 
actual value could have been as large as 
the 70-per-cent tabulated indication. 
The measuring method would be expected 
to give results that are substantially too 
small, and the corrected end-loss factor is 
too large as it includes both the axial-field 
loss and the capacitor loss. 


Comparison With Literature 


Equation 1 is equivalent to equation 12 
of Field’s! paper and to equation 27 of 
Bennett and Larson’s.® 

Equation 6 is a refinement of an equa- 
tion given in the appendix of Summers’ 

_paper® and is equivalent to Taylor’s? 
equation 3. 

Equation 3 is exactly equivalent to an 
expression given by Lyon® for the loss 
factor in a one-coil-side-per-slot winding 
of N layers. To demonstrate this it is 


necessary only to expand the hyperbolic 
functions of complex arguments given 
there into the corresponding combination 
of hyperbolic and circular functions of 
real arguments. The latter form seems 
to be much easier to look up in tables, 
but the functions of complex arguments 
in this case are much easier to expand into 
series if the series is to be carried beyond 
the first positive exponent with a real 
coefficient. 


Conclusions 


The formulas presented here to measure 
the eddy-current resistance of coils with 
partial magnetic circuits (but excluding 
the losses in the iron) are equivalent to 
earlier formulas that have been reason- 
ably well tested by a number of years’ 
experience. 

The extension of these formulas to coils 
wound from round wire and without an 
external magnetic circuit by the device 
of correcting for the end effect with a 
fictitious permeability and for the wire 
shape by using an equivalent square 
section seems to give results of usable 
accuracy, at least up to frequencies for 
which the eddy-current resistance is 50 
per cent of the d-c resistance. This may 
be subject to a further limitation that the 
coil length should be at least as great as 
half the diameter. It will take more ex- 
perimental work to establish such limita- 
tions definitely. 

The extension of the original formulas 
to coils from ribbon conductors wound 
spirally to give a net effect of one or two 
turns per layer seems to be justified by 
the addition of another formula to cal- 
culate the end-effect loss as a separate 
item. While the end-effect formula can- 
not be regarded as satisfactory, in most 
practical constructions it will be possible 
to keep the end losses quite low simply 
by keeping B,/By low, and it seems 
reasonable to expect that the end losses 
will be substantially smaller than the 
axial-field loss. 

Another generally practicable method 
of keeping down the loss due to radial 
field is the construction shown in Figure 1; 
as long as the iron does not saturate, the 


tafe 
L 


j} 


Wa 


Hy 


WAS SSS 


LV \) 


tH 


Figure 4. R./R,, as 


ee ae 


a function of x and 
N, for the case that 
neglects the differ- 


CONDUCTOR THICKNESS IN INCHES- LOI 


Mf 


Y 


Ay Se feral O 
NUMBER OF LAYERS 


716 TRANSACTIONS 


20 30 4050 70 100 


ence in length of 
layers and assumes 
arrangement of Fig- 


ue1A — } 


200 300400 


Long—Eddy-Current Resistance of Multilayer Coils 


20 


aeanii 


AND 


i 
=e 


+ 

jf 

a 
= 


tT 


° 
° 
° 
@ 
4 


0.001 T 


0.0007 5 ia 
0.0005 r [ 
T 


0.0003 
en 
0.0002 - { ' 
0.0001 : 
of] 02 030405 O7 10 ots Mats tee Me 


Figure 5. F, and F, plotted against x 


Broken line indicates negative values 


0.2 


Figure 6. Eddy- 
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radial field will approach zero as i, ap- 
proaches /. 

Certain formulas have been derived 
for determining conditions for minimum 
losses, and as these have been arrived at 
by conventional mathematical methods 
they seem certainly valid. The end losses 
of spiral coils have been ignored in these 
derivations, because the end losses are 
determined for the most part by coil pro- 
portions and not by layer thickness. 
These formulas are presented, not as re- 
quirements of logical design, but as a 
formulation of simple standards against 
which logical designs can be measured, 
and as exploring tools. 

It should be noted that when the layer 
thickness of spiral coils is selected for 
minimum loss the total loss varies as 
N-2, This relation is quite precise for 
N>4, and for N=1 the theoretical mini- 
mum of loss occurs for x=3.14 and is 
about eight per cent less than that deter- 
mined by N-¥?. 

As a speculative item, the possibility 
is indicated of increasing the output of 
such equipment as transformers, while 
decreasing the amount of active material 
and increasing the efficiency, by the 
simple expedient of increasing the wind- 
ing section in a direction perpendicular 
to the principal leakage flux. There will 
be of course cases in, which such im- 
provement is difficult or impossible. | 


Appendix 


Practical units and inch dimensions are , 


used throughout this paper except that p is 
in microhms per centimeter cube, and y is 
in mhos per centimeter cube to correspond 
to customary usage in tables. 

Notation is defined where first used, but 


for convenience those terms used more than | 


‘once are defined below; 


a)=radius of turn at zero leakage-flux 
density ~ 8 
q,=radius of turn at maximum leakage- 
flux density 
' 4 =area of Jayer at zero flux density, meas- 
-—- wred parallel to leakage 
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Figure 7. Relation 
200 of frequency, turns 
per inch of coil 
length, and round- 
wire diameter for 
minimum loss 
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Taken from equation 
57 with p=1.8 
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By=highest flux density associated with 
Nth layer in lines per square inch 
Ba=increase in flux density per layer in 
lines per square inch 
C, =1.935mp10-8/p? 
e=resistance drop per inch of periphery 
at plane of dr 
f=frequency in cycles per second 


n=| sinh x + sin 22 cost : sin = 
sinh : cos =) /(cosh x— cos x) 


x x om x 
P= cosh’ sin 3 + sinh 3 cos 2). 
(cosh x—cos x) 


i=current density in amperes per square 
inch at dr 
ki=(n—1)/n 
ko = (ao —a1) /(N—1) a0 
ks => (do —a) /2a0 
ky = (do+a) /2a 
l=net conductor dimension in inches 
measured along leakage flux 
], =length of leakage-flux path in inches 
l,=axial coil length in inches 
m=0.505 (uf /p)'/? 
n=layer number counting from zero leak- 
age-flux density 
N=total number of layers in winding being 
studied 
r=distance of plane of dr from high flux- 
density side of layer in inches 
r, = thickness of layer in inches as measured 
across leakage flux 
w =total loss in watts for one square inch of 
the flat surface of layer 
W =total loss in watts for NV layers 
x= 2mn 
y=conductivity in mhos per centimeter 
cube 
6=insulation thickness in inches 
p=resistivity in microhms per centimeter 
cube 
»=fictitious permeability 1/h, or IL /heL1 
R=resistance as denoted by subscripts; 
R,/Rae is proportionate increase in Tre- 
sistance due to end loss in both ends of 
spiral 
L=actual inductance 


-I,=inductance calculated by long-coil 


formula (that is, without correction for 


Derivation for Loss in Layer n 


This part of the derivation is not new and 
so is presented in outline only. The method 
is simular to that of Bennett and Larson, in 
that the differential equation is set up for the 
flux density. This permits a direct substitu- 
tion for the boundary conditions and a dif- 
ferentiation to determine current density. 

It will be assumed that one side of a spiral 
coilis shown in section in Figure 1, and that 
the conditions are as set forth in the intro- 
duction. It will be convenient to take as the 
differential element of the conductor a piece 
one inch by one inch in the directions of cur- 
rent flow and leakage flux, with a thickness 
of dr inches measured across the leakage flux. 

Let the voltage impressed on any particu- 
lar layer of this spiral coil be E volts per 
inch of periphery, and let the induced volt- 
age be e’ per inch at the position of dr, a 
thin section parallel to the flat of the con- 
ductor and located r inches from that side of 
the conductor that is at the highest flux 
density. Then, if e is the resistance drop 
in volts per inch, 


E-e’=e (16) 


If y is the conductivity in mhos per centi- 
meter cube, and 7 is the current density in 
amperes per square inch of conductor cross 
section, 


2.d4ey =i (17) 
Due to idr, there is, in lines per square inch, 
dB =0.412.54°eyydr =8.leyudr (18) 


in which p is the ratio of the leakage path to 
the net conductor along that path. If the 
difference in e’ on the two sides of dr per 
inch of periphery is called de’, then 


de’ = —j2nfBdr10-*=de (19) 
and from equation 18, 

EE eee (20) 
dr? dr 

If we substitute from equation 19, 

aB ; 

Say: —750.8fyuB10-§ = —2jm?B (21) 
A solution of equation 21 is 

B=Ajet—D™ 4 Age O— Amr (22) 


If 1 is the layer number counting from the 
region of zero leakage flux, the boundary 


conditions can be stated thus: when 7=0, 
B=B,; whenr=n, B=Br-1; = 
Bn-1=((n—1)/n|) Bn =hBn (23) 


If we eliminate A; and Ae: 


B= 
ky (et Amr — (iar a—A)mr) Sap as 
(iJ) ml 7) = = a—J)m(n—71) 
By e(i—J)mri — —— (1—J)mn (24) 
dB 
dr 
k, cosh mr cos mr — 
B,(1—j)m cosh m(r1—7) cos m(r1—7) 
i 


) —jlk: sinh mr sin mr — 
sinh m(n—1) sin m(n—71)]} 
sinh mr, cos mr —j cosh mr, sin mr; 


B=flux density at plane of dr in mth layer 
‘in Jines per square inch thd, EE 


(25) 


end effect) ¥3 
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The rate of power loss per cubic inch of 
conductor in watts is 


2.54e2y /2 

If the conductor is measured on one of its 

flat sides (parallel to principal flux) the loss 

per square inch of conductor is in watts: 
mene dr 

| (dr | 51.6 yu? 


(26) 


12 BAery 


ay (270) 


a— 
0 


Let 


C,=m/51.6 yp? (28) 


i 2mB2C x 
ky2(cosh 2mr-+-cos 2mr) + 
cosh 2m(r,—r) + 


Tl 
cos 2m(m—1r) Fp: 
F —2k,[cosh mr, X 


cos m(71—2r) + 
cosh m(r,—2r) cos mr] 


cosh 2mr,;— cos 2mr, 
(29) 


(ki2-+1) (sinh 2mr,+sin 2mr) — 
4ki(cosh mr, sin m+ 
sinh mr, cos mr;) 


BHC 
ea cosh 2mr,;—cos 2mr, 
(30) 


=B,2C,{ (2-+1) it Fe/n?} 


in which F, and F, have the meanings de- 
fined under notation. 

Now let the increment of flux density per 
layer 


(31) 


B,/n=Ba (32) 
wA =Ba?C,A { (2n?—2n+1)hi+h} (33) 
Total Loss for N Layers 

ZSwA=W 


N 
=By?CGA{F,D(2n?-2n+1)+NF,} (34) 
1 


W=By?QA{ Fi(2N?+1)/3+F:}/N (35) 


It will be found that for x<2 the foregoing 
expression can be closely approximated by 
writing the series expansions for F, and Fy; 
to include the first tertn in x with a positive 
exponent. If we make this substitution, 


W =By?CA {x3(5N?—1)/360+2/x}/N (36) 


Correction for Differences in Layer Lengths. 
In the foregoing two equations no account 
has been taken of the difference in periphery 
of the various layers of a spiral coil. As the 


-area of the layer at zero leakage-flux density 


has been taken as A, the area of any other 
layer will be A {1—(n—1)ke}, where ko= 
(ao—a1)/(N—1)ao; ao-is the length of the 
layer at zero flux density, and a; is the 
length of the layer at maximum flux density. 
Then: 


N 
W=By?QA { F, > (2n?—2n41)X 
1 


N 


—@— Dk} +h 1-(@—-Dhal} (37) 


2N?+1 


={By?C.A/N} { nf 
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Effective Resistance and Resistance Ratio, 
The most useful form in which to have infor- 
mation on eddy-current losses is frequently 
an expression for R,,/Rag. or a related ex- 
pression (Ry,—Rac)/Rac=Re/Rac. To ob- 
tain such an expression it will be necessary 
to state the d-c loss in terms conveniently 
comparable to equation 36. If / is net con- 
ductor width measured along leakage flux in 
inches, 


re =NA (ap +a) /5.081174 a0 (39) 
D-e loss ByiA aot 
OS BByu2Nry Lao 
_4By?GA ao+a, (40) 
Nx 2a 


Since for a given value of By and ignoring 
eddy-current losses the a-c loss will be one 
half of the d-c loss, this a-c loss may be 
called W’ and then R,,/Ra=W/W’'. Tf 
layer length differences are neglected, 


W’ =2By?C,A/Nx (41) 


Rac! Rac =%!(5N?2—1)/7204+1 (42) 
Determination for Minimum Loss 
With Dimension h Restricted 


To determine the layer thickness for mini- 
mum loss when dimension fh is restricted, 
it is expedient to make the usual series 
approximations for F, and F2 in equation 
38 that are quite accurate for x<2, and to 
assume that N>3, so that the loss equation 
becomes 


SeliNs 3 2 
Pa Rae ee ets 
W=By aA = shy + ase a 
(43) 


Since 


N=2mh/(x+2ms) 
hm 3 
Wx By?C,A<\ —| 1—- 2 
ny EH sh \(s 2mxb+ 


8m 358 1 26 
252 ee Neen (fe 
sie ao )(a42)a ia 


(44) 


dW hm 3 
—=B,? —j{ 1—— = 
N cas 36 (: is)( 2x 2mo+ 


SOS RES eee 
(x+2ms)2/ hx? DO iGkS9) 
i——- 
2 h2maxt x+3m6 9 
1k, 18 (x+2ms)? ie 
Vee (14338/2n) 98 
FES Re ey ay | ee eR ae 
oie eae (47) 
n° 1438/2n 9 he 
8% (146/r)? 25%h2m4 3k,—1 i‘. 
a= Oba woh 
6° Vo5%%2ms 3k,—1 Se 
3}. 9 © OR 
n= 0.17 alia 
: ( t Vie J eo 


when 7,/5>1 


Long—Eddy-Current Resistance of Multilayer Coils 


Minimum Loss for Round- (or Square-) 
Wire Coils 


When the axial length /, and the number of 
turns ¢ are fixed, the number of layers is a 
function of the diameter d of round wire, so 


that 
N=in,/l=tx/2ml (51) 


in which the only variable is 7, =0.89d, and 
the axial space factor of the winding //l2 is 
assumed independent of wire size. 

For the present purpose equation 43 can 
be revised to include d-c loss if any, and 
slightly rearranged, so that 


Wz U(x3N/72+4kke/ NX) (52) 
where 

ke =1—2a4/(a)+8a1) 

and 

U=By?GA (1 —3k3/2) 
Substitutinge from equation 51 
We U(x*t/144ml+8kskeml /tx?) (53) 


dW /dx = U(x*t/36ml—16k:keml/tx?) =0 (54) 


x =2.88(kske)'/*(ml/t */* (55) 
11 =1.44(kske)'/*(L/m*t)'/* 
= 2.27 (Rske/K?)'/*(pl2/ft)'/* (56) 
since 
m? =0.254fK1/lp 
in which K = Nagaoka’s constant. 

If there is no d-c loss ks=1; (ke/K2)'/s 


usually will exceed unity by not more than a 
few per cent. Then if p=1.8 for copper, 
d=1,/0.89 =3.11/(ft/l2)'/8 (57) 

In this equation d is the round-wire diam-. 
eter for minimum loss, and 7, is the square-- 
wire diameter for minimum loss, provided. 
that N>3. The approximation is fair for 
N=2. 

It is interesting to note that the wire 
diameter for minimum loss is independent. 
of the axial space factor (assumed constant) 
except as this influences K and &g. 
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Lightning Arresters for Distribution 


Apparatus 
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HERE are today two general types of 

lightning arresters in use for the pro- 
tection of distribution apparatus. They 
are the valve type covered by AIEE 
Standard 28, and the expulsion type, for 
which AIKE Standards are being formu- 
lated. Both have been used widely for 
many years. Typical specimens are illus- 
trated in Figure 1. The valve type is the 
oider. The first distribution-valve ar- 
rester was an Autovalve produced in 1922. 
The first expulsion-type distribution ar- 
rester was the deion arrester (United 
States Patent, 2,050,397) used on surge- 
protected distribution transformers in 
1931. By far the largest number of ex- 
pulsion-type arresters manufactured have 
been applied as part of completely self- 
protected transformers. Many of these 
have used a somewhat different physical 
construction and mounting as shown in 
Figure 2 than that used for the arresters 
installed separately from the transformers. 
There exist today several variations of 
both the expulsion and valve types. 

With so many years of service behind 
the two types, the question arises why 
both still persist. Why has not the indus- 
try decided that one is better and dis- 
carded the other? Why do some manu- 
facturers make both types, and some only 
one? Affiliated with a company that 
manufactures both types, the authors fre- 
quently are asked, not only by users but 
also by associates in the company, why 
‘the company does not eliminate one of 
them and concentrate on the other. 
From a manufacturing standpoint this 
would be a highly desirable simplification, 
but the reason why both are made is that 
there are demands for both. Apparently 
the industry is not ready to accept only 
one in lieu of both. 

A brief review of the history that 
stimulated the two types is of passing 


interest. There were two major reasons, 


for the development of the expulsion type 
to parallel the valve type. These were 
radio broadcasting and the growth of 
rural electrification. 

Valve-type arresters in the 1920’s were 
contemporary with the growth of radio 
broadcasting into a public service. In 
pee 
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those days the valve arresters were fre- 
quent causes of radio interference as a re- 
sult of moisture collecting inside of them. 
Methods of testing for radio interference 
were not developed, and arresters were not 
designed to avoid it as it was not a known 
requirement, It soon became evident, 
however, that it was a very important re- 
quirement. Many engineers believed that 
it was impossible to seal an arrester 
against moisture entrance and that an 
arrester should be thoroughly ventilated. 
The expulsion arrester is such a device, 
and this was then greatly inits favor. At 
the present time radio interference is 
hardly a worry in either valve or expul- 
sion arresters since methods of sealing 
and testing valve arresters have been de- 
vised that effectively prevent moisture 
collection. Autovalve arresters manufac- 
tured since 1932 have been signally free 
from moisture or radio interference. 
Most expulsion-type arresters, becatise 
of the requirement of clearing appreciable 
power-follow currents, inherently possess 
a high degree of ability to discharge severe 
lightning current without damage to 
themselves. In this respect they surpass 
the early valve types. The importance of 
surge capacity became more apparent as 
rural electrification proceeded. It might 
be said that the appearance and the suc- 
cessful operation of the expulsion-type ar- 
rester threw a challenge to the valve type 
which resulted in a general increase in 
quality of both types of arresters. This is 
a healthy condition, consequently, it is 
well that the industry has not yet settled 
on one type-to the exclusion of the other. 


The Functions of Lightning Arresters 


Fundamentally lightning arresters, re- 
gardless of type, must perform the same 
function, to provide by-passes around in- 
sulation. When lightning strikes a circuit, 
transient currents flow in the system. 
With these currents are associated po- 
tentials that are functions of the current 
and the impedance to the current flow. If 
the flow of lightning current is not ob- 
structed by impedance or insulation, the 
voltages between points that are electri- 
cally adjacent in the circuit are small, but, 
if the flow is obstructed, very high volt- 
ages may appear, because the lightning 
current puts forth all its effort to flow. 


If the obstruction consists of insulation, 


the voltage developed across it may be 
sufficient to puncture or flash around it, 


thereby giving the current a means of con- 
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tinuing by way of damage or outage. A 
lightning arrester provides an easy path 
for the lightning current to get around the 
insulation so that high voltages will not 
develop. The by-pass, however, must be 
such that it does not interfere with the 
supply of power to users. This means 
that, when operating conditions are nor- 
mal with no surges on the system, the ar- 
rester must be an insulator, so that it pre- 
vents flow of power current. When a 
transient voltage appears which might 
exceed the insulation strength of the appa- 
ratus to be protected, the arrester must 
become as quickly as possible a good by- 
pass for lightning current. After the re- 
lease of this current, the by-pass must 
transform itself back to its insulation 
condition so quickly that no circuit break- 
ers or fuses in the circuits are called upon 
to open in order to interrupt flow of sys- 
tem current through the arrester. 

A lightning arrester may be looked upon 
as a very fast circuit breaker connected 
from line to ground, normally open, but 


Figure 1. Typical distribution lightning arres 
ters of the valve and expulsion types 


Rating, nine kilovolts 


Figure 2. Completely self-protected dis- 
tribution transformer with internally mounted 
expulsion-type arresters 
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Upper trace is 60- 
Lower trace is power-follow 
Crest of follow current is 36 am- 
peres. Current limited by valve element only 
as apparent from uniformity of voltage wave 


(a). Autovalve arrester. 
cycle voltage. 
current. 


one which closes immediately at a pre- 
determined voltage and reopens quickly 
after the disturbances have passed. The 
closing mechanism in the lightning ar- 
rester is a spark gap of some form which 
becomes conducting when a transient 
voltage appears. Thus, the circuit for the 
lightning current is established, but this 
circuit is then also a path to ground for 
system fault current. Arresters therefore 
must incorporate a contrivance that will 
open this power current path or aid the 
spark gap toreopen it. Simple gaps, such 
as rod gaps, are not classed as arresters, 
because, although they will provide more 
or less effective by-passes for lightning 
currents, they are unable to interrupt the 
path. Their power-follow currents must 
be cleared from the circuit by the opera- 
tion of a circuit breaker or a fuse. The 
lightning arrester takes care of this by it- 
self. Both types of distribution arresters 
accomplish the closing and reopening of 
the relief circuit in essentially the same 
fashion.. The differences lie principally 
in the process involved in re-establishing 
the insulation of the arrester and in the 
magnitudes of the impulse voltages that 


appear across the terminals of the devices. _ 


The simplest analogy to the expulsion 
type of arrester is that it is like a fuse with 
the fuse link omitted. It consists essen- 
tially of a tube, usually of fiber, with 
electrodes in each end. In series with this 
is a spark gap. When a high voltage oc- 
curs, the series gap and the gap in the tube 
spark. By this process a circuit is made 
through the tube just as if a fuse link had 
been present. The arrester thus becomes 
a path of low impedance, and the surge 
voltage across the terminals drops to a 
low voltage after spark-over. This volt- 
age drop consists only of the are drop 
in the extinction chamber. Therefore, as 
far as power-follow current is concerned, 
the device may become nearly a short cir- 
cuit. However, like the fuse, it interrupts 
the system fault current when its current 
wave passes through zero because of the 
gas evolved by the heat of the arc from 
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(b). Deion arrester. Lower trace is 60-cycle 
voltage. Upper trace is follow current 
limited by circuit 


Figure 3. Typical oscillograms of power- 
follow currents and their interruption for valve 
and expulsion arresters 


Arrester ratings, nine kilovolts 
Power voltage used in tests, nine kilovolts rms 


the walls to the extinction chamber. Un- 
like the fuse, it does not have to be re- 
filled, because it has no fuse link. The 
expulsion-type arrester operates repeat- 
edly without attention. The devices are 
so designed that their spark-over is suffi- 
ciently low to provide protection for the 
apparatus or insulation they are intended 
to protect. In some recent constructions 
for use on distribution circuits, there are 
incorporated features that produce appre- 
ciable arc voltage while power current 
flows, so that the power current follow is 
determined partly by the device and 
partly by the system characteristics. 
This arc voltage may be an appreciable 
part of the normal circuit voltage, but 
compared to the spark-over voltage it is 
small, 

The expulsion arrester thus performs 
the cycle required of a lightning arrester. 
It is normally an insulator, it becomes a 
conductor of low impedance when neces- 
sary to prevent high voltage, and it inter- 
rupts the system current quickly and re- 
verts to an insulator. Its operation does 
not interfere with the flow of power in the 
system. 

A familiar analogy for the valve type of 
arrester is not so easily found, unless it be 
likened to an automatic valve that opens 
and closes as circumstances require. The 
valve arrester, too, has a spark gap which 
normally provides insulation and operates 
as a switch to close by sparking when a 
surge voltage appears. Unlike the expul- 
sion arrester, the series gap in the valve 
arrester also must reopen the circuit after 
the necessity for limiting the voltage has 
passed. Simple air gaps are not capable 
of interrupting high currents such as 
might be involved in system faults. Gaps 
such as are used in valve arresters can 
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(c). Deion arrester. Follow current higher 
than in b. Short-circuit current of test circuit 
was 10,000 amperes rms. Arrester limits 
follow current 


interrupt reasonably high alternating 
currents, of 50 to 100 amperes, but not 
much more. Therefore, to insure success- 
ful operation of the device, the power- 
follow current that flows after the light- 
ning discharge must be limited t@a mag- 
nitude that the gap can interrupt. This 
can be accomplished by series resistance. 
However, if this is the common type of 
constant resistance and of such a mag- 
nitude that it will limit the power-follow 
current to the afore-mentioned value when 
system voltage only is impressed across 
its terminals, then when high lightning 
currents flow the JR drop will be large. 
This would impress high voltage on the in- 
sulation supposedly protected. An ex- 
ample, would be a nine-kilovolt arrester 
with a constant series resistance that will 
limit the current at nine kilovolts to 100 
amperes. If a surge current of 2,000 am- 
peres flows through it, it will develop 20 
times normal voltage or 180 kv. Sucha 
device would be inadequate for purposes 
of lightning protection. For this reason 
the series impedance used in valve ar- 
resters is of a special kind that has a high 
effective resistance at low voltage and a 
low effective resistance when high cur- 
rents flow. It is for this reason that they 
are called valve elements. The imped- 
ance or the valve opening regulates itself 
to the flow of current and limits the volt- 
age. The regulation in most valve ele- 
ments is a property of the electrical con- 
tacts between the particles of which it 
consists. If we choose to think of the 
valve element as a resistor, then in a 3,000- 
volt valve-type arrester its apparent re- 
sistance at 3,000 volts may be 100 or more 
ohms, whereas when it is passing 50,000 
amperes of surge current its apparent re- 
sistance may be less than half an ohm. 
By the co-operative functioning of the 
series gap and the valve element, the 
valve type also performs the functions. 
expected of an arrester. It is normally 


_ an insulator, it becomes a path of rela- 


tively low impedance, and it re-establishes 
itself as an insulator after the lightning 


4 ‘ 
——— 


discharge has passed. It does not inter- 
fere with the flow of power in the system. 

The principal difference in the opera- 
tion of the two types of arresters is in the 
way in which they dispose of the system 
follow current. In the valve arrester the 
follow current is limited by the device it- 
self regardless of system capacity. Valve 
arresters, therefore, are rated only on the 
basis of voltage. The rating defines the 
maximum voltage applied across the ar- 
rester terminals against which the ar- 
rester can return itself to an insulator sub- 
sequent to a surge discharge. In the ex- 
pulsion arrester the follow current may be 
determined principally by the system and 
these devices generally are rated in both 
voltage and current somewhat like fuses. 
As far as service is concerned, the differ- 
ence between the two is not significant 
because either device, as shown by 
Figure 3, operates without causing what 
is generally termed a fault. 


Protective Characteristics 


The most important quality that an 
arrester should possess is the ability to 
protect insulation against high voltage. 
The magnitudes to which it limits surge 
voltages are related in various ways to 
the power voltage which the arrester is 
able to clear. 

Valve and expulsion arresters both pro- 
vide surge protection for distribution ap- 
paratus. This can be seen by comparison 
of the impulse characteristics of the ar- 
resters with the standard impulse levels 
of the equipment. The major use of distri- 
bution lightning arresters is to protect dis- 
tribution transformers against damage to 
their insulation or flashover with conse- 
quent outage. A ready means of compari- 
son is found in the relation of the light- 
ning-arrestercharacteristics to the impulse 
withstand tests required of transformers. 
The transformer manufacturers have, in 


Transformer full wave, 96 kv. Deion 


(a). 


arrester spark-over, 69 kv. Autovalve spark- 
over, 52.5 kv 
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the National Electrical Manufacturers 
Association Transformer Standards 
stated certain impulse voltages which the 
transformers covered by these standards 
are able to withstand without damage. 
The test voltages are described and co- 
ordinated with the insulation class desig- 
nations of the transformers as in Table I 
They provide a definition of the impulse 
strength of transformers and thus a means 
of relating the lightning protection to 
them directly. Present ATEE Standards 
for valve arresters specify a number of 
tests which are complete and possibly 
more voluminous than necessary to fur- 
nish the industry with adequate informa- 
tion of the characteristics of these pro- 
tective devices. The tests described in 
lightning-arrester standards are not re- 
lated directly to the withstand impulse- 
voltage tests specified for transformers, 
although their relation can be determined 
by reference tocurves. A simple and com- 
plete comparison between transformer- 
insulation strengths and the degree of 
protection provided by arresters can be 
made by applying to the arrester the 
withstand test voltages specified for those 
transformers with which the arresters may 
be used. If the arrester, when subjected 
to this test voltage, prevents voltages of 
the magnitude and character of the with- 
stand voltages from developing, it is ob- 
vious that the transformer is protected 
by the arrester. The relation between 
transformer strength and arrester per- 
formance for a typical application is 
shown by the oscillograms of Figure 4. 
The 15-kv insulation class transformer 
and the nine-kilovolt arresters, a common 
combination, are illustrated. In order to 
show both the arrester impulse spark-over 


Figure 4. Relation between transformer im- 
pulse withstand voltage (see Table 1) and 
arrester voltages 


Transformer insulation class, 15 kv 
Arrester ratings, nine kilovolts 


(b). Transformer assumed front of wave test, 
165 kv. Deion arrester spark-over, 113 kv. 
Autovalve spark-over, 57 kv 


us Ks 


characteristics and the effect of voltage 
drop while the arrester carries current, 
two sets of oscillograms are shown with 
different time scales. 


Impulse Spark-Over Voltages 


Figures 4a and b show the arrester 
spark-over characteristics in relation to 
the transformer withstand voltages. In 
Figure 4a the trace marked 96 kv is the 
1.5x40 wave which the transformer with- 
stands if it meets NEMA Standards. If 
a nine-kilovolt expulsion arrester of the 
type illustrated in Figure 1 is connected 
in the test circuit and the transformer 
withstand voltage applied, spark-over of 
the arrester occurs at 69 kv. The nine- 
kilovolt valve arrester shown in Figure 1 
sparks at 52.5 kv. Both of these are well 
below the full-wave voltage that the 
transformer will withstand. 

The response of arresters to the chopped 
wave used for transformer testing is prac- 
tically the same as in the case of the full 
wave. Therefore, it has not been shown. 
Of interest, however, would be the ar- 
rester behavior on a front of wave test for 
the transformer, because this would have 
an appreciably faster rate of voltage rise. 
Such front of wave tests have not been 
standardized for distribution transformers. 
An approximate value, which might in the 
authors’ opinion be used, is shown in Fig- 
ure 4b by the broken-line trace marked 
165 kv. Such a test wave applied to a 
nine-kilovolt deion arrester causes spark- 
over at 113 kv and on the nine-kilovolt 
Autovalve arrester at 57 kv. Again, both 
of these values are well below the impulse 
voltage that can be impressed on a trans- 
former without damage. It should be 


(c). Transformer full wave, 95 kv. Voltage 
across arresters during discharge of specified 
surge currents: 


Deion arrester, 20,000 amperes, 12-5 kv 
Autovalve arrester, 5,000 amperes, 40 ky, 
90,000 amperes, 54 kv 


These oscillograms do not show the spark-over 
voltages.. They are shown in Figures 4a and b 


5 10 15 20 ys 
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noted from the comparison of Figures 4a 
and b that the transformer will withstand 
a higher voltage, if applied for only a 
short time, than the full 1.5x40 wave 
test voltage. 

Figure 4 indicates that the impulse 
spark-over voltage of the expulsion ar- 
rester is higher than that of the valve ar- 
rester. In the expulsion arrester, spark- 
over takes place over two air gaps, the 
series gap, and the gap in the extinction 
chamber. The gap in the extinction 
chamber is relatively long to insure clear- 
ing of the power-follow current, and the 
time lag curves of spark-over, Figure 5, 
indicate that the spark-over voltage in- 
creases with decreasing time to spark- 
over. This is not serious since insulation 
time-lag curves have somewhat the same 
shape. Although the spark-over charac- 
teristics can be modified by means such 
as the electrostatic shielding used in the 
arrester shown in Figure 1, the foregoing 
factors in general fix the order of impulse 
spark-over voltage. 

The gap in the valve arrester is not 
called upon to interrupt high power- 
follow currents, as their magnitude is 
limited by the valve element. Therefore, 
it can be made with low spark-over volt- 
age and with time-lag characteristics 
that resemble those of sphere gaps which 
are more or less flat and begin to turn up 
only at very short times to spark-over as 
illustrated in Figure 5. Although there 
is this difference between the spark-over 
voltages of the valve and expulsion types, 
Figure 4 shows that there is ample margin 
between the transformer impulse strength 
and the impulse spark-over of either ar- 
rester. 


Voltage During Discharge 


More than the impulse spark-over 
should be taken into account in the cor- 
relation between transformer strength and 
protective characteristics of the arrester, 
because, while the arrester is discharging 
surge current, some voltage exists across 
its terminals as the result of arc or imped- 
ance drops. In Figure 4c are shown these 
voltage characteristics of both types of 
arresters for several discharge currents of 
magnitudes recommended in AIEE Stand- 
ards. These again are related to the trans- 
former full-wave withstand voltage 
shown again in Figure 4c by the trace 
marked 95 kv. The spark-over voltages 
of the arresters are not apparent in Figure 
4c because of the larger time scale. The 
spark-over voltages are shown in Figures 
4a and b. 

Consider the valve arrester characteris- 
tics. The trace marked 54 kv is the 
voltage developed across the arrester dur- 
ing discharge of a 20,000-ampere test 
surge. The trace marked 40 kv is the 
voltage across the arrester with a test 
current of 5,000-amperes crest. It should 
be noted that the voltage across the valve 
arrester drops from the crest reached after 
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a few microseconds. It is sometimes 
thought that the voltage drop of the valve 
arrester persists at its crest magnitude 
for the duration of the discharge. This is 
not the case, especially when high currents 
are involved. 

The voltage that exists across the ex- 
pulsion arrester while discharging 20,000 
amperes is shown by the lowest trace in 
Figure 4c. Immediately after discharge, 
the voltage collapses to 12 kv and then 
drops further, until after several micro- 
seconds it has decayed to five kilovolts. 
For the expulsion arrester, the voltage for 
a 5,000-ampere discharge is not shown. 
It is less than that for 20,000 amperes. 
It is apparent that the discharge voltages 
of the expulsion arrester are appreciably 
lower than those for the valve arresters. 
However, in either case, there is consider- 
able margin between the withstand volt- 
age of the transformer and the voltages 
developed across either arrester during 
the discharge of surge current. These 
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Figure 5. Impulse spark-over time-lag charac- 


teristics of distribution arresters of the valve 
and expulsion types 


Full lines—Autovalve arresters 
Broken lines—Deion arresters 
Numbers on curves indicate voltage rating 
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Figure 6. Relation between crest of 10x20- 
microsecond discharge current and crest of 
voltage developed by the current for Autovalve 


arresters 


Numbers on curves are arrester ratings 


differences are thus not of practical im- 
portance, although they sometimes arouse 
controversy. The valve arrester becomes 
conducting on steep impulse voltages at 
lower values than the expulsion type. 
One might say that this is an advantage. 
On the other hand, the voltage across the 
expulsion arrester collapses to a lower 
value once discharge has begun. This is 
an advantage in favor of the expulsion ar- 
TESteK. 


The important impulse characteristics 
of both arresters are shown in curve form 
in Figures5 and 6. As far as transformers 
manufactured during the last decade or so 
are concerned, either device is adequate. 
This is particularly true on completely 
self-protected transformers where the 
manufacturer has a known insulation 
strength with which it is relatively easy 
to co-ordinate the arresters. On very old 
transformers the impulse strength may be 
lower, as they were not built to meet pres- 
ent standards. For the protection of 
such transformers, the valve arrester may 
be preferable because of its lower sparking 
voltage. It is true that with very heavy 
current discharges the voltage developed 
across the valve arrester during the dis- 
charge may exceed the impulse strength 
of the old transformer, so that the trans- 
former will not be protected under these 
conditions. For example, when discharg- 
ing a surge current with a crest of 65,000 
amperes, the peak voltage across a nine- 
kilovolt valve arrester may be 70 kv. 
Though this is well below the full-wave 
strength of a recent transformer that 
meets Table I, it may well exceed the 
strength of a very old transformer. How- 
ever, the occurrence of such heavy cur- 
rents is rare. Field measurements of the 
surge currents discharged by arresters in 
rural service indicate that 50 per cent of 
the operations involve currents of less 
than 1,500-amperes crest and 96 to 98 
per cent less than 20,000 amperes. By 
and large, therefore, valve arresters should 
give better protection to the old trans- 
formers being considered. On the other 
hand it is probably desirable that trans- 
formers with such low-impulse strengths 
be replaced by modern ones. 


Surge-Current Capacity and Life 


An arrester fundamentally is intended 
to prevent service outages during thunder 
storms. Therefore, it should not only 
prevent insulation failures as far as pos- 
sible but also should be rugged to prevent 
damage to itself. Electrical damage may 
result from very severe lightning—after 
all a distribution arrester is a device of 
only modest size—or it may result from a 
temporary system voltage condition in 
excess of the arrester rating or because of 
a defect in the arrester. Any of these is 
possible. Considering the effects of light- 
ning, it is desirable that the arrester have 
surge discharge capacity sufficient to 
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Table I. Impulse Insulation Withstand Tests for Distribution Transformers (Oil Immersed) 


Insulation Chopped Wave Full-Wave Arrester** 
Class, Transformer* Voltage, Minimum Time to Voltage, Voltage 
Kilovolt Voltage Kilovolt Flashover, Kilovolt Rating, 
Rms Rating Crest Microseconds Crest Rms 
PARI) RI ke) Rieyai atts afeksnenansy sinh che Gtsiieia ets 7s Re Fe Ree P9 Bk WEND Sertegenaiosis seuraen 45 
Sis Oars srarsteaieroue ees 2,400 GO)... sing Bs Beata hcatons 1 a kc, meen me ie Eelam ce at GOB aecerezsae sis 3,000 
Bis OO stucs-stere ernie ere AISOU Sean nca x ngers SOK orate ans Ges matin ane ater ett tre LOM seen renters 6,000 
LS COMss a aesgie kee W200 Reena SeS- PROS Mt Meieartiaarcs t K oe aN ee EOD hea OD eh vata cmititins 9,000 
UDO orctevaterciensensesnsie LS 200 Gsacitaniers = PLO reyarejeus Chetauewrs.« WEN ars cscrep anstetsrertioctaperess OD aera ter wicca 15,000 


*These are usual standard ratings and usually fall into the insulation classes shown. 


indicates the insulation strength. 


**These are the arrester ratings usually used with the transformers listed in column 2. 
because of circuit conditions, other arrester ratings may be used with a given transformer rating. 


The insulation class 


In some cases 


Test voltage wave shape is 1.5x40 microseconds (1.5 microseconds from 0 to crest, 40 microseconds to half 


of crest). 


Full-wave test is an application of the full unmodified 1.5x40 wave to the test specimen. 


(See Figure 4a.) 


In the chopped-wave test, a 1.5x40 wave shape is applied, but the test voltage is removed or chopped by 
flashover of a properly set parallel gap in the time specified in the table. 


In front of wave tests, the voltage applied to the test specimen is removed or chopped by a gap in a specified 


time, but while the test voltage is still rising. 
formers have not yet been determined. 


This table is based on Table V of NEMA Transformer standards, publication 42-73. 


data, refer to those standards. 


minimize the chances of arrester damage 
by lightning in the field. Experience has 
developed a basis of test for the distribu- 
tion arrester. This is the 65,000-ampere 
test recommended in the AIEE Standards. 
Years of experience with arresters of 
various surge current capacities indicate 
that capacities of less than 65,000 amperes 
will engender unsatisfactory rates of 
failure from lightning in the field. The 
65,000-ampere test is thus a reasonable 
index to the ability of arresters to weather 
severe storms. Both of the arresters 
shown in Figure 1 meet this criterion, and 
field experience with both has been ex- 
cellent. 

The dangers of system overvoltage are 
well known. A valve arrester is sensitive 
to the system voltage impressed on its 
terminals during the clearing period. In 
fact excessive system voltage may be 
called its chief enemy. It is not in gen- 
eral sensitive to rate of system recovery 
voltage, because it itself determines the 
rate of recovery voltage across its series 
gap as a result of the effective resistance 
of the valve element. However, if the 
system voltage exceeds the arrester rat- 
ing, the gap may not be able to clear and 
the arrester may be damaged. 

The ability of the expulsion arrester to 
interrupt depends on several factors be- 
sides voltage, such as the rate of recovery 
voltage, overshoot of recovery voltage, 
current to be interrupted, and on the 
power factor of the circuit. When any of 
these conditions are not as severe as those 
for which the arrester is designed, an addi- 
tional matgin in interrupting ability re- 
sults. It is not recommended, however, 
that a lower voltage arrestér be used be- 
cause of any margin of this type. The 
voltage rating should be considered a 


_ maximum rating. 


A very live question to which a direct 
answer is difficult involves the life of an 
arrester. How long should it last, and 


Dd 


“ov 


(See Figure 4b.) 


Front of wave tests for distribution trans- 


For more complete 


how long may the various types be ex- 
pected tolast? Laboratory tests and rec- 
ords of discharges through arresters in 
actual service give clues on the basis of 
which estimates may be made, but the 
best indication is experience. This may 
appear unfair to the user, because he is 
the one that has to acquire the experience. 
Fortunately, the art is now in a phase 
where considerable experience has been 
accumulated. 

Discharges of appreciable magnitude 
combined with the arrester’snormal power 
follow will have little effect on the ability 
of the valve arrester to function for many 
operations. The impulse protective char- 
acteristics of the valve arresters of Figure 
1 are not affected by high discharge cur- 
rents. Repeated discharges of currents 
of 20,000 amperes or more exert some ef- 
fect on the valve material which ulti- 
mately will cause it to puncture. With 
the 65,000-ampere surge-capacity test, a 
few repeated discharges may damage the 
arrester. “The test current that will de- 
stroy a distribution arrester with the first 
shot may be considerably higher, The 
duration of the discharges also has a bear- 
ing on life. There is no doubt a relation 
between crest magnitude of current and 
shape and duration of wave tail on the 
one hand and the number of discharges an 
arrester will withstand on the other. This 
relation is not well known. Something is 
known of the high-crest short-duration 
effects and something is known of the low- 
current long-duration effect as shown by 
the 1/2 to several cycles of normal power 
follow current that the arrester may with- 
stand. Between these is a range that is 
not determined because of the tedious 
labor and the expense that would be in- 
volved in establishing it. The lack of 
this information is not serious as indi- 
cated by the low rate of damage in the 
field to modern distribution arresters of 
either type. ~~ 
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Table Il. Comparison of Deion and Auto- 
valve Lightning Arresters for Distribution 
Apparatus 


—= 


Type of Arrester 


Characteristic Deion Autovalve 

Impulse spark-over, 

ONS microsecond unter ae eet oe Lower 
Voltage during dis- 

Charge r,.A5 earecesa tiem Lower 
PRower-follow current:..... 00... see ess 
Surge-current capacity: 

65,000 amperes....... Same. waver Same 

Long low currents..... Better 
Wervicelifedaccics «cece © Comparable. .Comparable 
Construction <0.) ace. - Opereiowten Sealed 
SELES SAD sc c.cs sieves wa ee Integral part of arrester 
Is series gap setting 

ctiticalvtcs. debits INO See Sealed 
Is application affected 

by system recovery 

voltages ci). INGE No* 


Is application limited 
by system fault cur- 


Is co-ordination of 

feeder relaying or 

fusing and arrester 

fFequired se. actalccjsice > coheed Usually not 
Does operation depend 

on expenditure of 

materiale. cin | tt erat Refer to text 
Does system frequency 

affect arrester appli- 


CALION A Sete Saat Caer tea eee ated 
Is arrester applicable 

to delta systems...... Ves. sues ase Yes 
Radio interference...... No pitsitertaae No 
Line lockouts....... Lc ROME sa tanls cibed No 


*Theoretically yes, practically no. Experience 
shows that either type operates satisfactorily on 
existing distribution circuits. 


**Holds for the arrester described in text. 
***R atings are based on 60 cycles. 


****Ratings are based on 25-60 cycles. 


The expulsion arrester wears. Expendi- 
ture of material is the principle upon 
which it operates to interrupt power- 
follow current. The wear caused by surge 
current is on the whole small. An exces- 
sively high surge current may burst the 
device or crack it, but this is the exception. 
The principal cause of wear in an expul- 
sion arrester is the follow current that it 
must interrupt. The degree of erosion is 
a function of the magnitude and the 
duration of the follow current, and this 
again depends to some degree on the sys- 
tem characteristics and the relation of the 
timing of the surge discharge with respect 
to the phase of the system voltage. The 
factors that affect erosion are so variable 
that it is difficult to evaluate wear in 
terms of years of service. The expulsion 
arrester has been in use for some 13 
years as part of the SP and CSP trans- 
formers. Neglecting causes of damage 
other than lightning, the life, measured in 
annual percentage of arresters damaged, 
obtained from the deion arresters used on 
those transformers as well as from deion 
arresters used as separately mounted de- 
vices actually has been better than se- 
cured from the comparable Autovalve 
arrester. This would indicate that the 
erosion effect of power-follow current, 
which can be accentuated by specific test 
conditions, is not the complete determi- 
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nant of servicein years. There is further 
corroboration of this by the fact that light- 
ning field studies have indicated that a 
lightning arrester on any given distribu- 
tion transformer in rural service dis- 
charges on an average of about once a 
year, but that over a period of years the 
number of discharges in any year may 
vary between zero and eight. Further, as 
already mentioned, power follow in ex- 
pulsion arresters depends on how the 
surge and the 60-cycle power voltage 
overlap. In many cases there will be no 
power follow at all, and it is found in 
laboratory testing that the conditions of 
timing must be controlled carefully to 
obtain the worst power-follow conditions. 
Moreover, heavy discharge currents in 
themselves often cause the evolution of 
sufficient gas from the walls of the extinc- 
tion chamber to prevent power follow. 
Although tests can be made which will 
show a longer life, in number of operations 
for valve arresters than for expulsion ar- 
resters and vice versa, it is logical to ex- 
pect that both arresters will give compar- 
able years of satisfactory service. Ex- 
perience appears to bear this out. It 
may be that within certain ranges of light- 
ning-discharge wave shape and magnitude 
the effect of the surge alone is less marked 
on the expulsion arrestet than it is on the 
valve type. 

Some weight should be given to the 
consideration that practically all makers 
of self-protecting distribution transform- 
ers employ expulsion arresters for protec- 
tion. They have had excellent experience 
with their choice. On the other hand for 
separately mounted arresters the activity 
on valve-type distribution arresters ex- 
ceeds that of expulsion arresters 


Physical Differences 


As the operation of the expulsion ar- 
rester generates gas which must be vented, 
it must be more or less open in construc- 
tion. This has advantages in the eyes of 
many users and designers and is something 
not readily feasible in valve arresters. 

Most valve arresters do not generate 
gas, nor do they have to handle high 
power-follow currents. Therefore, total 
enclosure is feasible, thereby protecting 
the parts from the weather and avoiding 
any exposed line or ground terminals or 
leads. This in turn is regarded as an ad- 
vantage by many users, and it is some- 
thing not readily done with expulsion ar- 
resters. 


Effect on Operation of Primary Fuses 


Recently some statements have been 
made that the collapsing voltage of the 
expulsion arrester has a distinct advantage 
in that it will permit fewer primary fuse 
operations. In brief, the reason given for 
this is that the expulsion arrester, because 
of this voltage collapse, exposes the trans- 


former to less voltage for the duration of 
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Resistance and Capacitance Relations 


Between Short Cylindrical Conductors 


F. L. REQUA 


MEMBER AIEE 


A hee CONVENTIONAL FORMULA 
for computing capacitance or con- 
ductance between parallel cylindrical 
conductors is derived on the assumption 
that the electrostatic or current flux be- 
tween conductor surfaces is confined to 
paths lying in planes perpendicular to the 
axes of the conductors. 

Actually this condition obtains only at 
the mid-point between the ends of the 
conductors. At all other points along 
the length the lines of flux curve out- 
wardly toward the ends. However, for 
conductors of length which is very great 
compared to the distance of separation the 
flux paths are nearly planar except near 
Paper 45-138, recommended by the AIEE com- 
mittee on basic sciences for publication in AIEE 


TRANSACTIONS. Manuscript submitted August 17, 
1943; made available for printing May 17, 1945. 


F. L. ReQua is electrical engineer, Public Utilities 
Commission, City and County of San Francisco, 
Calif. 


the discharge than the valve type, and, 
therefore, there is less tendency for light- 
ning current to penetrate through the 
transformer winding and the fuse. There 
is clearly a difference in these voltages; 
however, if all of the factors that enter 
into the problems of fuse operation are 
considered, so broad a statement hardly is 
warranted. The subject is complex and 
beyond the scope of this paper. It should 
be explored further. If fuse operations 
can be decreased by the use of a certain 
type of lightning arrester, that is impor- 
tant, and it is to be hoped that experience 
of operating engineers in this connection 
may be presented to the Institute. 


Special Application 


There is one application in which there 
exists a definite preference. It is an appli- 
cation which requires both types of ar- 
resters to supplement each other and is, 
therefore, a good case. It is the protec- 
tion of rotating machines. This subject is 
covered elsewhere.! In this application 
arresters must be used at the terminals of 
the machine and arresters also must be 
used at some point on the line removed 
from the machine terminals. The arrest- 
ers at the machine terminals definitely 
must be of the valve type, because they 
spark at low voltages and because the 
voltage does not collapse after spark-over. 
For the arresters on the line, however, the 
expulsion type is to be preferred for the 
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the ends. Hence the conventional for- 
mula, which indicates direct proportion- 
ality between capacitance or conductance 
and length of the conductors, gives values 
which approach more and more closely t© 
the true value as the length of the con- 
ductors increases. 

For relatively short conductors how- 
ever the effect just mentioned becomes of 
increasing importance. The true capaci- 
tance or conductance is not even approxi- 
mately proportional to length of con- 
ductors and the values given by the con- 
ventional formula are no longer satis- 
factory. 

In this paper formulas are developed in 
which the end effect is taken into ac- 
count. This leads to an indicated integra- 
tion which can be closely approximated by 
the summation of a small number of 
terms but is inconvenient for engineering 
computation. It is found that the func- 


reason that its voltage does collapse and 
thereby aids the functioning of the capaci- 
tors and arresters at the machine. 


Conclusion 


This paper describes the operating char- 
acteristics of the two types of lightning 
arresters and discusses their advantages 
and disadvantages. A generalized com- 
parison is shown by Table II. If there 
were conclusive evidence as to the super- 
iority of one type over another, only 
one type would be in demand and only 
one type manufactured. Manufacturers 
who build both do so, because they be- 
lieve that superiority of one type over 
the other cannot be demonstrated clearly 
and that operating engineers will insist. 
that both be available. It is the authors’ 
opinion that both devices serve the pur- 
pose for which lightning arresters are in- 
tended. There are certain advantages 
that can be cited for either one. Prob- 
ably the selection of one or the other is 
influenced largely by the weight given by 
the user to those points in which the ex- 
pulsion and valve arresters for distribu- 
tion service differ. 
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tion to be integrated may be approxi- 
mated by a parabolic function and by this 
empirical substitution simplified formulas 
are derived which give results of satis- 
factory precision for the requirements of 
engineering design and may be expressed 
in simple functional form. Tabulated 
values of this function are given in the 
paper. 

Experimentally determined values ob- 
tained from tests on a large three-phase 
water rheostat at Bonneville are com- 
pared with the same quantities computed 
by the formulas derived in this paper, and 
the agreement is found to be satisfactory. 


Relationship Between Formulas 
for Capacitance and Conductance 


The electrical capacitance C between 
any two conductors, spatially related in a 
specified manner and immersed in a 
dielectric medium of permittivity », 
bears a simple relation to the conductance 
G between the same conductors immersed 
in a medium of conductivity y. It is 


C/p « G/y (1) 


The constant of proportionality will 
depend upon the system of units adopted. 
In this paper all derivations are based 
upon the meter-kilogram-second sys- 
tem, modified so that the unit of length 
is inches instead of meters. Hereby the 
unit of capacitance is the farad, of con- 
ductance the mho, of resistance R the 
ohm, of conductivity the mho per inch 
cube, of resistivity p the ohm per inch 
cube and 


C/p=G/4ry=p/4aR (2) 


The absolute permittivity p in equation 2 
is the permittivity p» of free space multi- 
plied by the dielectric constant k of the 
medium. In the system of units used 
herein p) has the value 2.8262 X 107”. 

All formulas in this paper are derived 
initially for the capacitance between 
parallel cylindrical conductors of equal 
diameter. Corresponding formulas for 
resistance between the conductors then 
are obtained by use of the relations 2. 


ly 


ae Figure 1. Space relation between elements. 


of equivalent linear charges and surface po- 
tential points on two parallel cylindrical 
Raee conductors 
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Derivation of Conventional 
Formula for Capacitance 


The conventional formula for capaci- 
tance between two parallel cylindrical 
conductors 1 and 2 of length L, radius r, 
and distance D between centers, is derived 
on the assumption that L is so large com- 
pared to D that, for a given difference of 
potential between the conductors, the 
charge per unit of axial length may be 
considered to be the same at all points 
along the length of each conductor. 

The surface charge per unit length so 
transferred can be shown to be the elec- 
trostatic equivalent, for points lying out- 
side the conductor surfaces, of the same 
charge per unit length concentrated along 
a line inside each conductor in the plane 
of and parallel to the axes of the two con- 
ductors. 

When L is very large compared to D 
the distance S between these two lines of 
charge is related to D and r by the ex- 
pression :1 


S=VD?—4r (3) 


The shortest distance a from the line of 
charge inside conductor 1 to the surface of 
conductor 1 is readily deduced from equa- 
tion 3 to be 


/ D4 — (D—2r) 


CHARGE PER UNIT LENGTH, 
D AND fr (=0.1 D0) CONSTANT 


POTENTIAL DIFFERENCE 


0 0.57159 L 
CONDUCTOR LENGTH 
Figure 2. Variation of sectional potential dif- 
ference with length along parallel cylindrical 
conductors with uniform linear charge 
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Figure 3. Three-phase arrangement of identi- 
cal cylindrical conductors, equilaterally spaced 
in a homogeneous medium of infinite extent 


Use formula 20 for capacitance 
Use formula 23 for resistance 
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Similarly, the shortest distance b from the 
line of charge inside conductor 2 to the 
surface of conductor 1 is 


D?—4r+(D—2 
may ces r) (s) 


a 


From equations 4 and 5 it follows that 


b D+VD 47 
G- 2r 


(6) 


When L is very small compared to both 
D and 1, the relations 3, 4, and 5 are 
shown in the appendix to change to 


Die 
Si ear (3’) 
D?—r? 
SP iapaaat & 
D? y2 
b=D-~— 5’) 


If a linear charge of +g per unit 
length is assumed within one conductor 
and —g per unit length within the other, 
the potential at a point on the surface of 
each conductor midway between the ends 
can be computed. The magnitude of the 
total charge transferred, gL, divided by 
the computed difference of potential be- 
tween the mid-points of the two con- 
ductors gives the familiar formula? for 
capacitance: 


C= 0.30685 X 107 URL 


logio = 
a 


_ 0.380685 X 107 ell, (7) 


= > 2 
fe (2 D?—4r ) 


2r 
and thence its approximate equivalent, 


__ 0.80685 X 107 PRL 


1 LO ie 
(0) —— —— 
Seay 


(7') 


Figure 4, Three-phase arrangement of identical 

cylindrical conductors, equilaterally spaced 

and submerged in the surface of a homogene- 
ous liquid of infinite area and depth — 


Use formula 23 for resistance 
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The approximate values obtained by use 
of formula 7’ differ by less than one eighth 
of one per cent from those of formula 7 
for all cases where r does not exceed 
20 per cent of D. 

Formulas 7 and 7’ and corresponding 
expressions for resistance derived there- 
from are applicable when the flux be- 
tween conductors follows planes _per- 
pendicular to the conductor axes. This 
condition obtains 


1. Approximately, when the length L of 
the conductors is very great compared to 
the distance of separation D. 


2. Exactly, in the case of electric-current 
flow, when the conducting liquid of finite 
depth L is confined in a tank of infinite area 
with an insulated floor and the conductors 
are immersed vertically to the full depth of 
the liquid. 


Derivation of More General 
Formula for Capacitance 


Figure 1 represents two parallel tubular 
conductors of length ZL and radius r 
separated by a distance D between axes. 
It is postulated that each conductor is 
subdivided into a very large number of 
short tubular sections formed by cutting 
through the original conductors with a 


“INSULATED BOTTOM 


Figure 5. Three-phase arrangement of iden- 

tical cylindrical conductors, equilaterally 

spaced and submerged in a homogeneous 
liquid of infinite area and of depth L 


Use formula 25 for resistance 


Figure 6. Single-phase arrangement of iden- 
tical cylindrical conductors in a homogeneous 
medium of infinite extent 


Use formula 18 for capacitance 
Use formula 24 for resistance 
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corresponding number of insulating planes 
of negligible thickness, each normal to the 
axes of the conductors. Hereby the 
necessity of assuming the same potential 
at all points along the length of the con- 
ductor is eliminated. 

It is assumed that a charge of q per 
unit length has been transferred from 
conductor 2 to conductor 1 and that the 
resulting deficit and surplus, respectively, 
of charge are located along two sym- 
metrically disposed lines inside the con- 
ductors, separated by the distance S. 

If the point P; is located at a distance 
mL from one end of the conductor, where 
m is a numeric equal to or less than unity, 
then the potential V, at this point is 


mL 
q dx 
Wasse neesie ne 
Aah: V x24? 


(1-m)L dx mL dx 
0 V x?-+a2 pe V x2 +0? 
(i—m)L dx | 
VS 12-45? 


ice, ae L+a*/(mL)? 
14+-V1-+0%/(mL)? 


be ee reel (2) es 


1+¢-Vi1+b2/[d—m) LP 


This is also the potential at all other 
points on the periphery of the short 
cylindrical section of conductor 1 located 
at the plane Y—-Y. 

Since the potential V2 at point Pz is, 
by symmetry, equal to — Vj it follows that 
the difference of potential between the 
two conductor sections located by the 
plane Y—Y is twice the value given by ex- 
pression 8. 

If the two conductors are divided into 
n insulated sections, each of length L/n, 
the charge transferred between homolo- 
gous sections is (Lq)/n and the sectional 
capacitance C; is equal to this charge 
divided by the difference of potential be- 
tween the sections, 


J hek a eS Ee eae es 
fe oe] Vel 
1+-V1+62/(mL)? 
1+-V Lt wEY,(2') 


1+-V1+6%/[(d—mLP \e 


C= (9) 


and the total capacitance between con- 
ductors is 


% 
C= XC; 


i=1 


(10) 


It follows that the total capacitance be- 
tween conductors is also equal to the total 
charge transferred divided by Vip, the 
arithmetic mean of the potential differ- 
ences between all pairs of homologous 
sections. If we refer to Figure 2, which 
shows sectional difference of potential 
along the length of pairs of conductors of 
given r and D but differing length L, it 
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will be noted that for relatively long con- 
ductors the mean sectional difference of 
potential is very nearly the same as the 
differerice of potential at the mid-point. 
However for shorter conductors this is. 
not true. 

A satisfactory approximation for engi- 
neering purposes to the mean difference 
of potential can be obtained by computing 
the difference of potential at the mid- 
point of the sectionalized conductor and 
at two points near to and equidistant from 
the ends, passing a parabolic curve 
through these three points and computing 
the mean difference of potential there- 
from. It is found that, if the two end 
points arbitrarily are taken at nine tenths 
of the distance from mid-point to end, 
the approximate value will not differ by 
more than one half of one per cent from 
that obtained by subdividing the con- 
ductors into 20 sections and using equa- 
tion 8 as the basis for computation. 

The potential at the mid-point and 
that near either end of one of the sub- 


Figure 7. Single-phase arrangement of,iden- 

tical cylindrical conductors submerged in the 

surface of a homogeneous liquid of infinite 
area and depth 


Use formula 24 for resistance 


“ iInsuLaTeo BOTTOM 


Figure 8. Single-phase arrangement of iden- 
tical cylindrical conductors submerged in a 


homogeneous liquid of infinite area and of | 


depth L 


Use formula 26 for resistance 
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Figure 9. Single-phase arrangement of a 
cylindrical and a plane conductor in a 
homogeneous medium of infinite extent 


Use formula 20 for capacitance 
Use formula 23 for resistance 
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Figure 10. Single-phase arrangement of a 

cylindrical and a plane conductor submerged 

in the surface of a homogeneous liquid of 
infinite area and depth 


Use formula 23 for resistance 


divided conductors can be determined 
from equation 8, taking m = 0.5andm = 
0.05 in turn. The values so obtained, 
multiplied by two, will give the difference 
of potential between homologous sections 
at each of these two locations. If we call 
the difference of potential at the mid- 
point V, and that near the ends Vz, 


aE es [ SEW ee eh 
p 1+-V/ 14 (462)/L? @ 


2q e +V/1-+ (40002) /L? 
Ve AES log, a X 
p 14+~/1-+ (4006?) /L? 


140/14 (1.1080?) /L? (‘Y , 
$$ ———————— | - (12) 
1+°/1+4(1.10802)/L? \@ 


For parabolic distribution of section 
potential differences along the length of 
the subdivided conductors, 


V,=A+B2? 


where g is distance measured from mid- 
point of the conductor toward either end. 
The mean potential difference, 


(13) 


a 
L? 
Vu = Jo Viz Al nee (14) 


ene. Tyee 


If we evaluate the constants A and B 
irOnie) .— aye ovese— Omang Ve = Va 
at zg = 0.45Z and substitute into equa- 
tion 14, 
_143Vc+100Vz 
7 243 

If we insert the values of Vg and Vz from 
equations 11 and 12 into equation 15, 
the expression for the capacitance be- 
tween two cylindrical conductors be- 
comes 


Vu (15) 


243 pL 
1+V14402/L? | 
Se 

1+-V/144b2/L? a 
14+-V/1+440002/Z? 
=X 
14+-0/1440062/L? 
Lew ect aosei/Ee (2 


| 14-°W/1-41.10802/L? 


C= 


( 


572 084 


200 log, | 


a 
(16) 


Tf we replace p by its value 2.8262 x 
10-* & and convert the logarithms to 
base ten, 


0.52142 10-!*L 
[ ee | 
logio x == 


14-°0/144b7/L? @ 


C= 


1+-V/14+400a2/L? 
14+-V/1+40062/L? 


| 


By expressing the denominator of equa- 
tion 17 in terms of sums and differences of 
logarithms, appropriately grouped, the 
formula can be written in the form: 
23 0.30685 X 107 AL 
Logie (0/4) — [F(b/L) — Fla/L)] 


0.384965 logio | 


14+-W/141.10802/L? 
lL 1+-W141.10882/L? 


(18) 


where F (—) represents a function such 
that 
F(u) =0.58848 [logio(1+V1+4u2) + 


y 


0.34965 { (1+ V/1+400u2) x 
(14+-+0/141.108u2)}] (19) 


Numerical values of the function 19 are 
given in Table I. It will be noted that as 
L becomes very large compared to a and 
b, F(b/L) approaches F(a/L) in value, 
and thus formula 18 approaches the con- 
ventional formula 7 as a limit. 

All of the foregoing derivations are 
based on an implicit assumption that the 
flux terminates only on the outside sur- 
faces of the conductors. Actually, in the 
electrostatic case, some flux always 
terminates on the planes forming the ends, 
or on the interior surfaces adjacent to the 
ends if the conductor is tubular. In many 
practical problems the proportion so 
terminating is small enough so that it 
may be neglected without introducing 
appreciable error. In any event the 
capacitance given by the formulas will be 
less than the true value in the ratio of pe- 
ripheral to total flux. 
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INFINITE 
PLANE 
CONDUCTOR 


f : ; | VA 
“INSULATED BOTTOM 
Figure 11. Single-phase arrangement of a 
cylindrical and a plane conductor submerged 
in a homogeneous liquid of infinite area and 


of depth L 


Use formula 25 for resistance 


~N- 
i 
| 


| 
Figure 12. Three-phase arrangement of equal 


spherical conductors, equilaterally spaced in a 
homogeneous medium of infinite extent 


Use formula 22 for capacitance 
Use formula 27 for resistance 
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2 
| 


Figure 13. Three-phase arrangement of equal 
hemispherical conductors, equilaterally spaced 
and submerged in the surface of a homo- 
geneous liquid of infinite area and depth 


Use formula 28 for resistance 


Figure 14. | Single- 
phase arrangement 
of equal spherical 
conductors in a 
homogeneous me- 
dium of infinite extent 


Use formula 21 for capacitance 
Use formula 28 for resistance 
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Figure 15. Single-phase arrangement of equal 
hemispherical conductors, submerged in the 
surface of a homogeneous liquid of infinite area 


and depth 


Use formula 29 for resistance 
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INFINITE PLANE CONDUCTOR 


Figure 16. Single-phase arrangement of a 
spherical and a plane conductor in a homo- 
geneous medium of infinite extent 


Use formula 22 for capacitance 
Use formula 27 for resistance 


INFINITE 
PLANE 
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Figure 17. Single-phase arrangement of a 

hemispherical and a plane conductor sub- 

merged in a homogeneous liquid of infinite 
area and depth 


Use formula 28 for resistance 


Figure 18. Position of equivalent internal 
charge in short cylindrical conductors 
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In the resistance case, it is possible for 
the plane ends of the conductors to be of 
insulating material, and in this event the 
fact accords with the assumption. Other- 
wise, the same comment applies as for the 
electrostatic case, except that the error is 
in the opposite sense so that the resistance 
given by the formulas will be greater than 
the true value in the ratio of total to 
peripheral flux. 


Formulas for Capacitance 
and Resistance 


In the following formulas, all linear di- 
mensions are in inches, k is the dielectric 
constant of the medium (unity for air), 
and p is the resistivity of the medium in 
ohms per inch cube. C, the capacitance 
in farads and R, the resistance in ohms, 
are from line to line for single-phase cir- 
cuits and from line to neutral for three- 
phase circuits. F (—) is the function of 
which ‘tabulated values are given in 
Table I. 

In addition to formulas based on the 
derivations given in this paper, approxi- 
mation formulas for capacitance and re- 
sistance between spheres are included for 
convenience. The accuracy of these 
latter increases as D/r increases, capaci- 
tance formulas 21 and 22 giving values 
lower than actual, resistance formulas 
27, 28, and 29 giving values higher than 
actual, by the percentages indicated in 
Table 1t:> 


For L > D, 
pV Ba Doe 4 
Soe ee (4) 
4/D*—4r? D—2r 
Pear aE T" &) 
b D+ D 47 
aoe 2r (6) 
For ii<<D: 


[Qe & 
Qk » 


CAPACITANCE FORMULAS 
Figure 6: 

rs 0.3068 kL X10- 

~ logio (b/a) — [F(b/L) — F(a/L)} 
Figures 3, 9: 


(18) 


Cu ——_OBISTAL KIO“ 
logio (b/a) — [F(b/L) — F(a/L)] 


Figure 14: 


(20) 


cu bli kDrx10-¥ 
D=-r 
Figures 12, 16: 
_ 2,822 kDr X10-# 
D-r 


(21) 


(22) 
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D*8I.3 INCHES 
r=0.66 INCH 
p*3l00 OHMS/INGH® 
— FORMULA 23 
--— CONVENTIONAL 

FORMULA (25) 
© TEST POINTS 


PHASE TO NEUTRAL RESISTANCE - OHMS 


10 20 30 40 
DEPTH OF IMMERSION L — INCHES 


Figure 19. Comparison of computed and 
test values of resistance to neutral—Bonneville 
water rheostat 


D=81.3 INCHES 
r=0.66 INCH 
p*3100 OHMS/INGH® 


aS E,°13.8 KV 
Wipsecees ucts: 


IN. 


PER SQ. 


—— FORMULA 23 
-—— CONVENTIONAL 

FORMULA (25) 
o TEST POINTS 


CURRENT DENSITY — AMPS. 


10 20 30 40 
DEPTH OF IMMERSION L — INCHES 


Figure 20. Comparison of computed and 
test values of electrode-surface current den- 
sity—Bonneville water rheostat 


RESISTANCE FORMULAS 
Figures 3, 4, 9, 10: 


logio (0/a) — [F(0/L) — F(a/L)] 
STITT GEERT SEG ee 


R=0.3665 
aL 
(23) 
Figures 6, 7: 
R=0.7330 a Oe CES J 
(24) 
Figures 5, 11: 
< logis (b/a) © 
R=0.3665 ene p (25) 
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Table I. Values of the Function F(u) 
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é Figure 8 Table Il. Error in Formulas 21, 22, 27, 28, phasizes the basic difference between the 
and 29 conventional formula 25 and that de- 
R=0.7330 logio (b/a) 2 (26) 4 — veloped in this paper, 23, for relatively 
IG D Per-Cent Small depth of immersion. The former 
Figures 12, 16: r Error indicates no change in electrode-surface 

? * . . . . 

——— current density with depth of immersion; 
ig R=0 7970 oat (27) 2eheeeeereeeerree esses te eset eeen ete enes 20.8 the latter reflects the observation made 

: ae Dr. LB escape Ni ne crn Te ae oat “y 35 in this and other® tests that the current 

a ; Bi0 ates), Wee as a le gee. peter)” density increases, asocepth. of immersion 
Figures 13, 14, 17: Sah. Sea PRT ean Wai cote <a 1.14 decreases. 
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; : Appendix |. Values of a and 
Figure 15: , 

tailrace. It consisted of three one-inch b WhenL <r 
D-r ‘s . . 
R=0.3188 a (29) standard iron pipes parallel to one another : oe 

3 Dr . and equilaterally spaced 81.3 inches be- If the length L is small, compared to the 

2 


tween centers, Figure 4. Readings of tadius 7 of the conductors, and if in addition 


Comparison Between Test Values 
and Those Computed by Formula 


At the time acceptance tests were to be 
made on the generators at Bonneville 
power plant the need arose for a con- 
veniently adjustable artificial load. Ac- 
cordingly, a preliminary experimental 
water rheostat was constructed and tested 
by R. L. Earnheart of the Corps of Engi- 
neers, United States Army. Mr. Earn- 
heart is now on foreign duty with the 
Army and it is through the courtesy of 
F. M. Lewis, senior engineer, War De- 
partment, Portland, Oregon, District, 


that data from the original field notes | 


have been made available to the author. 
- The tests were made on a three-phase 


‘rheostat immersed in the water of the — 
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current were taken at recorded line-to- 
line potentials between 12 and 14 kv and 
at immersion depths varying from 7 to 48 
inches. The depth of tailrace water was 
50 to 56 feet during the tests. 

In the reference article it is stated that 
the resistivity p of Columbia River water 
is 3,620 ohms per inch cube at 45 degrees 
Fahrenheit and 2,200 ohms per inch 
cube at 80 degrees Fahrenheit. Water 
temperature during tests, which would 
be expected to vary somewhat with load, 
was not given. An intermediate value 
of 3,100 ohms per inch cube, which seems 
to approximate the data best, therefore 
has been used for computations. 

Computed values are compared 
graphically with test values in Figures 19 
and 20. Figure 20, in particular, em- 
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the radius does not exceed 0.1 D, then at 
point 1, Figure 18, 


ry’ =r—AD 
m1" =D—AD-—-r 


\ 
and Vj is proportional to 


nag IND 
Vet 
Similarly, at point 2, 
Yo! =r+ AD 
ro" =D—AD-+r 
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Automatic Temperature Control 


for Aircraft 


R. A. GUND 


ASSOCIATE AIEE 


UTOMATIC temperature control 

for aircraft long has been neglected, 
and it is only during the war that ade- 
quate attention has been given to this im- 
portant subject. The increased duties 
imposed upon flight personnel by the 
requirements of modern military aircraft, 
together with the necessity for reducing 
air drag to the minimum consistent with 
required cooling, have prompted aircraft 
designers to give consideration to auto- 
matic operation of cowl flaps, oil and cool- 
ant flaps, and intercooler doors. Auto- 
matic flap operation can be appreciated 


Paper 45-109, recommended by the AIEE com- 
mittee on air transportation for publication in 
AIEE TRANSACTIONS. Manuscript submitted 
May 2, 1945; made available for printing May 29, 
1945. 


R. A. Gunn is in the industrial-control engineering 
division, General Electric Company, Schenectady, 
N. Y. 


fully. when it is considered that engine 
cowl flaps fully opened might represent 
an air drag as high as 40 miles per hour on 
a 400-mile-per-hour airplane. 

A primitive form of automatic tempera- 
ture control was used initially on oil or 
coolant and employed the by-pass valve 
principle. This method directed the oil 
or coolant through or around the cooling 
surface in response to its temperature. 
Serious problems of oil congealing were 
introduced. As this type of control pro- 
vides no control of the air through the 
cooler, the drag on the airplane is dic- 
tated by the amount of air required to 
provide the necessary cooling under the 


most adverse conditions of heat release, © 


cooling air temperature, air density, and 
air speed. Much has been done to re- 
duce congealing difficulties, but many 
authorities believe that fast-acting con- 


and V2 is proportional to 


iaoeea 1 1 


oe eS SS SS ee 7 


ee re 

r a D ID) 3B 
I YD) AS IND ip 
rr DD? D2 


Bo Te aD es 
amen? ci |) eee) 2 1) 2 
pl PADI AD. oe 
Rir S72 “DD?” Da 
from which AD =r3/D? and 
D3—2r3 
a D? 
D*—r? 
a= D2 Xr 
Dae 
b=D— D? xr 


Appendix Il. List of Symbols 


A =constant, equation 13 
B=constant, equation 13 
C=capacitance, farads 
D=conductor spacing, inches 
F(u)=a function of the numeric u (see 
Table I) 
G=conductance, mhos 
L=conductor length, inches 
R=resistance, ohms 
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S=hypothetical charge spacing, inches 
V =potential, volts 
a=shortest distance from hypothetical 
line of charge to surface of the same 
conductor, inches 
b=shortest distance from hypothetical 
line of charge to surface of the op- 
posite conductor, inches 
k =dielectric constant of the medium 
m = distance from a point to the end of the 
conductor, in terms of L 
n=number of hypothetical insulated 
sections into which the conductor is 
assumed to be divided 
fo=permittivity of free space, 2.870X 
10-1? in the dimensional system used 
in this paper 
p=permittivity of the medium, ko 
qg=charge, coulombs 
r =radius of conductors, inches 
y =conductivity, mho per inch cube 
p=resistivity, ohms per inch cube 
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trols, operating to modulate the cooling 
air supply, offer the most direct approach 
to the problem. 

Since most cooling flaps or doors are 
subjected to air loads of considerable 
magnitude, an electric motor or hydraulic 
servo mechanism is used as the load ac- 
tuating device. The operating charac- 
teristics of the load actuating device are 
allied closely to the over-all operation of 
the system and must be considered as a 
component part of the system. The con- 
trol of engine-head, oil or coolant, and 
carburetor-air temperature requires the 
same fundamental equipment, and fur- 
ther discussions will be confined to engine- 
head control as a representative system. 


Types of System 


Before any detailed discussion of au- 
tomatic temperature control is attempted, 
it is desirable to establish complete under- 
standing of the various types of systems 
together with a clear appreciation of the 
limitations and advantages offered by 
each. The more common classifications 
are described briefly under the headings 
by which they are generally known. 
Only electric types of thermosensitive 
elements are considered, although it is 
understood that the same fundamentals 
apply if the thermosensitive element is 


CLOSE 


OPEN 


Figure 1. Schematic diagram of on-off system 
of temperature control 


I 
re CLOSE 


OPEN 


Figure 2a. Schematic diagram of point- 
modulating system of temperature control 
showing use of periodic interrupters 


INTERRUPTERS 


OPEN 


CLOSE. 


Figure 2b. Schematic diagram of point- 
modulating system of temperature control 
showing by-pass principle 
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Figure 3. Schematic diagram of multipoint 
system of temperature control 
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TEMPERATURES Geri nee 
BULB TS CLOSE i 
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Figure 4a. Schematic diagram of the bulb- 
and-bellows type of band-modulating tem- 
perature-contol system 


used to actuate hydraulic or pneumatic 
valves instead of electric contacts. 


On-OFF SYSTEM 


The on-off system is the simplest of all 
temperature-control methods. It is well 
exemplified by the conventional house- 
hold heating system. In this system a 
thermostat is calibrated to open or close 
contacts at some predetermined tempera- 
ture. When the temperature is below 
this value, circuits are completed to start 
the heat-generating equipment. When 
the temperature rises to the calibrated 
value, the supply of heat is discontinued. 

The on-off system is shown schemati- 
cally in Figure 1. When the engine-head 
temperature reaches a predetermined 
value, the hot contact is closed, which 
energizes the flap motor in the open di- 
rection. When the temperature falls to a 
predetermined value, the cold contact is 
energized, and the flaps are closed. This 
system might tend to hold engine-head 
temperatures within narrow limits, but 
the resulting duty cycle would be quite 
impractical from the standpoint of the 
life of the equipment. Flying character- 
istics also would be affected violently, as 
the flaps suddenly would go wide open or 
completely closed. 


PorntT-MoDULATING SYSTEM 


In an attempt to overcome the de- 
ficiencies of the on-off system, the point- 
modulating system was developed. This 
system must have the speed of flap open- 
ing or flap closing slow enough to permit 
stabilization before reaching the limits 
of travel. Various methods have been 
employed to reduce the speed of flap 
operation. One such method is shown 
in Figure 2a, where interrupters are 


interposed between the thermostat and’ 


the motor to permit opening and closing 
in a series of increments. This gives the 
cowl flaps more positions and permits 


the temperature of the engine to stabilize, 


which allows the thermostat to assume a 
neutral position. Modifications of this 
general idea range from thermal time re- 


lays to interrupters operated by cen- 


trifugal action from the flap motor. An- 
other modification of this system is that 
shown in Figure 2b, wherein the inter- 


_rupter is by-passed when the temperature — 


is at wide variance but becomes operative 
as the temperature approaches the bal- 
ance point, 
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Figure 4b. Schematic diagram of an electric 
type of band-modulating temperature-control 
system 
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Figure 5. Schematic diagram of the sensitized 
band-modulating system of temperature con- 
trol 


CAPILLARY 
TUBE 


This system introduces the element of 
time, and it is almost impossible to bal- 
ance the time of flap operation with the 
time constant of the heating or cooling 
system. For instance the engine-head 
time constant varies over a wide range 
with the power output of the engine. 

In many industrial applications where 
only a single variable exists, the point- 
modulation system has been successfully 
applied. However, in aircraft work where 
the cooling air temperature, air density, 
air speed, and heat release represent the 
variables, any attempt to fit the time of 
flap operation to the wide range of condi- 
tions encountered becomes an extremely 
difficult problem. 


/ 
3 


Figure 6. Electric thermosensitive elements 


A—Oil or coolant service 

B—Carburetor-air service 

C—Engine-head service 

Respective weights: 0.167 pound, 0.088 
pound, 0.093 pound 
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MULTIPOINT SYSTEM 


In this system the thermostat becomes 
a multicontact device with each contact 
representing a definite flap position as 
shown in Figure 38. As the temperature 
of the controlled medium varies, the 
flaps assume corrective positions until a 
balance is reached where the cooling 
supply approaches the cooling demand. 
To be successful this system requires a 
reasonable number of steps or points on 
the thermostat. If the thermostat has 
many points, then a large number of con- 
ductors between the thermostat and 
motor or limit switch assembly are re- 
quired. If a small number of points are 
used, continuous hunting may result be- 
tween the two steps nearest the required 
flap opening. This type of thermosensi- 
tive element is large and bulky and is 
very difficult to apply. 


Banp-MopuLaTING SYSTEM 


Band-modulating temperature control 
may be defined as a control which recali- 
brates the temperature-sensing element 
as the flaps assume successive positions, 
As its name implies, the band-modulat- 
ing system operates over a temperature 
range. The temperature range or band 
width is determined by two factors: sys- 
tem sensitivity, that is, the temperature 
change required to make the control op- 
erate and the number of flap positions re- 
quired by the airplane’s cooling system 
in order to obtain stable operation. Fig- 
ure 4a is a typical aircraft control system 
of this type where the thermosensitive 
element is the bulb of a bulb-and-bellows 
assembly, and where the follow-up or 
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Figure 7. Temperature-resistance curves for 
engine-head, oil, and carburetor-air thermo- 
sensitive elements 
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recalibrating action is obtained by cam 
motion in the power unit. In this system 
one element of the contact mechanism is 
moved by the pressure in the bellows, 
while the recalibrating action is obtained 
through the cam which returns the other 
element of the contact mechanism to 
neutral. Many modifications of this sys- 
tem have been employed, differing chiefly 
in the type of follow-up mechanism used. 
One of the difficulties of this system is 
in the relatively large size and low re- 
sponse rate of the bulb. In order to ob- 
tain the degree of sensitivity required, the 
amount of liquid in the bulb must be 
relatively large, and, since the ratio of 
surface to volume is low, the response 
rate is correspondingly low. In order 
to overcome this difficulty some systems 
employ multiple bulbs connected to a 
common bellows, thus giving a lower 
ratio of volume to surface. This, of 
course, takes more space. Another diffi- 
culty encountered in this system is the 
use of acapillary tube. If a long run is 
necessary, it becomes vulnerable to dam- 
age, and, unless compensating provisions 
are made, the system becomes ambient- 
temperature sensitive, because the capil- 
‘lary tube and bellows are subjected to 
different temperatures from the bulb. 
Figure 4b is representative of an all- 
electric band-modulating system. In this 
type of control the thermostat controls 
the power unit as previously described, 
but, in addition, a biasing electromagnet 
is attached to the thermosensitive element 
and excited by a rheostat in such a way 
that, as the flap assumes corrective posi- 
tions, the operating point of the thermo- 
stat is varied. Thus,.if the thermostat is 
subjected to a colder temperature than 
_ desired, the cold contact is made. This 
operates the actuator in the close direc- 
tion. Operation of the actuator in the 
close direction decreases the resistance of 
the follow-up rheostat which increases 
the pull on the biasing electromagnet, 
giving it greater pull which returns the 
thermostat toneutral. Full modulation of 
the cooling flap opening is thus obtained. 


SENSITIZED BAND-MODULATING SYSTEM 


In an effort to obtain higher system 
sensitivity and, therefore, narrower band 
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Figure 8. 
and enclosed views 
of the controller for 
automatic tempera- 
ture control 


Weight, 3.5 pounds 


Figure 9 (below). 
identifica- 
tion of the polarized 
relay used in the 
automatic tempera- 
ture-control system 


_of the flap actuator becomes. 


Open 


all basically 
alike, have been devised. A mechanical 
pulse is imposed on the system such that 
in its neutral position the control almost 


widths several schemes, 


operates in either direction; a slight 
change in temperature will cause a small 
correction to be made in the flap position. 
Figure 5 represents such a system. A 
small motor continuously operates a cam, 
which in turn moves the contacts up and 
down so that they almost make contact. 
If the bellows either expands or contracts 
slightly, a momentary contact is made, 
and the flap motor is jogged in the proper 
direction, If a large change should take 
place, the pulsing action will not break 
the contact until the flap is almost in po- 
sition, at which time the flap will be 
jogged into position. 

Very sensitive systems can be made in 
this manner, but the more sensitive the 
system becomes the greater the duty cycle 
Also the 
pulsing motor must be a continuously 
rated motor with exceptionally long life. 

Since the advent of the resistance-bulb 
temperature indicators, several electronic 
temperature control systems have been 
designed. Narrow band widths can be 
obtained because of the great amplifica- 
tion obtained with electronic tubes. 


However, an electronic system has a > 


great weight disadvantage because of the 
extra equipment necessary such as in- 
verters, transformers, and so forth. 


An Electric System ; 


The only systems which have had any 
success in controlling engine-head cool- 
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ing flaps have been the band-modulating 
or sensitized-band-modulating systems. 

The bulb-and-bellows type of control 
has been successfully applied to oil and 
coolant temperature control. However, 
the only successful simple lightweight 
control so far developed for engine-head 
service has been an all-electric band- 
modulating system which, with the use 
of different thermosensitive elements, also 
will control oil carburetor-air, or coolant 
temperatures. 


Components of the System 


The system consists of a thermosensi- 
tive element, an actuator, which may be 
either an electric motor or hydraulic 
servo mechanism, and a follow-up rheo- 
stat to recalibrate the system. The nec- 
essary cockpit switch and limit switches 
also must be included. 

The thermosensitive element, see Fig- 
ure 6 for illustrations, consists of a mate- 
rial which has a high negative tempera- 
ture coefficient of resistance. Figure 7 
shows the resistance temperature curves 
for three types of elements: engine head, 
oil, and carburetor air. The constants 
of the circuit are such that the thermo- 
sensitive element always has approxi- 
mately constant wattage input over the 
systems operating band. This heat in- 
put is such that the thermosensitive 
elements themselves are always at a 
higher temperature than the body being 
cooled. 

The controller, Figure 8, consists of a 
very sensitive polarized relay and power 
relays. The power relays control the 
operation of the flap motor; they are of 
conventional design. 

The polarized relay works in conjunc- 
tion with the thermosensitive element 
and the follow-up rheostat and controls 
the power relays. The relay, Figure 9, is 
a flux-balancing relay. It consists of a 


permanent magnet for polarization, two . 


coils, and a balanced armature. Each 
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Figure 10. Elementary diagram of an auto- 
matic temperature-control circuit 
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coil has an inside winding, connected in 
series and to terminals 4 and 5, and an 
outside winding, connected in series and 
to terminals 4 and 6. The inside wind- 
ings have twice as many turns as the out- 
side, but both windings have equal re- 
sistance. The armature has a common 
connection at terminal 7 which may con- 
tact either terminal 8 or terminal 9. 

Figure 10 is an elementary diagram of 
the basic circuit. The high-turn windings 
of the polarized relay are coil PLRO and 
the low-turn windings, coil PLRC. In 
order to balance the relay equal flux must 
be produced by each coil, therefore, the 
current through coil PLRC must be 
twice as great as the current through coil 
PLRO. This condition can be met only 
if the thermosensitive-element (7SE) 
resistance is equal to the resistance of 
coil PLRC plus twice the resistance of 
the follow-up rheostat. 

Inasmuch as the thermosensitive ele- 
ment controls the position of the flap, the 
excitation of coil PLRO always is changed 
first. When the flap position is changed, 
it moves the follow-up rheostat until the 
relay isrebalanced. Figure 11 is a graphi- 
cal representation of the operation of the 
polarized relay. Note that it takes a 
greater change in the flux produced by 
coil PLRO to reverse direction. This is 
done in order to prevent overshooting or 
hunting. Coil PLRO is energized only 
0.8 of a milliwatt-greater or less than its 
balancing excitation in order to operate 
the relay. 

Figures 12 and 13 are typical examples 
of follow-up units. Figure 12 is a geared 
actuator with the follow-up unit mounted 
at the left on the assembly; Fig. 13 isa 
separately mounted follow-up unit which 
can be connected by a cable to any part of 
the flap actuating mechanism which has 
relatively straight line motion. Both of 
these units incorporate a rheostat and 
limit switches. The resistance of the 
rheostat controls the width of the tem- 
perature band as previously described. 

Since a given flap change near the flap- 
closed position prodiices more cooling 
effect than the same flap change near the 
flap-open position, the follow-up rheo- 


PERIOD OF FLAP OPEN 
OPERATION, RELAY 
BALANCING. 


stat must compensate for this condition 
by being tapered. 

The rheostat in the gear-driven follow- 
up unit has a tapered winding. The 
taper is produced by the cam in the sepa- 
rately mounted follow-up unit. Both 
tapers are shown in Figure 14. 

Any conventional actuator, either elec- 
tric or hydraulic, can be used with this 
system, so long as it can be stopped 
quickly. 


System Operation 


In the diagram, in Figure 10, when the 
medium to be cooled is at a low tempera- 
ture, the flaps are closed. The follow-up 
rheostat then has full resistance in coil 
PLRC circuit. As the medium rises in 
temperature the temperature-sensing ele- 
ment (TSE) decreases in resistance un- 
til the excitation of coil PLRO is greater 
than that of coil PLRC, This causes con- 
tact PLRO to close, exciting coil O. 
When coil O is energized, it closes con- 
tact O which energizes the motor in the 
open direction. * As the flaps are opened, 
the follow“ip rheostat decreases in re- 
sistance until coil PLRC is energized the 
same amount as coil PLRO. This causes 
contact PLRO to open, de-energizing 
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Figure 11. Graph- 
ical representation of 
the polarized-relay 


REAL ANCING met operating principle 
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Figure 13. A separately mounted cam-driven 


follow-up unit 
Weight, 1.32 pounds 
Figure 12 (left). Electric actuator with fol- 
low-up unit forming a complete unit assembly 


Weight of follow-up unit, 1.2 pounds 


PERCENT RESISTANCE 
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PERCENT FLAP OPENING 
Figure 14. Typical per-cent resistance versus 


per-cent flap opening curves for follow-up 
units 
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Figure 15. Calculated envelopes of tempera- 
ture versus per-cent flap opening for engine- 
head, oil, and carburetor-air service 
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coil O, and opening contact O. This de- 
energizes the motor and sets the series 
brake, thus stopping the flaps at an open 
position. If the medium to be cooled is 
not yet receiving enough cooling air, the 
same procedure is followed. The flaps 
will stabilize at a point where the cooling 
air equals the heat release of the medium. 

If the medium drops in temperature, 
then the temperature-sensing element in- 
creases in resistance until coil PLRO is 
energized less than coil PLRC. This 
causes contact PLRC to close energizing 
coil C and causing contact C to close which 
energizes the motor in the close direc- 
tion. As the flaps are closed the follow-up 
rheostat increases in resistance until the 
excitation of coil PLRC is reduced to 
equal that of coil PLRO. When the coils 
are balanced, contact PLRC opens, de- 
energizing coil C, and opening contact C. 
This de-energizes the motor and sets the 
series brake to stop the flaps at a further 
closed position. Limit switches LSO and 
LSC limit the flap travel in the open-and- 
close direction. 

Figure 15 shows the various envelopes 
of temperature versus flap opening for 
the engine-head, oil, and carburetor-air 
service. These curves are plotted assum- 
ing a 32-ohm follow-up rheostat, follow- 
ing the typical taper curve of Figure 14 
and using the curves shown in Figure 7. 

Unfortunately flight data cannot be 
- included in this paper because of their 
restrictive nature. 

The band-modulating system just de- 
scribed also can be changed to a sensi- 
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Figure 16 (left). 
Elementary diagram 
showing how circuit 
in Figure 10 can be 
sensitized 
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Figure 17. Graph- 
ical presentation of 
the operation of the 
polarized relay in 
the sensitized circuit 


MAGNETIC FLUX DIFFERENTIAL BETWEEN COILS 


tized band-modulating system. It must 
be remembered that the thermosensitive 
elements dissipate about two watts 
which causes them to be at a higher tem- 
perature than the medium being cooled. 
If it is possible to introduce less heat to 
the element when the flaps are opening or 
more beat to the element when the flaps 
are closing (preheating and precooling), 
the system can be sensitized. This is 
done by varying the voltage across the 
polarized relay coil circuits as shown in 
Figure 16. 

In the balanced condition the voltage 
drop across R1 is the drop due to the cur- 
rent flowing through the polarized relay 
coils, the thermosensitive element, and 
the follow-up rheostat. When the flaps 
are driven in the open direction, contact 
O closes, which causes an additional volt- 
age drop through R1 due to the current 
drawn through R2. Thus the power in- 
put to the thermosensitive element is de- 
creased by reducing the voltage across it, 
which causes the resistance of the element 
to increase. This causes the polarized 
relay to rebalance sooner than it normally 
would. 

When the flap is driven in the close di- 
rection, contact C closes, throwing the 
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sensitive circuit across the line. This in- 
creases the power to the thermosensitive 
element by increasing the voltage across 
it, which causes the element to decrease in 
resistance. Again the polarized-relay re- 
balances sooner than it normally would. 
Figure 17 presents graphically the opera- 
tion of the polarized relay under sensi- 
tized. conditions. Note that a small 
amount of time is necessary for the relay 
to build up its flux differential after re- 
balancing. This prevents relay chatter 
which is present in every other type of 
sensitizing scheme so — devised for this 
system. 


Conclusions 


Automatic temperature control of cool- 
ing flaps increases the performance of the 
airplane, because it protects against de- 
structive operating temperatures. It 
insures maximum efficiency and minimum 
drag by eliminating the human element. 

Electric controls are more flexible than 
mechanical controls and are therefore 
easier to apply, especially in fighter air- 
craft where space in certain parts of the 
air frame is at a premium. 
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Judging Mica Quality Electrically 


K. G. COUTLEE 


NONMEMBER AIEE 


ICA CAPACITORS by the millions 

have been used in radio, radar, and 
other important electronic equipment for 
our Armed Forces. The unprecedented 
demand has strained all our resources, and 
much time and money have been spent in 
efforts to solve the mica supply problem. 
One of these was a research project con- 
ducted by Bell Telephone Laboratories 
for the War Production Board. It was 
concerned with the development of elec- 
trical test methods to predetermine the 
quality of raw mica in terms of end-use 
requirements in various grades of capaci- 
tors. After over two years of work cov- 
ering development, design, laboratory 
trial and an extensive commercial trial of 
two types of test instruments, this project 
has been brought to a successful conclu- 
sion. As the electrical method of classi- 
fication makes possible the use of mica 
available in large quantities, but previ- 
ously considered unsuitable for capaci- 
tors, the mica supply for capacitors is 
greatly increased. An estimated saving 
up to 60 per cent of the total amount of 
higher-quality mica used in capacitors is 
indicated. 

Mica possesses many useful properties 
that make it particularly attractive as a 
capacitor dielectric. In general, these 
are high dielectric strength, high dielec- 
tric constant, low dielectric loss, chemical 
inertness, low-temperature coefficient of 
expansion, and good resistance to heat. 
Paper 45-155, recommended by the AIEE com- 
mittee on communication for publication in AIEE 


Transactions. Manuscript submitted June 5, 
1945; made available for printing August 1, 1945. 


K. G. Coutrezx is with the Bell Telephone Labora- 
tories, Inc., New York, N. Y. 


This work was carried out by the Bell Telephone 


Laboratories, Inc., under a contract between 
Western Electric Company and the War Production 
Board under the supervision of the National 
Academy of Sciences. The capacitor manufac- 
turers that participated in the tests were Aerovox, 
Cornell-Dubilier, Electro Motive Manufacturing, 
Micamold, Sangamo, Solar, Sprague, and Western 
Electric Companies. The various types of mica 
used in the tests were chosen by the mica-graphite 
division of the War Production Board and furnished 
by Colonial Mica Corporation as agent of Metals 
Reserve Corporation. This project was carried 
out under difficult wartime conditions, and particu- 
Jar credit is due the capacitor manufacturers for 
their patience and skill in steering the test lots 
through the shop without losing track of their 
identity. Through their efforts, it is believed that 
a valuable contribution has been made to the 
‘capacitor art. It has afforded an opportunity to 
‘observe, by actual tests, the effects of various de- 
fects in mica that generally have been considered 
undesirable for capacitor use. 
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The important feature that makes it 
possible to utilize these properties in a 
capacitor is that mica can be readily split 
into very thin films of uniform thickness. 

India is the chief source of supply of 
capacitor mica due to its extensive re- 
sources of high-quality mica, low labor 
cost, and a long established business in 
supplying world-wide markets. Other 
less developed sources are South America, 
the United States, and Canada. With 
the advent of war, the sharp increase in 
demand for mica, coupled with wartime 
shipping hazards, created a scarcity. 
The Government immediately took steps 
to insure that the supply from established 
sources would be increased, to find new 
sources, and to encourage the develop- 
ment and use of mica substitutes. 


Visual Quality Classification of Mica 


The Indian visual system of classifying 
natural ruby mica incorporated in Ameri- 
can Society for Testing Materials method 
D351 lists seven different qualities (see 
Table I). It had become more or less 
standard practice with capacitor manu- 
facturers to consider all qualities below 


Table |. India* Visual Syaemifer Classifying 
Quality of Natural Mica 


——S 
Clear 
Clear and slightly stained 
Fair stained 
Good stained 
Stained 
Heavy stained 
Black stained and spotted 


*See reference 1. 


fourth quality (ruby good stained) as un- 
suitable for capacitor use, and a great 
many preferred not to go beyond third- 
best quality (ruby fair stained). Under 
no conditions was mica used that con- 
tained black spots or stains. Capacitor 
manufacturers had found from experience 
that by employing these better qualities 
of ruby muscovite mica a satisfactory 
product would be obtained. Unfortu- 
nately, the better qualities constitute a 
relatively small portion of total mica pro- 
duction, and the expected wartime de- 
mand far exceeded the supply. There 
was no satisfactory evidence however, 
that some and perhaps much of the lower- 
quality ruby and other types of mica 
might not also have been suitable for 
capacitor use. 


More Positive Test Needed 


The War Production Board sought the 
assistance of Bell Telephone Laboratories 
in the fall of 1942 to devise electrical test 
methods that could be used to select mica 
for capacitor use. Such tests, or methods 
of classification, while assuring that no 
defective mica could be put into finished 
capacitors, were also to insure that no 
good mica of any type was rejected. The 
problem was not only to select mica from 
new sources where appearance was a 
questionable guide, but, of perhaps even 
greater importance, to salvage satisfac- 
tory capacitor mica from the large avail- 
able stocks of mica which had been re- 
jected as unsuitable for capacitors by 
visual standards. 


Mica-Capacitor Requirements 


Generally speaking, mica capacitors for 
military equipment can be divided into 
two broad groups in respect to duty re- 
quired. The first group comprises those 


Table Il. @Q and Power-Factor Values for Electrical Quality Groups, E-1, E-2, and E-3 


Q or Power- 


Factor Group Form Q Value > 


Rapid-Method Meter Reading 


0.010 In.¢ 0.020 In.t 0.030 In.{ 
(0.007 to (0.015 to (0.25 to 


Power Factor 0.015 In.) 0.025 In.) 0.035 In.) 


Block mica. .2,500 minimum. .0.0004 maximum. .95 to 100..95 to 100 ..95 to 100 


E-l....... Janine Kea 2,500 minimum. .0.0004 maximum 
E2 ae mica....350 to 2,500... .0.00285 to 0.0004. .87 to 95..77 to 95 ..71 to 95 
Rajeee.: Films*...... 1,500 minimum. .0.00066 maximum 


Block mica..... 50 to 350..... 


‘- 5 
0.02 to 0.00285..50 to 87..32 to 77 ..24 to 71 
Walnis*/eec eis. 200 to 1,500....0.005 to 0.00066 


: f 
*Probable Q values of molded-type 1,000-micromicrofarad (American War Standard C75.3) stacked-foil 


and silvered capacitors. 
under control. 


These will apply when all factors that would adversely influence the Q value are 


+Thickness of block mica or mica films stacked to this thickness. 
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used principally in high-stability tuned 
circuits, some of which must carry appre- 
ciable amounts of radio-frequency cur- 
rent. The second group embraces those 
used in less critical circuits for coupling, 
blocking, and by-pass purposes. Of 
equal importance to both groups is di- 
electric strength and long life; hence, all 
capacitor mica must be free of cracks, 
tears, pinholes and conducting foreign in- 
clusions, which might adversely influence 
such properties. Mica for the first group 
must have low dielectric loss, and its 
characteristics must be such that wide 
temperature changes will cause only 
minor capacitance changes, and these 
always must repeat themselves. It is 
also preferable that mica be free of ex- 
cessive waviness and air inclusions. 

In the case of capacitors in the second 
group, the requirements are such that 
they can be met easily even with low- 
quality mica; a number of other ma- 
terials, such as oil-impregnated paper, 
resin-treated paper, and resin-treated clay, 
also proved suitable. There also are 
certain other materials such as fused 
silica, titanium-dioxide mixtures, stea- 
tite, and glass, with characteristics that 
permit their use in some capacitors of the 
first group. However, the inferiority to 
mica in either dielectric strength or dielec- 
tric constant generally limited their use 
to smaller capacitance types. 


Mica Properties Needing Control 


As the dielectric constant of mica was 
found to show relatively little variation 
for different types and qualities from 
world-wide sources, no control of this 
property seemed necessary. Efforts 
were directed accordingly toward de- 
veloping suitable test methods to deter- 
mine the other important electrical prop- 
erties of mica for capacitors: namely, 
dielectric loss and dielectric strength. 
As it seemed considerable testing might be 
carried out at mine locations, standard’ 
power-factor methods for mica obviously 
were too cumbersome and slow. The 
ideal would be a rapid power-factor test 
method in a portable test-set form. 
Several methods were tried, and finally 
one was found that appeared suitable for 
quickly classifying the power factor of 
raw ‘‘block’’ mica (0.007 to 0.030 inch 
thick) as it appears in commerce. 


Rapid Power-Factor Test Method 


Figure 1 (left). 
Simplified circuit in- 
dicating the method 
of testing for Q or 
power factor 


Figure 2. Circuit schematic of the mica 
Q test set with filament supplies and power 
and voltage switches omitted 


imate reciprocal equivalent Q as a single 
reading of a meter. Essentially it com- 
prises a resonant circuit in conjunction 
with adjustable two-inch circular fiat 
test electrodes mounted in a heavy metal 
frame. The choice of two-inch elec- 
trodes was based on the optimum size of 
block mica used for capacitors, and per- 
mitted the testing of mica somewhat 
smaller than the electrodes up to five 
inches in width. Forming an integral 
part of the moving upper electrode and 
connected to the grounded side of the test 
circuit is a fixed air capacitor of 20 
micromicrofarads (20x10-" farads). A 
schematic of the test circuit is shown in 
Figure 1, and in diagrammatic form in 
Figure 2. A vacuum-tube oscillator is 
capacitively coupled and tuned to the test 
circuit. Resonance is indicated by a 
vacuum-tube voltmeter connected. in 
parallel with the tuned circuit. The in- 
ductive portion of the tuned circuit is a 
coil having a Q of approximately 300 at 


A test frequency of one 


one megacycle. 
megacycle was used at the request of the 
War Production Board, as the greatest 
number of capacitors were operating in 


the radio-frequency range. During 
initial adjustment, the test electrodes are 
closed, which connects the 20-micromicro- 
farads fixed capacitor in parallel with the 
coil. Oscillator input and tuning adjust- 
ments are made to bring the reading of 
the voltmeter to full-scale deflection. 
The electrodes then are opened by turning 
the knob that raises the upper fixed- 
capacitor electrode, and a test sample is 
clamped between electrodes. Only one 
adjustment is necessary to re-establish 
resonance. This is accomplished by 
adding to the circuit the small amount of 
capacitance that is lost when the rela- 
tively high-capacitance block-mica sam- 
ple (150 to 450 micromicrofarads) is 
placed in series with the 20-micromicro- 
farad fixed capacitor. This additional 
capacitance is furnished by a 10-micro- 


Table Ill. Electrical, Physical, and Visual Quality Requirements of Natural Block Mica 
; and Mica Films for Use in Capacitors 
Class C-1 Class C-2 Class C-3 
Electrical Properties 
Conductivity: fic. nts ce co Meee eC Ue ee nee aei NOG. ceased sure. None sac.cceeie avn None 
Q value or power factor at 1 megacycle............. y sl oe ee he ee fey fae RS Sa E-3 
Dielectric strength, volts per mil 
at 60 eycles per second {single s-/c.Jc.+ Sod.zeptdh. UasuaeuS50 estoummnike seed 
Diclecttic constanten. sant nan ee oes cee te Oe Sich pe elec ASS Fens, Mt eee F * 
Physical Properties 
Weight loss on heating (5 min at 600 C), 
iMaxXimittmt, Per Cent... seii siete ae Oo iie atectec te ames 0.2 
Thickness uniformity (mica films).................. BES. cette hee ee BOSE. a nero Intermediate 
Temperature coefficient of capacitance and 
PECLACE San cet bee es SG ee eee Ree Te we E circot im RRA ae a HRB ASIT INS cae tT 
Visual Qualities . : 
33 FOR ite eee Se Se None to slight..,... None to slight..... None to slight — 
Ait inclusions’; By. sor aite,ce eee tee Meditim: ca.ctoc tant. Me Giaitti hae. oc, eee Medium : 
Cihs Miao ea ee dees Medium to heavy..Medium to heavy. .Medium to heavy 
Re OO oat aoe Micon ty oerh Ko Flat to slight....... Flat to slight....... Flat to slight 
ENGR 5 aly IR ERR eR rE ND cen tiet Medium. .....33.:.-.«.Medium.....< i fees ee Medium 
Crystregs sainereto Bee fe ee ee Medium to heavy..Medium to heavy. .Medium to heavy 
CEACKS 45-4 hen cs: secraltentne ett > ee cy INONe Met aur so ‘eter e INORG. aiasisiaysiserviese as NONE) © ¢ 
SOARS Ee isiers diay <aiete sehele eo eccoes at Cucieieeie Lee IN GHG see e ceptor ee None scirassaianaigl cls. oe None 
Pinh oles. ntapderdiy:, .cutgunue eso ee oe ee INOWO ric cetabos aoe INI OME a icttaraacrceetsaevens None 
Stonesy oc. mastgets woke eh us sey eka ALO enone NORE: 4:0). snake aeoucheere NONE Gc ésoncaanioa cis None 
Buckles onc cpeside aaa oon Sere ee ne INOHES% Sacer career INONGs item. wa eieeeUNOnE 
Ridges «aimee Geet caias Gace ees None. et: camegyetene-s IN ONE occupiers None 


. . - : ? 
*As the dielectric constant of natural block mica suitable for use in capacitors is fairly uniform, no specified 


requirement is needed. 


tIt has been found that the temperature coefficient of capacitance and retrace of capacitors. oie with 


This method gives a reliable numerical 


Et sepa : classes C-1, C-2, and C-3 mica are more dependent on such factors as electrical and mechanical desi 
indication of power factor or its approx- manufacturing technique than any differences that may be attributed to the micaiitself. - eon. 
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2 > ae 
ees eae 


MINIMUM TEST SET 
LIMITS FOR MICA 
FILMS 


a 


- 


Q VALUE -LOG SCALE 


microfarad vernier capacitor connected 
in parallel with the coil. 

In following such a procedure the initial 
frequency of the circuit is duplicated each 
time a sample is tested. In other words, 
once the initial setting is made, all that is 
necessary to make a series of tests is to 
clamp the test specimen between the 
electrodes each time, make one simple 
adjustment of the vernier capacitor to 
obtain maximum deflection of the meter 
and read the meter scale corresponding to 
the thickness of the specimen as indicated 
by a scale on the clamping dial. It was 
possible to test up to 15 samples per min- 
ute, compared with about 15 minutes per 
sample. 

If the Q of the test specimen of mica is 
of the order of 10,000 (power factor 
0.0001), the needle of the meter will return 
to the initial full-scale deflection. If the 
Q is lower, the meter will read less than 


full scale, depending upon its magnitude. 


The Q of block mica of any basic color 
or visual quality (based on minimum 


Figure 3 (left). Typi- 
cal calibration curves 
for mica Q test set 


Figure 4 (right). Me- 
ter scale of the mica 
Q test set 


E-1 AWS C75.3 CAPACITORS ABCDEF 
E-2 AWS C75.3 CAPACITORS ABC 
E-3AWS C75.3 CAPACITORS A 


values) is shown in terms of rapid method 
Q test-set readings in Figure 3. The 
minimum equivalent Q of films split from 
such block mica (in the form of molded 
silver-electrode 1,000 - micromicrofarad 
capacitors) also is plotted in terms of Q 
test-set readings originally obtained for 
the block. These data indicate that the 
Q at one megacycle of films (in capacitors) 
split from high Q block may not attain so 
high a value as the block. Probable 
reasons for this are dielectric loss in the 
molded capacitor housing, impregnants 
and moisture residuals, as well as series 
resistance in leads and electrodes. In the 
case of films split from low Q block such 
films most always show a higher Q at one 
megacycle than the block. Generally, 
this is believed to be due to the release of 
moisture during splitting, since the Q 
reading of a bundle of splits usually is 
higher than that of the block. However, 
in some cases this apparently is not so, 
and no improvement in Q is accomplished, 
even after baking at temperatures as high 
as 1,000 degrees Fahrenheit. Such be- 


havior does not seem to be specifically 
x 


confined to any particular type of mica or 
to any peculiar variety of foreign inclu- 
sions. Persistently low Q mica may be: 


1. Clear with no visible foreign inclusions. 


2. Clear with numerous small air inclu- 
sions. 


3. Clear with minute black specks in the 
form of a gray cloudy haze. 


4. Black spotted and stained mica. 


It seems evident, based on (-fre- 
quency behavior, wherein the Q drops 
to abnormally low values at low fre- 
quency, that such low Q as cases 1 and 2 
is due to entrapped. moisture that is not 
readily released. In cases 3 and 4 low Q 
apparently arises from dielectric loss in 
the spots and stains. 


In setting limits for Q, it appeared 
reasonable to establish three ranges based 
on Q actually obtainable with mica rather 
than on Q requirements imposed by cir- 
cuits. The upper range would cover the 
highest Q obtainable for any block mica, 
the middle range a very high order of Q 
but somewhat less than the best obtain- _ 


DIET ee ecpermental Caborstory. Irlal of, MicaaTest Sets 


Block 


Capacitors Made With Films From Electrical Selected Block 


~ Dielectric Insulation Corona Aging] 
Electrical Quality Averaget Strengtht Resistancet Voltage§ 
. Ss Life Test§ (Per Cent 
Visual Conducting 1 Mc Meter (Per Cent (Per Cent (Volts [= hae Change in 
Lot Source Quality Color Inclusions Q Range Reading ( Mc) Correct) Correct) 60 Cps) (Tested) (Failed) Capacitance) 
meus ia. .Fai AOC RMD Ys 0141006 INGOs epeteei os Biol. yeeros OO coeur ais 5 000s rises. TOO; eke tects VOOR 244 average..... Sie oreatetoes Ones: 0.077 average 
a 3 } =e ; lon, - 500 rope eke etme ly KP Sie Be Se inbarevonaire OO aaa 33900. Pei cree LOO Rares ss 100%.5-- 26S averagenns so. fer ss cle see's cine 0.195 average 
Az. S) DD... Stained RUDY ts. c<0- = NOS trial te Foe ne rat OG raion S100. tess TOO. aes WOOF terse 253 average..... saa Fare DER 0.211 average 
See g Cae CAE onshore vee Raby oe sets: DS Gter ttecondie, of g inept ee wee OO. Se ee APSOO vos oes LOO aielerstcs TOO sence DOAVeLAge ite ee ane eee 0.100 average 
Pree Nea, SbAINCU sore cic RAD care poe IN Gaye stcnccaieis Peeeeutere ace oy rae ar 35800 5.52.05 AOD! eroteversre LOO; vce 261 average..... Gian attier: not 0.177 average 
CoanN: NM. 2 Cleatc ear. (c0 Green’ .20...- DMO eee bee 4 EO Ee ee Ls eerie D'S OO); ve aeenece IC 010 eae tes teste LOOk oe Q5Gliaveragesm mia steryerio ialats 0.077 average 
C2.) IN. Me .. Stained... 5-. Green...... Wes.) sh Below E-3..... Ba uvlettte TA QE tater LOO rcs cscs LLOQ tts 268 average..... Bi ee cues 0.. ...0.319 average 
LD PNAC AS Clearstscee Greéni Se sr iS fost 83 ae ieee Bal 25 betes OG Encore BD, 000 asters ee LOOS eer LOOMerr. DES average. syle teleets eeee wrens 0.212 average 
(Des 4. Ne Ch aoStamed, <5 << Green...... Woe fax si ROARS Se - DS inns Sars 2: 300.260". MOO? nea erties 1003 ane 243 average..... Gi aictee act. Onesie 0.161 average 
er IN AE 3. CMCAL oo telai-ce RUDY ss... INGO! oneercieesre Wonks xtes, tied OTe tate. A VOO sacra LOD sree’ s LOO Sve DEGiAVELAPC ricer erste cartel eter els 0.260 average 
ESN. Hee Stained). . -. Ruby Sate. NOW ates yO) Rae eae a BGs ee 31800. 203s LOO eee OOS ert 245 average..... Cree Ones. 0.169 average 
F GonntaGleas:. fteeh ss Ryubys jes Mo seisws oo Dip eae at 8 sec Tae Bi DOOR srrste LOOK velo ereee T0075 ae S60 averagewas recites casteroreren 0.216 average 
F....Conn,..Stained....... Ruby...... Nor fa fice (Sap 89 a ANG neue TOOns cto 100... . .246 average.....6........ 0.....0.264 average 
Gee NO Stained aacis,< Green ooo. Wes reac se Tie fare eters ore SOretae es: TE 7 OO see eis LOD eters OOs atone see Reds rete pie seats 0 


+ 1,000-micromicrofarad silver-molded capacitors. 


Satisfactory readings could not be obtained in most cases. 


¢ 1,000-micromicrofarad silver and 4,000-micromicrofarad foil-molded capacitors. 


of 4,000-micromicrofarad foil-molded capacitors. 
; q 5 cycles, +72 F to —40 F to +72 Fto +185 F. 1 ,000-micromicrofarad silver-molded capacitors. 


- oe od 
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Table V. Summary of Manufacturers’ Data on Capacitors Made With Selected E-1, 


= 
a 


No. of 


Part I 
Mfrs. Capacitors Per American 
Property I Il War Standard C75.3 A B D E F 
enaee PR Sn ie nae Rces Acocth co no India ..Brazil ..United ..United ..United 
4) Eide ber Sedo oN a So on eS sa avo eno a ame ele eieatone ee op eewattattase ce iauiatiicayeie aes antes eta 
; .. Ruby . 
Basic COLOL iia ere «<5 glsaei 8 loos atc te eRe Srna Joris -e Sate aye seeps eee Sie sis eae Mey auttienene bole cegays Ietenorshe tens tolenetes tegen aeaams, Ruby ..Ruby Mery: ..Green 
i Tp eee Renee ee en rie nn ea On aohta Sanh sammie co oe 0OuGD Stained. .Stained B..2d e2d 2d oa 
GWommertial aqielity Faas. ovc cis «oes ashcyeds Bist narana seater s: Smemeveertaih tga See Maena Mats! eitenoiceitn faite eaatte Sintieg auslity, 
: 2x2 2x3 2x2 
(iG. (173 Aen ne En Gen Ic toetion conc cnuc oc OSB aoa Otis mo Domo na Gacd do OMe oe DoMicGatd apo No. 4 -No 4 : 
(Hire Fe defeets i. irsieis cro. on6 «amu dtosoass ayia hs steauatorace, cihotesovtar/avonererave( Ww stantial maaeeteuererevel otto oiere neta che ds Tecsuere eo Rene ne ede *Air .. Air Pi pa RAE ee OBC sere 
Block Q range (original lot), per cent 
BlockiQs# 212/500 min imiaran eyes cceytee ote alctetelerstoe tee eeterele rotator isaateteysn- foe e/eteeke OU Tek stea sor <tr: 94.0 77.0 Seo — ee : 
Block QO). H=2. 350) maim itr anne 5. ocere cor 6 10) 0 is) ore. 00110 0 01 vile, 0 ar ee ayeleielevevele ovebaWpbegsl@iale atelew™ slotenerere'(e wits slisnenetiansnen 6.0 20.6 ‘ ie Aw 
Block QO; -2-3) 50 Lame itmtt ra peperstey eve acae 2 a c)si-< <Ueratiaons)-oleie toltsnolcote sues todo etenttonenslictes stole vere lsnsteisieneKelsi st aiegeneetelelone 0.0 2.4 0.9 < ve ie 
Percent. conducting (original LOt)e oie c.. 0 sislsieleie es evemo:steltysiieyerclens oneueieieosieyers clase oles ererenciersieieheielielerelielervelete 0 0 0 an a a 
Selected block Q range (used in capacitors)... ..... ce cee cece cece eee mee et eres teeters reeesees E-1 E-1 E-1 - ae 
Selected block conduction (used in capacitors) ....... ccc ccc cece ccc cece cece sere nee eesenceserrees None None None Wet Oren 
Selected block quality class (based on Q air inclusions, waviness, etc.)..........0 eee eee e eee t eee reas *C-1 BB +, C-l6Bi4a6-16-- Bs. ‘Cal Ue - E . 
Splittin cs propertiestys act cle sisie,e ieceoesistletels trier dh SACO OO ERO Be ull SORE RENCE cioIocaIGhoain cORG.O'O Y Fair Good ..Very 3; Good .. air 
goo 
i i ; Average’ «use cence nd 75.0 93.0 94.0 90.5 87.7 E 
Films, 1 to 4 mils (per cent yield)............ De EDs neta reee See ee sie Sateen { Minima ee oe 75.0 93.0 94.0 79.0 4 
i i i AVGRAZE. isis 5 eicisierere 35.5 37.1 34.8 39.3 P 5 
Laminations (per cent yield)............... Ug eeRoors ckaveouundods conan e { Marea sine. 22.8 28.9 97.3 31.2 21.3 
i i i +14 \ ee ee ee A eh CAVCEA DC) nckeatalerstteners . 86.8 81.7 90.3 ; 
Silvered laminations (per cent yield)........ OAD UME rar DNRC LIT OOOO) aes Cuca { meer : ; Aiea Se 82.0 70.7 84.6 79.3 z 
Capacitors 
Per cent>2,500 ..... 98.8 . 93.7 90.1 C7 la 99.1 
5..1..CM30—1,000-yyf, silver. . J per cent 1,500—2,500... ole ee 5.7 9.0 228.3, 0.9 
Per cent 200-1,500.... OREee 0.6 3.7 Ontras 0.0 rs 
Per cent>2,500....... 94.5 . 95.6 97.2 94.7 . 96.8 K 
6.....CM30—1,000-pyf, oi... percent 1300-3500. 5.4 Ax Tos. 2.4 Dae, ae : 
i tie PAR tas RG Per cent 200-1,500.... 0-1~. Ons 0.4 O.1 ile : 
Capacitor Q (statistical distribution)...... Secants G00 anaes BOCs Gane 96.6 pe 98.8 : 
3..1..CM55—1,000-uyf, foil.... ) Per cent 1,500-2,500... 0.2 . ie aml O7ae 1 Osea 
Per cent 200-1,500.... 0.0 . HE iS} Ogee 0.2 : 
5 Per cent>2,500....... (O.o" 87.0 . 51.3 86:0°-: 78.1 - 
3..1..CM70—510-nuf, foil... .. Per cent 1,500-2,500... 18.5 .. 138.0 .. 44.2 7.0 a2 109 eee 
Per cent 200-1,500.... 50a: 0.0 4.5 wa0 0.0 . 
AGnCTicanmec Waren Gtandardmadiclectricn| iba sG230— 1 O00-pul silver aerial terete aeteielele 95.5 . 98.17% ss d Ee : er Ars 
strength (per cent meeting require- Sinks CM30—1,000- nf; foil: 2. 4 sceseiwn clne * eho Sierevete ls S5comre 95.6 . 5 JO sel - 
aetna Eg Oe hs See ee thy, aes Sieh CA 55 —1. 000- uf foille..7. prceuciacie s¥-is asker aocoeciiee 95.9 . 98.2. 95.8 0655... 96.1 
2 bed — 6, 200=s eke f Ollspartar tater fee permicrener etek terete PARED ve 94.8 . 99.3 Oa ae levy 
2 el. CM6CO—G 200= pk, foils ee ote cine rsteteleneictersteerec ce ator 96.1 99.5 98.9 OZ52 91.0 e 
Bele. CMI0—510= pif oiks 3: rceesrae, tes verter eee isuotatonee 1000. 100.0 100.0 100.0 100.0 
American War Standard insulation re- To lien Gl SO—1 0002p pk, silivet actetetouasyereceiceseen ct siete tersay 99.9": 99.6 99.7 99.8 . 99.6 6 
sistance (per cent meeting require- Sonate CMS0—-1-000= pik; foil ereter einer. eiotearet este ete acres 995 Sime 99-1". 99.3 9953 e 99.4 . 
INIOHE) oon cone ee ee Sendee.:CM55=—1; 000-npif foilka Maenrestneoa- eee ae 99.7 . 99.7 . 99.9 99.9 . 99.9 Fs 
Deedes CM25—6;200-nyhs foile urporsteiccrtotenttatsss Sree 98.4 . 99.2 . 99.2 96.0 . 99.3 
QL sis M60— 6) 200= nuk, foil ne nce amiote mists cae oh ten etonere 100.0 10020) 2. L00kO 10020 Vn 20020 : 
A elves C:A470—5 lO= pk, foil eo 5a clercte shat cael eee siecle ee 100.0 1007033 10026 100.0 100.0 4 
American War Standard radio-frequency 
heating (per cent meeting require- . 
POLL) Meare te eo oe ce ride Gott ete Se, eae Ae Ie CMI0—510-puk, foilseetecnccias aeiace = avert tears 100.0 100.0 100.0 100.0 10020 ae 
Corona starting voltage—60 cycles per Mra isret CM70—510-yyf, foil...... (© Sections) cue hives 1,900 2,200 2,700 2,300 2,000 é 
second—(no American War Standard Pe teas CM70—510-ppf, foil...... (8 sections).......... 3,600 3,500 3,600 3,600 3,400 eS 
Feqtirement)) jcc. sien ea teas sae Dr iar CM70—510-pyf, foil...... (9 sections).......... 4,300 4,100 4,000 4,000 4,600 . 
Tab aes 123 deen ye be 123 
x $ War Standard t Pe pppee os... CM30—1,000-pif, silver... acne ee sere ete cea’ BD - BwrDy ClB SD CAB Be D Br Ee DiCr ae 
pce erie a maui Camiericalt. W. Go icteasy, CMS0-=1,000- pul foil i. 2 oe ecanrmaeek reales ean -C.B BoJB BB. (BoB Ba: BOB Bap Gee 
ERE NE SMe creat: er nee See A ei che CMG5—1 ,000-uuk foil erie een ae ieee ae B\B B... BoB<B s.-BUB, BR CyB, BY Cas Bae 
Pastek eit ee ee ee 215 LC MIO — 6 L0e pak Oil, 46 Fare lgae Femina de DD D.3D D'D . D'CLBE DD C pew 
Dee Cu130——1 O00Snursilvera siemteareisccie coey ses aie 9357 Fa) 10020 100.0 . 97.9 2a LOO SOM ers 
{ American War Standard capacitor life Swaeiee ECM30—15000= ppt foil. cone ee eee coe ee 100-0 +2 “100.0 98 52) 98,2 3a 710020 
(per cent meeting requirement)........ Sree CIM Sb—1 00 Oe ifois Sco acc ce o otros career 100.0 92.7 10050 10020 98.3 . 
DS eA Gil S5—G 2008 pik FOU Pictsceneciietaue,s8o.e 0 oles cleneesiorsianeee 100.0 96.0 9620) 2.8 10020 100.0 . 
tes CM 6CO—G6:200- nuk) foil a0. cn.ctrasiecete eo tieia eis ero oes 92.0 88.0 96.0 96:0'%.. 96:0) 2.42 
3..1..CM70—510-upf, foil.........; Riscctten atone suckers d - 100.0 100.0 100.0 100.0 100.0 . 
Grand Averages 
American War Standard dielectric Rthty pes dhditsizes cot 
ee. 8 ie R eaten ; peerean Pi aiah { ADOVE CAPAGILOS pay -relerseier screeners Tee 95.8 O78: ce 98E2 96.6 967 ars 
American War Standard capacitor sae Ln Aiea ee types and sizes of 
(per cent meeting requirement)...... BOVE: CADACIEOES 1... wie a ieieraie taste ere Cea 97.6 9621 . nm 9854 98.7 99.1 a 


‘able, and a third range of somewhat lower 
order of Q, but high as compared with 
other types of insulating materials in 
general. The top Q range simulated that 
normally assumed for mica and presum- 
ably used in capacitors in the past. 
While it became evident that such high Q 
actually is only needed in a relatively 
small percentage of capacitors, of the 
previously mentioned first group, it 
affords a margin of safety to which 
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capacitor manufacturers apparently are 
accustomed. The middle range probably 
is high enough for all but the most critical 
types of capacitors of the first group, and 
the third Q range is suitable for by-pass, 
blocking, and coupling types of capacitors 
of the second group. These three ranges 
are designated H-1, E-2, and E-3, respec- 
tively, and the minimum Q limits assigned 
to each range are shown in Table II as 
well as equivalent test-set readings. This 
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table also shows minimum Q limits for 
mica films split from the block. The 
actual calibration of the scale of the meter 
is shown in Figure 4. 


Spark-Test Set 
It was observed in studies of various 


types of block mica that the Q of “black 
stained and spotted’’ samples, in some 


cases, was just as high as that observed 


ELECTRICAL ENGINEERING 


E-2, and E-3 Block Mica Showing Over-All Performance From Block to Capacitors 


Part I (Continued) 


Part II 
H I J L M e = 
N-1 N-2 N-3 N-4 N-5 Oo Pp Q R 
..-United ..United ..United ..Canada ..Indi i i i i 
Sere States aoe ada ..India : ee gies : hones : eae ..United ..United ..United ..Canada ..Canada 
...Ruby ..Green ..Ruby ..Green ..Ruby ..Ruby .Ruby ribs * Ripon Cae ae pai? 
2d 2d ced 2d ..Good ..3d 3d 8d ees ibe? MT tae aes | Selamat 
quality quality qualit lit i i ; an Ta ae ay apes oe --2d . 3d 
ERE oy ste y see y Ser quality ae . seh : ee quality quality quality quality quality 
e. oP olece's tae-atoie ele e060 ed sizes, 1x 2 edo so © woo eve we 
. Waves .. Black \MEEVAGSING SURES Selowlod Air Black . Reeves .. Smoke “Cla WwW : CBI aa ree ie om 
Spots spate on y aves ..Blac . Reeves .. Smoke .. Spots 
spots 
Se OO 67.8 91.2 45.6 .. 96 
20.5 oe S 4 es u BODO DLT STORCH GG. CCC CRC CHORON OF OAD sani Comer 35.0 92.0 A155 cok 
0.5 3.6 ale es fa ie Gas er at a SE ROE a oa 42.0 8.0 30.8 18.0 
: : : ‘i an neh d yeteece. Oe f Ee ree gee eh dante ta 0.0 27.7 63.9 
E-1 E-1 E-1 E-1 E-1 E-1 ; . : BE. 
- - E-1 E-1 E-1 : 5 is 
None Nonese.-) sNones).. None =. None None None None None Naas ee nt : ee “es 
ve i 7 C-1 BG. G-lAB 2. C-VAA C-1BB C-1AB C-1 BC C-1BB C-1BB C-1BC (G; LBB (Gr 1BC+ Cas Beye: 
ie Fai r= oe 3 +-C- .. Pe oe = 
air Good Good “oes er Poor Good Good Poor Fair Poor Good Good 
87.9 90.4 90.8 . 90.3 93.7 9 
ah oes pe ane a 5.2 90.9 95.4 .. 93.7 94.0 83.4 66.0 .. 84.3 83.4 
36.8 35.7 35.7 38.6 38.5 4 
5 Bots =o oor Ae 2.3 42.6 41.6 43.4 43.1 34.2 26.8 36.1 38.6 
82.9 87.5 85.3 90.0 SOC See sectors 
68.2 30.6 eale eae A Es Sesh as ype eS 97.2 OU eae 902: 86.6 
99.5 94.9 98. 
ae ree a eee a Reap Peastcd aleve efeusastelinsehs Wicve;s Wr sisiaya.t RrceyeePoils stakes oteious a eigtersiseetees 87.1 98.5 79.2 16.2 
es oo es aco ath Bate ea er eU use cisiSieuece ele itis et eleneusiegeisien sens. do boanco6 ; 11.6 1-5 17.9 37.3 
Sas eee ars ea. Bape STE A DO aa a aa Raa 1.3 0.0 2.9 46.5 
ASO ci 5.6 Ointe 4.5 BAVA 
E One 2.3 0.1 3.5 0.1 : 
99.0 2. 
aoe fe : sand aie eed BA Tried Afr bia tact SiC a ocio SR Car oat Cate Opera S60 eriwe oe CSO) <2 59.0 3.4 
a 4 ae Aa ae sieraie reste a ni DASA 6 A SECON CREE PLOW Oinnnid cm o crthDE IEG Gc thocckor (age Ss OSE es 20.0 13.6 
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* Quality designation per ASTM 748. 


for any of the samples including the clear 
ones, whereas other ‘“‘black stained and 
spotted”’ samples had very low Q values. 
It was found that low Q in “‘black stained 
and spotted” samples usually occurred 
when the stains were semiconducting in 
nature. Such conductivity, when pres- 
ent, could be detected by a high-voltage 
_ spark furnished by a vibrator-type induc- 
a tion coil, connected to a probe electrode, 


- 


{+ 1 =average-averages. 


2=average-minimums. 3=minimums. 


t Excluding breakdowns due to causes other than mica puncture. 


when the probe was used to explore the 
surface of the mica. Conducting spots 
and stains are revealed by sparkling and 
glowing at or near the probe but not by 
puncture by the spark. Mechanical 

- faults, such as pinholes, tears, and cracks 
also can be located with this test; such 
defects are revealed by puncture of the 
mica by the spark. . A schematic of this 
test circuit is shown in Figure 5. 
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Laboratory Trial of Test Sets 


First, an experimental laboratory trial 
of the two types of test instruments was 
conducted in which ‘‘clear” to “black 
stained and spotted,” green and ruby 
block mica from seven domestic mines was 
classified for Q at one megacycle with the 
rapid-method Q test set and tested for 
conducting inclusions with the spark test 
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set. This electrically selected block was 
split and punched into capacitor lamina- 
tions 1.2 to 1.6 mils thick using standard 
commercial methods. These laminations 
were used indiscriminately, regardless of 
any visual inclusions and only were dis- 
carded if found to be mechanically un- 
sound, Both 1,000-micromicrofarad and 
4,000-micromicrofarad molded-silvered 
and foil ‘“‘postage-stamp’’-type capacitors 
were made by the Western Electric Com- 
pany with this mica. 

Thorough performance tests were made 
on these capacitors, and they satisfac- 
torily met Q, insulation-resistance, dielec- 
tric-strength, corona-voltage and life 
requirements (see Table IV). Asa result 
of these tests, it was concluded that block 
mica could be selected dependably for use 
in capacitors, some for the better grades 
and the rest for less critical types, and 
that the test methods appeared entirely 
adequate for the electric control of 
capacitor mica. Even the two lots of 
capacitors made with block mica in which 
conducting inclusions were detected by 
the spark test and low Q by the block- 
mica Q test gave excellent dielectric 
strength and life performance. It there- 
fore appeared evident that such mica of 
E-2 and E-3 electrical quality might be 
used for less critical grades of capacitors 
with better over-all characteristics than 
can be obtained with some of the available 
alternate materials. However, as a pre- 
cautionary measure, the use of mica with 
conducting inclusions was ruled out, in 
view of the apparent plentiful supply of 
types not possessing this defect. 


Over-All Quality Specification 


A specification’ was developed contain- 
ing over-all requirements for block mica 
for use in capacitors incorporating the 
two electrical test methods as well as other 
electrical, visual, and physical require- 
ments. The electrical requirements cov- 
ered Q, dielectric strength, and absence of 
conducting inclusions. The physical re- 
quirements covered splitting quality and 
weight loss on heating. Visual require- 
ments covered air inclusions, waves, 
buckles, ridges, cracks, tears, pinholes, 
and stains. Three quality classes were 
set up for block mica suitable for use in 
capacitors, designated C-1, C-2, and C-3. 


TEST PROD 


TEST. PLATE l 


= TO CASE 


= TO CASE 


_ Figure 5. Circuit schematic of the spark-test 
; set 
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Class C-1 is considered adequate for any 
and all of the various grades of capacitors 
in American War Standard C75.3. 
Classes C-2 and C-3 are considered usable 
for the less exacting grades. C classifica- 
tions cover both electrical and physical 
properties and E classifications electrical 
properties only. Class C-1 covers E-1 
mica with best electrical and physical 
properties, C-2 covers. E-2 mica with 
intermediate electrical and physical prop- 
erties and C-3 covers E-3 mica with fair 
electrical and physical properties. The 
stipulation is made, however, that mica 
shall meet all requirements of its respec- 
tive class. 


Commercial Trial of Test Sets 


The next step was to try out the pro- 
posed system on a commercial scale, using 
the testing equipment that had been de- 
veloped. A commercial design of the 
block-mica Q test set which is portable 
and contains its own batteries is shown in 
Figure 5. The spark-coil conductivity 
test set, which also is battery-operated 
and portable, is shown in Figure 6. 

The commercial trial covered the elec- 
trical classification of over 3,000 pounds of 
block mica of 22 different types from the 
United States, India, Canada, and Brazil, 
previously classified by visual standards 
as stained, stained B, United States sec- 
ond and United States third quality. All 
such classifications were previously con- 
sidered unsuitable for capacitor use. 


After being split, gauged, and punched, © 


this mica was used, regardless of visible 
inclusions, providing it did not contain 
cuts, tears, or other visible mechanical 
imperfections, in the manufacture of over 
47,000 capacitors of the following types 
and sizes per American War Standard 
C75.3: molded CM30 and 55, 1,000- 
micromicrofarad silvered and stacked- 
foil; and CM35 and 60, 6,200-micromicro- 
farad stacked-foil capacitors; as well as 
potted CM70, 510-micromicrofarad trans- 
mitter-type capacitors. A total of eight 
capacitor manufacturers participated in 
the commercial trial, and the number that 
made specific types of capacitors and tests 
in each case is shown in Table V. This 
table contains a grand summary of test 
results and manufacturing experience in 
connection with the processing of elec- 
trically selected block mica into finished 
capacitors. It shows the number of 
capacitors that passed test requirements 
specified in American War Standard 
C75.3 and gives the results of other special 
tests. 


Conclusions 


Based on satisfactory Q, dielectric 
strength, insulation resistance, tempera- 
ture coefficient, capacitance stability, 
radio-frequency heating, corona voltage, 
and life tests on these capacitors obtained 
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Figure 6. The mica Q test set developed by 
Bell Telephone Laboratories 


Figure 7. The spark test locates conducting 

regions in block mica and permits defective 

material to be rejected before the application 
of the Q classification test 


by eight participating manufacturers, it 
is concluded that electrically selected E-1, 
nonconducting block mica is suitable for 
use in the manufacture of all types and 
sizes of fixed mica-dielectric capacitors 
per American War Standard C75.3 up to 
and including CM70. However, nothing 
has been revealed by these studies which 
would indicate that such mica would not 
be equally as satisfactory for use in all 
sizes and types of capacitors, per Ameri- 
can War Standard C75.3. Likewise, 
based on somewhat less extensive tests on 
electrically selected E-2 and E-3 non- 


conducting block mica, such mica within - 


the limits specified for class C-2 and C-3 
mica, per ASTM D-748-45T, is suitable 
for use in the manufacture of all types 
and sizes of capacitors up to and including 
CM60 per American War Standard 
C75.3. ; 

The splitting quality and yield of satis- 
factory splittings and punchings of all 


lots of selected E-1 nonconducting mica of 


part 1 of the commercial trial, considered 
as a group, is estimated to be 10 to 20 per 


cent poorer than thatreportedforthelot-M 
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Synopsis: For several years there has been 
an increasing trend toward all-electric drives 
for steam-station auxiliaries on account of 
the recognized advantages in flexibility, 
convenience, low operating cost, and com- 
parable investment cost. Substantial econ- 
omies in first cost also have been obtained 
along with further improvements in flexi- 
bility through the use of transformers as the 
sole means of station power supply. Grati- 
fying reliability of performance has been 
achieved by co-ordinating design, backed by 
extensive tests, including momentary inter- 
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India (good stained) sample. The poor- 
est splitting quality and film yield was re- 
ported for selected E-1 nonconducting 
lot-P (heavy-reeved and ribbed) light- 
green mica of partII. Thislotdidnotcon- 
form to the physical requirements of class 
C-3 mica per ASTM D-748-45T, but was 
included in the tests to study the per- 
formance of such mica. It is important 
to note, however, that the electrical per- 
formance of capacitors made with 
mechanically sound punchings from lot P 
electrically selected mica approached that 
obtained for the control sample. The 
poorest capacitor life performance was 
experienced with lot R, E-3 mica which 
did not pass the spark-test requirement 
but was included to check the E-3 range 
of the Q test set. 

The proposed system of classifying 
block-mica quality based on a combina- 
tion of dielectric and physical properties 
has been shown to be commercially reliable 
and practicable. This system differs 


radically from past practices, and previ- 


ous concepts of mica quality considered 
suitable for use in capacitors. It does not 
discriminate against the presence of spots 
and stains in even first-quality electrically 


' selected block mica, providing the mica 


conforms to specific electrical and physical 
requirements. Air inclusions and wavi- 
ness also are permitted in the lower- 
quality classes, providing the mica meets 
specific electrical and physical require- 
ments. Mica capable of meeting specific 
electrical and physical requirements also 


_ may be of any basic color. 


The experimental work in connection 
with part I and II of the commercial trial 


J. A. ELZI 


MEMBER AIEE 


ruptions of station power supply, and has 
been incorporated in approximately 500,000 
kw of modern plants of the 850-pound 900- 
degrees-Fahrenheit powdered-fuel-fired unit 
type. Operating experience has demon- 
strated the over-all reliability and economy 
of all-electric drives for station auxiliaries 
and of the use of transformers as the sole 
source of station power supply. 


HE INCREASING RELIABILITY 

of modern steam-electric generating 
stations has been an important factor in 
the dependable supply of electric power 
in the face of decreasing reserves and 
promises future economies in system in- 
vestment. One of the vital elements of 
this reliability is the treatment of station 


on all lots of mica confirms that Bell Tele- 
phone Laboratories block-mica (Q-test 
and spark-test sets or commercial equiva- 
lents* are satisfactory for classifying 
block mica in accordance with ASTM 
specification D-748-45T. Furthermore, 
the requirements for all classes of block 
mica, per this specification, have been 
found to be conservatively set, thereby 
providing a good factor of safety. 

As the electrical system of classification 
qualifies mica previously considered un- 
suitable for capacitors, the mica supply 
for such use is greatly increased owing to 
the much more plentiful supply of lower 
visual-quality types of mica. An esti- 
mated saving up to 60 per cent of the total 
amount of good stained or better mica 
now used in capacitors is indicated. 
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auxiliaries and 


equipment. 


station power-supply 


Before the advent of the extraction 
turbine, the need of steam for feed water 
heating strongly favored small steam 
turbines as drives for most of the station 
auxiliaries. Multistage bleeding brought 
about a critical examination of operating 
costs of turbine-driven auxiliaries, and 
resulted in the application of electric 
motors to many of them, certain steam- 
turbine drives being retained either to ob- 
tain convenient variable-speed operation 
or with the objective of securing greater 
reliability for critical drives.1 The ad- 
vent of modern steam pressures such as 
850 pounds and above has resulted in even 
lower efficiencies for small turbines, unless 
they are made so complex that their re- 
liability is seriously reduced. 

Many factors have contributed to the 
improved reliability of electrically driven 
auxiliaries.2 Modern motors are highly 
reliable, and variable-speed couplings 
provide flexible and efficient operation 
where required. The growing intercon- 
nection of both stations and systems 
makes it feasible to secure emergency 
electric power for auxiliaries not only 
from several points within a station but 
from remote sources as well. Several 
years’ experience has demonstrated that 
the proper co-ordination of driven equip- 
ment, motors, control, and power source 
insure an extremely high degree of reli- 
ability. Many stations now operate with 
all auxiliaries electrically driven, with the 
minor exception in some cases of the 
turbine-bearing oil pump, which is fur- 
nished by the manufacturer as a part of 
the turbine. 


Basic Requirements of Auxiliary 
Drives 


The requirement of reliability for inany 
auxiliary drives is most important. Es- 
pecially with powdered-fuel-fired boilers, 
the interruption for even a few seconds of 
certain critical drives may result in flame 
extinction, and the resulting necessity of 
purging the furnace system and relighting 
may cause a serious (though temporary) 
loss of capacity. Thus the over-all sys- 
tem must be made relatively immune to 
short-time disturbances, but without 
sacrificing the simplicity and flexibility 
which are so essential to successful opera- 
tion. Adequate safety interlocking is re- 
quired but must be scrutinized for pos- 
sible hazards to reliability. 

For some of the drives variable-speed 
operation or its equivalent is necessary. 
Where storage capacity can be secured 
readily, the automatic intermittent run- 
ning of constant-speed motors provides 
convenient, flexible, and low-cost per- 
formance. For other auxiliaries the use 
of constant-speed motors with variable- 
speed couplings can provide the desired 
solution. 
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Though consideration of cost is second- 
ary to that of reliability, a careful con- 
sideration of all factors will facilitate low- 
first-cost design without any measurable 
sacrifice in reliability. The low operating 
cost of electric-driven auxiliaries is in- 
herent when compared with steam-driven 
auxiliaries. 


Motor Application 


By far the largest portion of motors 
used for station auxiliary drives are 
three-phase squirrel-cage induction mo- 
tors conforming to National Electrical 
Manufacturers Association standards re- 
garding starting current, starting torque, 
and maximum torque. In spite of the 
requirements of high reliability, only a 
very few motors and auxiliaries, such as 
boiler feed pumps, pulverizers, and cir- 
culating water pumps, are installed in 
duplicate. For this reason particular 
attention is paid to the mechanical and 
electrical construction of the motors pur- 
chased. This does not mean that the 
motors need to be of special design or 
construction. 


VOLTAGE RATING AND © 
STARTING CHARACTERISTICS 


A few of the small motors are rated 220 
volts, but most drives use either 440- or 
2,300-volt motors. An economic survey 
taking into consideration the cost of mo- 
tors, control equipment, and the station 
distribution system has resulted in a 
decision to place the dividing line between 
the use of 440-volt and 2,300-volt motors 
at approximately 100 horsepower. 

Full-voltage starting is used for both 
440- and 2,300-volt motors. This per- 
mits the use of a low-cost control scheme 
which is simple and direct in its operation 
and lends itself to quick automatic trans- 
fer from one power source to another in 
an emergency. It also provides full 
starting and pull-in torque for normal 
voltage conditions. It may, however, be 
necessary at times to start an essential 
auxiliary when the voltage at the motor 
terminals is below normal as the result, 
for example, of the loss of a sizable 
amount of generation from the system. 
The speed-torque requirements of all 
auxiliaries are given careful considera- 
tion, and motors having adequate speed- 
torque characteristics at the minimum 
operating voltage are selected. 

For some applications, such as certain 
types of pulverizers, the starting torque 
is the critical value, and, if a motor is 
selected having adequate torque to start 
the pulverizer during low-voltage condi- 
tions, no difficulty will be experienced in 
bringing the pulverizer up to speed. In 
other applications, such as boiler feed 
pumps the starting duty is relatively 
light, but the torque curve of the pump 
may rise very rapidly with speed, and in 
this case it is necessary to check the speed- 
torque curve of the motor under mini- 
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mum-voltage conditions to make sure 
that it remains above the pump char- 
acteristic’ at all speeds. 

Motors having normal starting current 
usually are provided, as light flicker due 
to motor starting is not usually a problem 
when transformers are used for station 
power supply. Co-ordinated unit design 
results in satisfactory operation from the 
standpoint of disturbances resulting from 
starting the largest motor or the trans- 
ferring of a group of running motors from 
one bus to another. 


MECHANICAL CONSTRUCTION 


In order to assure reliable continuous 
operation, careful consideration is given 
to mechanical construction. The motor 
windings and rotor bars must be braced 
to withstand the stresses due to full- 
voltage starting and must be thermally 
adequate for the current associated with 
it. Insofar as practicable the construc- 
tion should be such as to provide ease in 
making periodic inspections and checks. 
This means, for example, that it should 
be easy to check the oil level in the bear- 
ings and to make sure that the oil rings 
are performing properly. Provision should 
be made for checking bearing tempera- 
tures, and suitable openings for checking 
air gaps are essential. Proper end play 


is important, especially in 3,600-rpm_ 


motors, and the motor should be so con- 
structed that this can be checked readily. 
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INSULATION 


Motors with insulation specifically de- 
signed and treated for power station serv- 
ice are now generally available and 
should be used for all auxiliaries. This 
insulation is moisture and dirt resistant 
and with proper maintenance can be ex- 
pected to give satisfactory service with- 
out the necessity of using splashproof or 
totally enclosed motors. Dripproof mo- 
tors dre provided where there is a possi- 
bility of water dripping on the motor. 

Both class-A and class-B insulation are 
used. In general it is easier to obtain 
satisfactory class-A insulation for power- 
station service, and class-B insulation is 
specified only for motors operating in 
ambients above 40 degrees centigrade, 
such as draft fan motors. 


SPEED CONTROL 


For most station auxiliary applications 
constant-speed drives are used. The 
induced- and forced-draft fans are an ex- 
ception to this. The power requirements 
of these fans are substantial, and their 
speed adjustment is controlled auto- 
matically by the combustion-control 
equipment. 

In many of the earlier plants the motors 
for these drives were of the wound-rotor 
variable-speed type. However, equal 
efficiency and better control can be pro- 
vided with constant-speed motors and 
variable-speed couplings of the hydraulic 
or magnetic type. These are in most 
cases used to provide the entire range of 


_speed control and have proved quite 


satisfactory, responding very well to the 
combustion-control equipment. In some 
instances two separate motors are pro- 
vided with different constant-speed rat- 
ings, with dampers to provide inter- 
mediate control. 
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Power-Supply Systems 


The choice of a system for supplying 
power to electrically driven auxiliaries is 
a vital one. The primary objective of 
adequate reliability must be obtained, 
but this does not mean that the most 
elaborate and expensive scheme is neces- 
sary or even desirable. One of the im- 
portant advantages of electric drive for 
station auxiliaries in an interconnected 
transmission system is that power may be 
secured from a large number of sources 
and transferred instantly from a central 
location. The extension and improved 
performance of interconnected power sta- 
tions and systems have increased the 
popularity of the unit system of plant de- 
sign; that is, one boiler, one turbine, and 
one step-up transformer operating as a 
unit, with electric connections with other 
units made at the high-voltage bus only. 
The interconnected system can compen- 
sate for the loss of any one unit, and 
accordingly the statement has been made 
that the over-all reliability of the station 
auxiliaries need be no greater than that 
of the main units. This is true with 
certain minor exceptions. In the case of 
an emergency outage of a main generator 
for a temporary cause, it may be neces- 
sary to provide emergency service within 
a short time to the boiler feed pump. If 
the interruption to the main unit is long 
enough for the turbine to stop turning, 
then the availability of emergency power 
for the auxiliary turbine-turning motor 
will save a delay of two or three hours 
in restoring the unit to service. 


House TuRBINE, SHAFT GENERATOR, 
TRANSFORMER 


In early applications of electric drive 
to include essential auxiliaries, it was 
sometimes thought necessary to provide 
an entirely separate house turbogenera- 
tor, supplemented with an auxiliary 
generator on the shaft of the main unit 
and a transformer source. Such an in- 
stallation was so expensive as to offset in 
part the 1'/2 per cent to 2'/2 per cent re- 
duction in operating costs achieved with 
electric drive. Experience soon showed 
that the costly house turbogenerator was 
unnecessary and added very little to re- 


liability. The upward trend in steam ' 


pressures and co-ordinated bleeding cycles 
was also a factor in the gradual abandon- 
ment of the house turbine. 

The less costly auxiliary generator 
driven on the shaft of the main unit is still 
much more expensive than a transformer. 
The principal advantage of the shaft gen- 
erator is that the auxiliary bus supplied 
from it is not exposed to voltage disturb- 
ances originating on the transmission sys- 
tem. On the other hand the line starting 
of large induction motors from a shaft 
generator may involve serious voltage dis- 


turbances of: several seconds’ duration 
which are not encountered with trans- 
former supply. ‘ 


‘ 


Careful analysis of fundamental re- 
quirements has shown that the proper 
co-ordination of the characteristics of 
motors and control with those of the 
driven equipment provides adequate re- 
liability using transformers for the sole 
supply of auxiliary power. Some of the 
factors contributing to the improved re- 
liability of systems using transformers 
are: 


1. Co-ordination of control methods to 
avoid unnecessary interruptions. 


2. The more rapid clearing of transmis- 
sion-system faults. 


3. The use of squirrel-cage 
motors with full-voltage starting. 


induction 


4. The choice of power sources to provide a 
natural cushion against external power- 
system faults. 


Special tests were made to check the 
over-all operation of the systems and sub- 
sequent experience provided further con- 
firmation 


TRANSFER SCHEME WITH UNIT SYSTEM 


Figure 1 illustrates a typical scheme of 
connections with the station power trans- 
formers connected to their respective 
main units at generator voltage and with 
the latter grouped in pairs for emergency 
operation of both sets of auxiliaries from 
either main generator. Transfer of an 
entire group of auxiliaries may be made 
from the control center and normally is 
accomplished automatically in case a sta- 
tion power transformer separates by dif- 
ferential relay. This automatic transfer 
also may be initiated by operation of the 
relays protecting the main transformer 
bank. Reliability suitable for a unit sys- 
tem is obtained with single busses which 
are well protected electrically and me- 
chanically. In the case of the 480-volt sys- 
tem, the relatively large number of motors 
makes it desirable to divide them among 
group busses as’shown so as to limit the 
total exposure on the main480-volt busses. 
Experience to date has not shown the 
desirability of providing voltage-chasing 
schemes. 


INFLUENCE OF VOLTAGE Dips DURING 
EXTERNAL FAULTS 


The main step-up transformer of a unit 
installation provides a natural cushion for 
the station auxiliary bus against trans- 
mission faults. Figure 2 shows the posi- 
tive sequence voltage on the station power 
busses as a function of the type of fault 
and its duration for short circuits imme- 
diately adjacent to the high-voltage bus. 
The initial voltage drop does not lower 
the pull-out torque of standard squirrel- 
cage induction motors below the normal 
full-load torque in case of these most 


pessimistic phase-to-ground or phase-to- 


phase faults. Even during three-phase 
faults adjacent to the bus the motors de- 
velop appreciable torque. With control 
properly co-ordinated the motors and 
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POSITIVE PHASE SEQUENCE VOLTAGE — PER CENT 


fe) I 2 
TIME AFTER BEGINNING 
OF FAULT — SECONDS 
Influence of transmission faults on 
auxiliary-motor voltage 


Figure 2. 


—-------- Effect of voltage regulator 
A—Single phase to ground 

B—Single phase to phase 

C—Three phase 

D—Fault 

E—High-voltage bus 

F—Station power transformer 

G—Main generator 

H—Motor 
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AUXILIARY SPEEDS — PER CENT OF INITIAL 


TIME AFTER BEGINNING 
OF INTERRUPTION — SECONDS 


. Figure 3. Speed variations caused by power 


interruptions 


A—Power restored at 2.3 seconds 
B—Power restored at 3.7 seconds 
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drives are remarkably immune to severe 
voltage disturbances, even if the station 
supply source is taken from a subtrans- 
mission bus. 


Tests TO DETERMINE OPERATION 
DuURING DISTURBANCES 


Early experience with a unit using a 
subtransmission system for auxiliary 
supply indicated the possibility of the 
powdered-fuel flame being extinguished 
by external voltage disturbances. The 
number of contributing elements hindered 
the proper interpretation of preliminary 
operating experience. Accordingly spe- 
cial tests were arranged with sufficient 
design and operating personnel and 
special instruments to provide isolation 
of the various factors under controlled 
conditions. These tests were made on a 
typical unit which utilized the ball-mill 
type of unit pulverizers (two per boiler) to 
determine the influence of surges on the 
boiler operation. With one pulverizer 
{and two burners) operating at its maxi- 
mum output, the entire group of boiler 
auxiliaries was intentionally interrupted 
for varying periods of time, checking the 
speed reduction of the different drives 
with oscillographs and recording indica- 
tions of the boiler draft gauges with a 
moving picture camera. 

At first the automatic transfer scheme 


was used to provide an interruption of 
some 18 cycles to the boiler auxiliaries. 
There was no observable difference in the 
flame performance and the speed changes 
were imperceptible. Fluctuations in the 
induced draft, forced draft, mill pressure, 
and mill differential could not be dis- 
tinguished from those experienced for 
normal operation. The power interrup- 
tion period was extended on subsequent 
tests to as much as six seconds. Figure 3 
illustrates the speed reduction and return 
to normal of the various drives for the 
different lengths of power interruption. 
In no case did the disturbances them- 
selves extinguish the flame, but after some 
five seconds: the pulverizer exhauster 
slowed down sufficiently that the pressure 
responsive safety devices operated to close 
the emergency dampers and thus shut 
down the boiler. The inertia of most of 
the drives carried them through the in- 
terruption. The ball mill pulverizer run- 
ning at slow speed slows down rapidly 
and comes to a complete stop in 31/2 to 
4 seconds. However, the coal carried 
in suspension provides the necessary 
carry-over and subsequent restarting of 
the motor and mill is rapid. 

Figure 4 illustrates the ratio of the 
total inrush current to the total normal 
load current of the auxiliaries and the 
duration of this inrush current as a func- 


D. Nonessential Motors—Supplied at 480 Volts 
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Table I. Steam-Plant Auxiliaries— Two Units 
Typical Motor Classification 
Revolutions Number of 
Application Horsepower Per Minute Motors 
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tion of the length of the interruption. It 
is seen that this automatic transfer of the 
auxiliaries involves no difficulties with 
inrush current or voltage reduction. 


Control and Switching Schemes 


As shown in Figure 1, 2,300-volt motors 
are connected to the bus through circuit 
breakers which provide automatic pro- 
tection against faults in the motor or cir- 
cuit (and in some instances thermal pro- 
tection) and also serve as motor starters. 
Either air or oil circuit breakers of ade- 
quate interrupting ability are used, but 
the trend is toward the use of air circuit 
breakers because of their superior per- 
formance for starting duty. Air circuit 
breakers also have an advantage from the 
standpoint of inspection and maintenance 
of contacts. This is of considerable im- 
portance in view of the fact that these cir- 
cuit breakers are operated much more 
frequently than circuit breakers on dis- 
tribution circuits. 


For 440-volt motors the control for many 
of the individual motors consists of a 
small air circuit breaker with instanta- 
neous trip attachment for fault protection 
and a magnetic contactor for starting 
duty. For nonessential motors standard 
industrial control equipment is satis- 
factory. For some applications, how- 
ever, latched-in contactors or air circuit 
breakers suitable for motor-starting serv- 
ice are required. 


In a powdered-fuel plant it is necessary 
for safety and operating reasons that the 
sequence of starting and stopping certain 
motors be carefully interlocked. For ex- 
ample, the induced-draft fan is started 
first. This is followed in sequence by 
the starting of the forced-draft fan, the 
exhauster, the pulverizer, and the feeder. 
In order to avoid clogging of the fuel- 
supply system and to avoid a possible ex- 
plosion if any piece of equipment in the 
afore-mentioned group is stopped, pro- 
vision is made to stop automatically all of 
the motors ahead of it. In the above 
group, if the exhauster stops for any 
reason, its circuit breaker or contactor is 
opened, and an auxiliary switch trips the 
pulverizer, which in turn trips the feeder. 


It is essential that the device which ini- 


tiates the tripping sequence respond to 
failure of the driven quantity and not 
simply to undervoltage, because stoppage 
may be the result of a sheared pin, a 
broken shaft, or some cause other than 
failure of power supply to the motor. In 
the example taken, the emergency damp- 
ers are tripped by the differential-pressure 
relay, damped to give a slight time delay. 
This in turn trips the exhauster motor and 
the remaining motors in the sequence. 


Though undervoltage protection is not 
required for full-voltage starting motors, 
the use of standard magnetic starters for 
440-volt motors would provide uninten- 
tional low-voltage protection. Most of 
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these starters will drop out at around 50 
per cent of normal voltage and remain 
open, unless a latched-in type of auxiliary 
relay isused. Thisis not serious for auto- 
matic-start intermittent running equip- 
ment with storage capacity such as the 
feeder, house-service pump, combustion- 
control air compressor, and condensate 
pump, provided they are not included in 
any interlocking scheme. Standard start- 
ers even with latched-in auxiliary relays 
are not suitable for motors in an inter- 
locked scheme, because the auxiliary 
switch on the contactor would start the 
tripping sequence of the other motors and 
emergency safety devices in the series. 
For such motors either latched-in con- 
tactors or circuit breakers suitable for 
starting duty are used. 

Latched-in contactors or circuit break- 
ers also are provided for highly essential 
motors, even though they may not be 
part of an interlocked sequence. This 
will permit utilization of all available 
power, even at voltages below 50 per cent 
of normal. 


- Protection of Motors and Circuits 


Reasonably adequate devices of the 
relay type are available for the protection 
of 2,300-volt motors and circuits. How- 
ever, for smaller 440-volt motors, it has 
been customary to employ devices de- 
signed for industrial use. These are 
usually of the thermal variety, based on 
extra protection to the motor, allowing 
for wide manufacturing tolerances in in- 
expensive equipment, different ambient 
conditions at the motor and the controller, 
unusual operating conditions, and so 
forth. This is not a suitable basis for 
central-station practice where conditions 
are materially different from the typical 
industrialinstallation. Proper co-ordina- 
tion with driven equipment and me- 
chanical protection of the motors and cir- 
cuits is inherent in central-station design. 
Operators are able to devote more careful 
attention to the motors and drives, and 
maintenance is usually on a program 
basis. Conditions most likely to result 
in motor overloading usually will be de- 
tected through operating results. 


ESSENTIAL VERSUS NONESSENTIAL 
Motors 


An essential motor is classed as one 
which, if interrupted, would cause a seri- 
ous loss of unit output within a relatively 
short time. Induced-draft fans, forced- 
draft fans, boiler feed pumps, circulating 


- water pumps, and pulverizer mills are ex- 
amples of the larger essential drives. 


Some of the smaller units are just as es- 


» 


hme 


sential, such as pulverizer exhausters and 
condensate pumps and to a lesser extent 
such drives as pulverizer feeders, com- 
bustion control air compressors, and even 
small 3/4 horsepower motors used to 
pump oil into the hydraulic couplings for 
the forced draft and induced-draft fans. 
Typical nonessential motors are ash-jet 
pumps, cinder eliminators, fuel-oil pumps, 
screen drives, evaporator pumps, house 
air compressors, and so forth. A typical 
list of essential and nonessential motors is 
given in Table I. 


TYPES OF PROTECTION 


Conditions found in central-station 
practice, together with improved reliabil- 
ity of properly applied motors, have led 
to the use of less protection for the mo- 
tors with emphasis on eliminating un- 
necessary interruptions. For both es- 
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Figure 4. Effect of power interruptions on 
auxiliary-motor inrush current and its duration 


A—Inrush current 
B—Duration of inrush current 


sential and nonessential motors, in- 
stantaneous overcurrent protection is 
provided which will cover the entire cir- 
cuit but will be safely above locked-rotor 
current. For essential motors this is the 
only automatic protection used, but 
thermal devices are provided to light 
warning lamps, so that the operator can 
take necessary steps to shut down the 
motor after making alternate provision 
for its drive. In the case of nonessential 


‘ motors thermal devices are provided 


which will disconnect the motor but at 
values of current somewhat higher than 
found in industrial practice. 

It is seldom practicable to provide 
positive locked-rotor protection for mo- 
tors without risking unnecessary shut- 
down during normal starting. This is 
because under locked-rotor conditions, 


the motor does not have the inherent air 
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cooling experienced in normal starting. 
Proper precautions will minimize the 
probability of locked-rotor conditions 
and alert operators usually can guard 
against the remaining ones. 

There is a definite need for improved 
devices, especially for the protection of 
motors of the 440-volt class. Typical in- 
dustrial devices are not sufficiently reli- 
able, are subject to unsatisfactory toler- 
ances, and are influenced by too many 
factors for the most reliable operation. 
There is also a need for a simple but posi- 
tive method of locked-rotor protection. 


Conclusions 


1. Experience over a number of years, in- 
cluding that with 500,000 kw of modern 850- 
pound 900-degree steam plants, has demon- 
strated the reliability and economy (both 
first cost and operation) of a station power 
system supplied from transformers rather 
than from house turbines or shaft generators. 


2. In the unit system of plant arrange- 
ment, it is advantageous to connect station 
power transformers at generator voltage, so 
as to provide a natural cushion against 
transmission-system faults. However, this 
is not so necessary, if faults on the trans- 
mission system are cleared with modern re- 
lay and circuit-breaker speeds and the con- 
trol system is properly co-ordinated. 


3. The use of intermittent-running auto- 
matic-starting constant-speed motors for 
certain applications and variable-speed 
couplings for others results in the use of line- 
starting squirrel-cage induction motors for 
practically all drives with important ad- 
vantages in reliability, simplicity, flexi- 
bility, and convenience in operation. 


4, Careful analysis of drive characteristics 
and comprehensive performance tests have 
resulted in the use of inexpensive control 
and switching equipment for the many non- 
critical auxiliaries, with more costly equip- 
ment limited to a few essential applications. 


5. The problem of protecting motors and 
circuits in a central station differs from the 
typical industrial application, as in the 
former the proper co-ordination of motors 
with drive characteristics, maintenance ona 
program basis, and close surveillance by 
station operators of equipment and its per- 
formance eliminates many causes of motor 
failures. Accordingly, in central stations 
schemes of protection should emphasize con- 
tinuity of service. 
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Central-Station Auxiliary-Drive Motors 
for Constant and Adjustable Speed 


HAL GIBSON 


ASSOCIATE AIEE 


N SELECTING MOTORS for central- 

station auxiliary drives it might be of 
interest to note that the range of motor 
sizes for any particular voltage from the 
standpoint of reliable operation is much 
wider than the range when considered 
from the standpoint of a distribution sys- 
tem and the over-all economic situation 
' including transformers, distribution sys- 
tem, switchgear, and motors. 

Table I indicates what would be con- 
sidered good practice, for the central- 
station auxiliary drives, from the stand- 
point of motor design only. Completely 
satisfactory motors can be built, with a 
maximum reliability for central-station 
drives, through the range of horsepower 
indicated at the commonly accepted volt- 
age levels used in central-station auxiliary 
drive systems, as indicated in the table. 
Motor manufacturers build motors for 
the various voltages over a wider range 
than indicated. However, the table 
shows roughly the essentials of what might 
be called good central-station auxiliary 
practice. 


Type of Motors 


The great majority of motors used in 
central-station auxiliary drives, in new 
modern power-plant practice, are the in- 
duction type, although recently in smaller 
power plants with the advent of adjust- 
able-speed couplings synchronous motors 
have been used to some extent. The use 
of d-c motors, in the large modern sta- 
tions, is at present practically extinct. 

The induction motors which are used 
for central-station drives can be divided 
readily into three classifications, the most 
widely used being the normal starting- 
torque motor. This type of induction 
motor is used and recommended, for 
nearly all of the major auxiliary drives, 
such as draft fans, boiler-feed pumps, 
condensate pumps, most pulverizers, and 
service and miscellaneous pumping ap- 
plications throughout the station. Usu- 
ally the motor will have a locked-rotor 
full-voltage inrush current of approxi- 
mately 600 to 700 per cent of normal full- 
load motor rating. This design is com- 
mensurate with high efficiency, and power 
factor, adequate starting, and maximum 
torque. It is well suited for accelerating 
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loads involving high inertias, which fre- 
quently arise in central-station practice 
on the induced-draft fans whose wheels 
are built very heavy to resist erosion. 
With the values of inrush current indi- 
cated, and with normal WK? or inertias, 
this motor usually is built with a starting 
torque in the range of 100 to 125 per cent. 
However, in the case requiring the motor 
to accelerate exceedingly high WK? re- 
quiring long accelerating periods, these 
motors may be designed with lower start- 
ing torques in the range of 50 to 60 per 
cent, still maintaining 200 per cent maxi- 
mum torque, and not exceeding the 600 to 
700 per cent locked-rotor current. This 
motor with lower starting torque on full- 
voltage starting would have sufficient 
starting torque to break away from rest 
most of the auxiliaries, particularly fans, 
centrifugal pumps, some  pulverizers 
(starting unloaded) and miscellaneous 
other applications. 

Relatively few are the applications re- 
quiring the induction motor designed for 
high starting torque. This motor, as the 
description implies, is normally used 
on applications requiring high starting 
torque, such as compressors starting load- 
ed, or on some types of pulverizers, such 
as a ball-bearing type, which requires 
a very high starting torque, owing to 
the large bearings and massive construc- 
tion. Other applications might be small 
air compressors, used for station service. 
It might be well to point out that the 
high-starting-torque motor should be 
checked carefully for high-inertia drives 
before being used, inasmuch as it might 
have very low-heat storage capacity in 
the rotor, which might make it unsatis- 


Figure 1. Drip- 
proof sleeve-bearing 
normal - starting - 
torque squirrel-cage 
induction motor cou- 
pled to forced-draft 
fan 
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factory for this type of drive. High 
starting torque is sometimes confused 
with the ability to accelerate the inertia 
rapidly, reducing the starting time, and 
thus not requiring a motor which could 
accelerate the high inertia over a long 
accelerating pericd. The high-starting- 
torque induction motor could be used on 
some types of stoker drives which also 
require high starting torque but have low 
effective inertia. 

The wound-rotor induction motor is 
used for adjustable-speed drives and con- 
stant or adjustable drives with especially 
difficult starting duties, which might re- 
quire the starting of inertia beyond the 
ability of the normal-starting-torque in- 
duction motor, or loads which require a 
high starting torque beyond the ability 
of high-starting-torque induction motor. 

The usual application of the wound- 
rotor motor, in central-station auxiliary 
drives, is for adjustable-speed drives on 
draft fans and boiler-feed pumps. 

As previously indicated, synchronous 
motors are not used very extensively, 
with the exception-of the drive for large 
low-speed air compressors, requiring com- 
pressor-shaft-mounted motors, wherein 
the low-speed synchronous motor, with- 
out base, bearing, or shaft, becomes the 
most economical drive for the machine. 
Synchronous motors have been used on a 
few occasions for driving special types of 
pulverizers, and at other times for driving 
large low-speed constant-speed conden- 
sate pumps ~In recent years, the most 
frequent application of synchronous mo- 
tors has been found in the smaller power 
plants, for driving draft fans through 
variable-speed couplings of either the hy- 
draulic or the electric type. 

Usually, the small advantages, such as 
better power factor and possibly better 
efficiency, would not offset the disad- 
vantages of increased costs and more 
complicated control. 

In the future, with the increased size 
and pressure of central stations, larger 
and higher-speed boiler-feed pumps may 
come into use. If such is the case, the 
large two-pole synchronous motor, similar 
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in construction to the turbine generator, 
may find application in central stations in 
the range of 2,000 horsepower and above. 
In this range and at 3,600 rpm, syn- 
chronous motors are less expensive than 
the induction motors of similar size and 
speed and should be equal in reliability at 
least to wound-rotor motors. 

All the motors mentioned, both of the 
induction and synchronous types, are 
suitable for full-voltage starting. The 
inrush currents drawn, during the start- 
ing period are not excessive, particularly 
in view of the closeness of the motors to 
the source of generated power. The 
motor is satisfactory for withstanding the 
higher electric and mechanical shocks 
which occur on full-voltage starting even 
if they are repeated frequently. The 
motor shafts are liberally designed to 
have low tensile stress. The end turns 
are strongly supported by means of steel 
supporting rings, tie blocks, and binding. 
By this method the end turns are pre- 
vented from chafing and bending, which 
could cause mechanical failure of the in- 
sulation. Similarly by the proper use of 
insulation and slot wedges, the coils are 
prevented from making large movements 
in the slots, which might eventually cause 
failure owing to stresses encountered un- 
der starting conditions 

Modern central-station auxiliary prac- 
tice is to use full-voltage starting in 
nearly 100 per cent of the cases. 


High-Speed Motors and Gears 


For high-speed drives, particularly 


above 1,800 rpm, lower-speed motors 


with speed meteastié gears are occa- 


: sionally | used. 
This is | sometimes an economical solu- 
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Figure 2. Splashproof sleeve- 

bearing normal-starting-torque 

squirrel-cage induction motor 

coupled to centrifugal circu- 

lating-water pump at end of 
steam condenser 


Figure 3 (below). Base-venti- 
lated high-speed sleeve-bear- 
ing induction motor 


Longitudinal semisection show- 
ing typical construction 


tion to the question of what type of motor 
to use for high-speed drives, since a two- 
pole motor of the synchronous, induction, 
or wound-rotor type is more expensive 
than a lower-speed motor at its highest 
speed. It may be found that the two- 
pole motor costs about 50 per cent more 
in smaller-sizes encountered in a central- 
station auxiliary drive and up to 100 per 
cent more in the larger sizes. In some 
cases, it is possible to purchase a gear for 
less than the difference between the cost 
of the two-pole motor and the most 
economical speed motor. 

A drive consisting of a motor and a 
gear is entirely reliable, particularly for 
application to fans and pumps of the 
centrifugal type, which do not have any 
pulsating or reverse-torque loads, and 
which are infrequently started. If a 
high-precision-type gear is used under 
the foregoing circumstances, long life and 
high reliability usually result. The high- 
precision-type gear is mentioned in con- 
trast to the usual industrial-type gear so 
frequently found in many industrial appli- 
cations where reliability is not so impor- 
tant as in a central-station auxiliary 
drive. High-precision-type gears are the 


type used by the United States Navy for 


marine-propulsion SEpueticne 
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Enclosures 


For most of the applications encoun- 
tered in a modern clean central station, it 
has been found that the dripproof motor, 
so constructed or protected that its suc- 
cessful operation is not interfered with 
when it is subjected to falling moisture or 
dirt, is entirely satisfactory and reliable. 
This is especially true for the auxiliaries, 
such as the draft fan, boiler-feed pumps, 
pulverizers, and most service and mis- 
cellaneous drives. Such a motor is il- 
lustrated in Figure 1 which shows a drip- 
proof (open) motor, driving a forced- 
draft fan. This motor is protected 
against falling water. The dripproof 
construction also shields against acci- 
dental contacts with windings or rotating 
parts, and thus the motor is protected 
against accidental damage. This type of 
motor is furnished with split-sleeve-bear- 
ing end shields on both ends from 125 to 
2,000 horsepower at 1,800 rpm. This 
construction greatly facilitates the main- 
tenance of the motor by making it very 
easy to inspect or to change a bearing 
without removing the motor rotor from 
the stator, or without the necessity of 
pressing off the motor half of the coupling. 

Other types of motors, such as splash- 
proof, totally enclosed fan-cooled, base- 
ventilated, and totally enclosed motors 
with surface air coolers should be used if 
the ambient conditions justify the addi- 
tional expense. 

For application to auxiliaries, subject 
to continually splashing water (such as 
those which might be located in the lower 
part of the station), or in the case of 
auxiliaries located where it is necessary 
quite frequently to hose down the sur- 
rounding area, splashproof motors should 
be used instead of dripproof. A splash- 
proof motor is shown in Figure 2 driving 
a circulating pump, and it can be seen 
that the major difference between it and 
the dripproof motor, is a different type of 
end shield, which is more protected from 
splashing water than is the dripproof 
motor. 

Totally enclosed fan-cooled motors are 
not frequently used for central-station 
auxiliary drives, with the possible ex- 
ception of motors used for coal-handling 
equipment. A motor of the open type 
exposed to coal dust will require frequent 
cleaning in order to prevent the coal dust 
from blocking the ventilating paths in 
and around the windings. Obviously, if 
these paths become blocked, the motor 
will overheat and eventually fail. 

Similarly, where particularly dirty 
conditions are encountered, requiring too 
frequent cleaning of an open or dripproof 
motor (and in sizes too large for totally 
enclosed fan-cooled motors), base-venti- 
lated motors, as shown in Figure 3, may 
be used if access is available to clean air 
below the motor. If not, a forced-venti- 
lated motor, by means of duct work from 
a clean area, may be used; or in some 
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cases totally enclosed motors with sur- 
face air coolers may justify the additional 
expense, particularly if the heat picked up 
in the motor can be returned to the sys- 
tem heat balance. 

It is well to bear in mind that any large 
high-speed motor, particularly a 3,600- 
rpm, probably will have a long stator and 
rotor stacking. Where such motors are 
required, it is necessary to consider the 
additional cost of totally enclosed forced- 
ventilated motors, or totally enclosed 
motors with surface air coolers, as well as 
the fact that the ventilating passages are 
more numerous and more difficult to clean 
than is the case when lower-speed large 
motors are used, which are more open, 
and consequently have ventilating pas- 
sages more easy toclean. However, the 
probable longer life of the totally en- 
closed motor may offset its higher costs. 

Explosion-proof motors seldom are 
required, as hazardous atmospheric condi- 
tions are not present in most stations. 
The possible exception is a coal-dust con- 
dition which might require a totally en- 
closed ‘‘dust- and explosion-proof’’ class- 
II group-F motor. 


Insulation 


In general, for central-station auxiliary 
drives, class-A motors, rated 40 degrees 
centigrade rise have given satisfactory 
service. For low voltages, 440 volts or 
below, motors are given an extra insula- 


tion treatment for boiler-room applica-— 


tions. For voltages 2,300 volts and 
above, the high-voltage insulation is 
usually adequate. 

Ambient temperatures should be 
checked to determine if the temperature 
will be above the standard of 40 degrees 
centigrade. In some cases, even in new 
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well-ventilated central stations, the am- 
bient may exceed 40 degrees centigrade; 
for example, in case the motors driving the 
fans are installed directly over boilers, the 
ambient might reach 125 degrees Fahren- 
heit or over 50 degrees centigrade. Incase 
dripproof motors are to be recommended 
or used, class-A insulation would not be 
satisfactory for the normal rated motor. 
In this case, a larger motor with lower 
resulting temperature rise could be used 
with class-A insulation, as long as the 
maximum total temperature did not ex- 
ceed 90 degrees centigrade; or a motor of 
normal rating corresponding to the load 
requirements, could be used with class-B 
insulation, which would allow a higher 
rise with the maximum total tempera- 
ture not exceeding 110 degrees centigrade. 

Before one concludes that a larger-size 
motor, or a motor with class-B insulation 
is required, the ambient temperature 
should be weighted over the entire oper- 
ating year. 

Of course, if for other reasons, it is 
necessary to use forced ventilation or 
motors with surface air coolers, such that 
the air entering the motor is held at a 
temperature not exceeding 40 degrees 
centigrade, class-A insulation would be 
satisfactory even for these conditions. 


Bearings 
The great majority of motors used for 
driving central-station auxiliaries are the 


sleeve-bearing type. When properly ap- 
plied and serviced, sleeve bearings have 


Figure 4. Sleeve bearing and pedestal for 
high-speed polyphase induction motor 


Two vertical sections along and across shaft 


DRAIN PLUG 
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an excellent operating record and are 
highly reliable. They are available in 
motors ranging from the maximum to the 
minimum horsepower requirements. 
Rolling-contact bearings, on the other 
hand, are available only in a limited range 
of sizes and speeds. 

Figure 4 shows cross sections of large 
high-speed pedestal bearings, used on 
high-speed motors driving boiler-feed 
pumps. This particular drawing is for a 
forced-feed lubricated bearing, and it 
will be noted that two oil rings are pro- 
vided to lubricate the bearing initially 


when it is being started up, before the oil 


pump begins to deliver oil (in case the oil 
pump is directly connected to the motor 
shaft), and also to give some lubrication 
in case of forced-feed-system failure. 
The bearing is of the spherical type, and 
the double metal baffles of the labyrinth- 
type construction which prevent leakage 
of oil vapor along the motor shaft, can be 
seen. Sleeve bearings for lower-speed 
motors of the end-shield type of construc- 
tion are similar to these, except that they 
are not of the spherical type and are not 
forced-lubricated. Spiral oil grooving, in 
the lower half of the bearing, is used in- 
stead of the rectangular oil grooves shown 
in Figure 4. 


The oil deflectors machined in the 
shaft as noted in the axial cross section 
also serve to take a small amount of 
thrust for intermittent conditions. It 
will be noted that the babbitt or bearing 
material is ‘‘turned up’’ on the ends to 
furnish a rubbing surface for the small 
thrust collars. Itis well to bear in mind 


_ that these thrust collars are for inter- 
mittent loading only, and have a very 
small thrust capacity, somewhere in the 
range of 200 to 300 pounds, for the larger 
motors. 


This point is often overlooked, 
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particularly in applying couplings be- 
tween the motor and the driven auxil- 
iaries. As is known, nearly all types of 
couplings, even the so-called ‘“‘gear”’ type, 
can and do transmit thrust under certain 
conditions of loading. Quite frequently 
the thrust which can be transmitted by 
the coupling, or which actually may be 
generated in the coupling, because of the 
transmission of torque, will exceed the 
allowable thrust capacity of the thrust 
collars. Another misconception often 
associated with this same problem is the 
amount of axial magnetic pull developed 
by the motor under normal full-voltage 
operating conditions. Obviously, when 
the motor is moved off the magnetic 
center an axial force is generated which 
tends to bring the motor rotor back to 
the magnetic center. However, this 
force is zero when the rotor is on magnetic 
center, and it increases as the rotor is dis- 
placed from magnetic center to some 
maximum value. For practical pur- 
poses, the maximum value which will be 
produced is very small, usually not ex- 
ceeding 200 or 300 pounds, even on large 
induction motors. This maximum value 
often will occur at a displacement which 
may be of little use in preventing the 
wiping of a thrust collar when the motor 
is subjected to axial thrust. 

Motors with rolling-contact bearings 
are available at 250 horsepower at 3,600 
rpm and 400 horsepower at 1,800 rpm. 
Certain applications will require the motor 
to carry a high axial thrust, which necessi- 
tates the use of a rolling-contact bearing. 
Such an application might be a vertical 
pump motor in smaller sizes. 

In general the use of sleeve-bearing 
motors is recommended for central- 
station auxiliary drives where thrust is 
not involved. 


Adjustable-Speed Drives 


For adjustable-speed drives for auxil- 
jaries, there are available multispeed 
motors, wound-rotor induction motors 
with secondary control, constant-speed 
motors with adjustable-speed hydraulic 
or magnetic couplings, brush-shifting a-c 
motors, and d-c motors, utilizing adjust- 
able variable-voltage Ward Leonard con- 
trol, or adjustable variable voltage by 
electronic means. . 

At the present time, the wound-rotor 
motor with secondary control is by far 
the most widely used of any of the types 


of drives previously mentioned. In par- _ 


ticular, the wound-rotor motor has been 
applied to the boiler-feed pumps and the 
draft fans. . ; 
~ When boiler feed pumps are driven by 
wound-rotor motors, they are usually 
arranged for a nominal speed reduction 


of 20 to 30 per cent. This relatively 
small speed reduction is satisfactory to 
give the necessary control of feed water 
over a wide range of load conditions. 
_ When the boiler-feed-pump system in- 
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Table |. Range of Horsepower for Motors at 
Commonly Accepted Voltage Levels Used in 
Central-Station Auxiliary-Drive Systems 


Volts Motor Rating (Horsepower) 
220............... Minimum requirements to 500 
BAO Ne astro Wei 1/2 to 1,000 

2,300...............100 at 60 cycles, and up 

OOO es ests cece ees 250 at 60 cycles, and up 


volves one constant-speed and one ad- 
justable-speed pump, the required ad- 
justable speed range may be greater than 
indicated. : 

For draft fans, when driven by wound- 
rotor motors, the speed reduction usually 
has not exceeded 50 per cent of rated 
speed. Where wider speed ranges are 
required, wound-rotor motors can be 
furnished for speed ranges of at least 5 
touls 

It is believed, based on experience and 
observation, that the wound-rotor motor 
with secondary control is as stable and 
as reliable as any other type of adjustable- 
speed drive, and much more reliable than 
some of the available types. There is 
only one piece of rotating equipment re- 
quired, and it is of standard construction, 
with no particular mechanical difficulties 
to overcome. The controlling equipment 
is of the nonrotating type and highly re- 
liable. 

Secondary control of either the metal- 
lic-resistor secondary and multipoint 
switch or the liquid regulator with an in- 
finite number of steps can be furnished. 
Recent developments have reduced the 
size and increased the speed of liquid rheo- 
stats. 

For motors of all sizes up to 1,000 am- 
peres at 1,000 volts 20-point cam switches 


1URQUE PER CENT OF RATED 
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Figure 5. Speed regulation of wound-rotor 


induction motor driving a draft fan with change 
in fan load 


4—Motor-torque characteristic, 75 per cent 
speed 
9—Motor-torque characteristic, 30 per cent 
speed 
3—Fan-torque characteristic, rated load 
4—Fan-torque characteristic, 13.5 per cent 
overload 
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are available for secondary control. For 
motors 500 horsepower and below, sec- 
ondary-speed-control switches up to 40 
or 50 points can be furnished. 

There has been some misconception in 
the past in regard to the stability of a 
wound-rotor motor, particularly at speeds 
below 50 per cent of rated speed, when it 
is operating with a fan or pump, whose 
torque curve decreases as the square of 
the speed. The wound-rotor motor is 
inherently stable, if by the definition of 
stability is meant that there is no tend- 
ency for hunting in the motor-torque 
characteristic, or there is no tendency for 
hunting when both the motor-torque 
characteristic and the torque characteris- 
tic of the load are considered. The 
wound-rotor induction motor has positive 
damping characteristics at low speed, as 
well as at high speed. It is true that the 
magnitude of this positive damping is 
lower at the low speeds, or, in other words, 
the drive inherently has more speed regu- 
lation at low speed than it does at high 
speed. This should not be confused with 
stability. Therefore, if the load torque 
does not change, there will be little or no 
cause for change of system speeds. 

Table II was prepared to show the re- 
sultant system speed change, in per cent 
of running speed, which might be caused 
by certain changing conditions in the sys- 
tem of a draft fan. The conditions con- 
sidered are: 


1. A voltage change. 


2. An arbitrary positive increment in fan- 
torque characteristic (the increment being 
equal at all speeds). 


8. A change in the duct system resistance, 
such as change in the position of the dam- 
pers. 

4. A change in the temperature of the flue 
gas. 


5. Changes in secondary-resistor tempera- 
ture. 


For each of the conditions listed, two 
values of secondary ohms are shown, one 
value for approximately 75 per cent speed 
and the other for a 25 to 30 per cent speed, 
based on a fan or centrifugal-pump curve, 
with the torque varying as the square of 
the speed, and the load being equal to full 
load at rated speed. Also indicated is _ 
the change in fan- and motor-torque 
characteristics and the resultant change 
in system speed. 

Figure 5 shows two fan-torque and two 
motor-torque characteristic curves. To 
analyze how Table II was derived, con- 
sider the intersection of curve 1 and 
curve 3. Curve lis the motor-torque char- 
acteristic curve with sufficient secondary 
resistance to result in 75 per cent of rated 
speed with the rated fan-torque char- 
acteristic. Similarly the intersection of 
curves 2 and 3 indicates that the motor 
operating with a value of secondary re- 
sistance results in a speed of 30 per cent 
with the rated fan-torque characteristic. 
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SAVINGS POWER INPUT PER CENT OF FULL LOAD RATING 
o 
o 


| \ 

Ceocey, 
FLOW PER CENT 

Figure 6. Input power savings of various 

types of driving motors and air-flow control 

over a constant-speed motor and throttling 
dampers 


4—Wound-rotor motor 
9—Constant-speed motor, inlet vanes 
3—Two-speed motor, throttling dampers 
4—Two motors, throttling dampers 
5—Two-speed motor, inlet vanes 
6—Two motors, inlet vanes 
Curves 7, 8, 9, 10 are same as 3, 4, 5, 6, ex- 
cept that low speed is one half of rated speed 
instead of two thirds of rated speed 


If the dampers are opened the fan- 
torque characteristic will be raised as 
shown by curve 4. If the same two 
values of secondary resistance are con- 
sidered, the change in speed is evaluated 
from the intersection of curves 1 and 2 
with curve 4, and this change in speed 
is expressed as a percentage of the speed 
resulting from the curves 1, 2, and 3, the 
values of the last column in the table will 
be found. 

As will be noted, Figure 5 is for condi- 
tion 3 for a 25-per-cent change in system 
resistance. 

In all cases, the change in system speed 
is not considered a detriment. In the 
case of the 25-per-cent rise in stack tem- 
perature, the resultant speed increase will 
tend to offset some necessary manual or 
automatic speed change to compensate 
for the reduced weight flow, which will 
result at constant speed, but will increase 
gas temperature. For a fixed firing rate, 
the flow by weight probably should be 
held constant, even if changes do occur 
in the temperature of the stack gases en- 
tering the induced-draft fan owing to 
changes in position of superheater by- 
pass dampers, and so on. 
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Table Il. Resultant System Speed Change Which Might Be Caused by Certain Changing 
Conditions in System of a Draft Fan 


Secondary 


Changed Condition Ohms for 


Torque 
Characteristic 
Change, Per Cent 


Fan Motor 


System Speed 
Change, Per Cent of 
Running Speed 


— 


30 per cent speed. . 

—5 per cent voltage......-.---++seeeeeees ee per benepeedae 
: 30 per cent speed. . 

Constant torque increase (drag)........-+-- { 75 per Gabbe pesdne 


25 per cent system resistance.......-.-+++-- { 30 per cent Se . 
25 per cent rise, stack temperature at 300 75 per cent nae, . 
degrees Fahrenheit..........--+++-+2505 ie per cent tk : 
25 per cent rise, stack temperature at 500 75 per cent VetEp . 
degrees Fahrenheit..........-..+++++00- a per cent speed. . 
75 per cent speed. . 

200 degrees rise, secondary resistance....... { oe Fee ee ow 


1.5 


ie OB torte 


Multispeed variable-torque motors are 
sometimes used for driving draft fans. 
In other cases two separate motors of 
suitable rating are used, one for maximum 
speed, the other for some reduced speed. 
The choice between a two-speed motor 
and two motors should be made on the 
basis of reliability, operating cost, first 
cost, and space requirements. 

In the larger sizes, if one considers 
switchgear or control as well as the mo- 
tors, first cost is about equal with the two 
motors showing a little lower first cost, 
especially if the two-speed motor is of the 
two-winding type, and the smaller of the 
two motors (considering the two-motor 
drive) is small enough to operate on low 
voltage while the larger must operate on 
the 2,300-volt or higher bus. 

The separate two-motor drive might be 
considered to be more reliable, as the fail- 
ure of one bearing or one winding would 
still allow the other motor to operate with 
damper control. 

Figure 6 indicates approximate values 
of power savings using an adjustable 
varying-speed wound-rotor motor and no 
dampers, a two-speed motor, or two con- 
stant-speed motors with dampefs over a 
single constant-speed motor and throt- 
tling- dampers. It can be seen that the 
most economical combination of motor 
and control will depend on the adjustable 
speed range to be covered. 

The two-motor drive will require a 
greater floor space. 

The two-speed motor with a 2/1 speed 
ratio is or can be of the single winding 
type but the 1.5/1 two-speed motor must 
be of the two-winding type. 

Brush-shifting adjustable-speed a-c mo- 
tors have been applied successfully to 
constant-torque loads, such as positive- 
displacement fuel-oil pumps in oil-fired 
stations. 


About the only place that an adjust- 


able-voltage d-c drive is used in central 
stations at present is in the handling of 
the coal, such as in coal towers or skip 
hoists. The flexibility of the adjustable- 
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voltage d-c control and the high acceler- 
ating torque of the d-c motors will pro- 
vide more capacity per horsepower of 
motor in a coal tower than can be ob- 
tained with wound-rotor motor drive, 
This type of system results in low coal- 
handling-equipment maintenance, owing 
to the smooth accelerating and decelerat- 
ing characteristics of the adjustable- 
voltage d-c drive, which eliminates all 
sudden increments of torque and conse- 
quently is much easier on the mechanical 
parts of the coal-handling system. 

An adjustable-voltage d-c system can 
be designed in the case of coal-hoisting 
equipment, for future increase in coal 
tonnage, by increasing the hoisting speed, 

Also, some figures are available to in- 
dicate that the adjustable-voltage d-c 
system takes less power from the dis- 
tribution system than would an adjust- 
able-speed a-c drive, 

Recently some demand has been shown 
by manufacturers of both pulverizers and 
operating companies for an adjustable- 
voltage d-c drive for coal feeders, to oper- 
ate from an adjustable-voltage system, 
Such a system takes power from three- 
phase or single-phase a-c power supply 
and rectifies the alternating current to 
direct current, and also of controlling the 
voltage by means of grid control on the 
thyratron rectifiers, 

Such coal feeders probably would be 
associated with -pulverizers which have 
little or no storage capacity in the pul- 
verizers themselves, but which pulverize 
the coal at a rate depending upon the rate 
of feeding coal into the pulverizers. 

Similarly, the same type of adjustable- 
voltage d-c drive has been quoted for 
small stokers to operate in conjunction 
with combustion systems, 

Such applications have not been made 
in central stations in sufficient number 
and for a sufficient length of time to give 
any comments in regard to the success 
and maintenance record of such drives, 
although the record is excellent in other 
industries, ; 
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Synopsis: Certain steel-mill loads are fast, 
cyclic, and of considerable magnitude. 
Given a set of conditions involving such a 
load, a relatively small steel mill, speed- 
controlled generating capacity all connected 
to a large power-supply system, much of the 
swings in the steel-mill load will be taken by 
the large supply system. Of itself, this re- 
sult may not assume special importance. 
When transmissions in the large power- 
supply system, well-loaded under steady- 
state conditions, are involved, and speed 
governing of the system is at the remote end 
of the transmissions, the cyclic loads tend to 
reappear in the transmissions. These cir- 
cuits may, according to their finite trans- 
mitting abilities and the swing peaks im- 
posed on them, be unable to carry the peaks 
without undesirable voltage depressions or 
cause undesirable frequency variations on 
the system. Generation of power from by- 
product fuels in a steel mill is generally 
economical but is dependent on the con- 
tinuity and quality of the nonstorable fuel 
as well as on the steaming and generating 
capacity installed. Relief to a large power- 
supply system from the cyclic load swings 
normally carried by that supply system has 
been made possible by a new static load 
control and hydraulic servomotor to cause 
the steel-mill turbine generators to respond 
to the regulator. The combination has 
been applied successfully to two 20,000-kw 
turbine generators, causing one or both to 
take a base load, a percentage of the vari- 
able load, and to modify their total loads 
according to available steam pressure. The 
turbine-generator response can be as high as 
5,000 kw per second on each unit. High- 
speed charts show the loads on the various 
circuits with and without the load control in 
operation. : 


The Basic Problem as Seen From the 
Standpoint of Power Systems 
Interconnected by Circuits of 
Finite Transmitting Capacities* 


UPPLYING POWER to large hot- 

strip continuous-rolling mills such as 
are now used so extensively in steel mills 
to produce wide thin-gauge metal strip 
has presented a new problem to the elec- 
tric-power industry. The power drawn 
by a large continuous hot reduction mill 
is characteristically cyclic and, starting 
with the introduction of the slab, may 


* Prepared by W. w. Eberhardt. 
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build up to 25,000 kw in a period of ten 
seconds, stay nearly constant at peak 
value for a period of 40 to 60 seconds dur- 
ing the sojourn of the metal in all of the 
rolls, and then fall off to nearly zero in 
another ten-second period as the strip 
moves out of the rolls. This is followed 
by an idle period approximately equal to 
the rolling period while the succeeding 
slab is being oriented. The cycle then 
repeats itself, usually at the rate of 25 or 
more times per hour, depending on the 
size of the slabs. 

A heavy cycling load of this kind, if not 
absorbed before it gets into the connected 
utility system, will produce: (1) wide 
frequency variations on an isolated sys- 
tem or (2) wide load swings on the tie 
lines of interconnected utility systems. 

This problem is exemplified by the 
effect on the system of the Alabama 
Power Company of a 48-inch six-stand 
continuous hot-strip mill operated by the 
Tennessee Coal, Iron, and Railroad Com- 
pany at their Fairfield plant near Bir- 
mingham, Ala. The steel company pur- 
chases power from the Alabama Power 
Company to supply its load requirements 
over and above the output of its own 
steam-generating plants which are fired 
principally with blast-furnace gas. As 
the availability of blast-furnace gas bears 
little relationship to the variable power- 
load requirements of the steel mill, the 
power taken from the Alabama Power 
Company system, consequently, is ex- 
tremely variable. The cyclic nature of 
this load as recorded on the high-voltage 


’ side of the 70,000-kva 110/44/6.6-kv 


supply bank with the strip mill in opera- 
tion is shown in Figure 1. It will be 
noted from this load chart that, when 
the hot-strip millis shut down, the balance 
of the steel-mill load is comparatively 
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free of rapid cyclic load swings, indicating 
that the loads of the other steel-mill 
production processes are not only well 
diversified, but also of smaller magnitude 
and less violent than the hot-strip-mill 
load cycle. 

If the Alabama Power Company system 
were operated isolated from other utility 
systems, the effect of these load swings 
would be to produce wide frequency 
variations, probably of the order of plus 
or minus two tenths of a cycle, and the 
control problem would be primarily one 
of frequency control, as no tie lines would 
be involved. Isolated operation, how- 
ever, is distinctly an abnormal condition, 
because the economics of interconnected 
operation between power systems, 
achieved through the minimization of 
generating reserves, the utilization of load 
diversity, and the interchange of economy 
energy between systems, long ago dic- 
tated the closure of tie lines as a normal 
operating condition between neighboring 
power companies in the Southeast and 
adjacent areas. As interconnections are 
extended between utility systems, thereby 
bringing more rotating equipment into 
parallel operation, the system flywheel 
effect is increased, and frequency varia- 
tions from load changes become less pro- 
nounced, but wide load swings appear on 
the interconnecting tie lines, and the con- 
trol problem then becomes predominately 
one of tie-line load control on the local 
systems. This is demonstrated very 
clearly in Figure 2 where frequency and 
tie-line loading are shown for both iso- 
lated and interconnected operation under 
identical load conditions. 

As the Alabama Power Company’s 
load-control problem is affected by the 
extent of its interconnections with other 
systems, a brief description of these inter- 
connections will be in order. The Ala- 
bama Power Company together with the 
Georgia Power Company, South Carolina 
Power Company, Mississippi Power Com- 
pany, and Gulf Power Company consti- 
tute the completely integrated Southern 
Group of systems of the Commonwealth 
and Southern Corporation, having a com- 
bined diversified peak load in excess of 
1,250,000 kw, of which over 40 per cent is 
in Alabama. This Commonwealth and 
Southern composite system is normally 
interconnected through several ties with 
power systems in Florida on the South, 
and through three tie lines with the sys- 
tem of the Tennessee Valley Authority 
on the North. The Tennessee Valley 
Authority system, in turn, is normally 
tied in at Memphis, Tenn., with the inter- 
connected group of power systems in the 
Southwest, and with the interconnected 
power systems in the northcentral area at 
Louisville, Ky. 

This combined group of power systems, 
located in 24 states, normally is operated 
interconnected and has an estimated peak 
load of approximately 16,000,000 kw, not 
including the loads of large industries 
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Figure 1 (above). Typical wattmeter chart of power supply to 
Tennessee Coal, Iron, and Railroad Company by Alabama Power 


Company 


A—Hot-strip mill shut down 
B—Hot-strip mill in operation 


Figure 2 (right). 


carried on their own plants operating in 
parallel with the public utilities. While 
the torque-versus-frequency character- 
istics of this system as a whole have not 
been determined, a fairly close estimate 
can be made from tests and observations 
taken on the major portion of the system. 
In 1937 a series of tests was carried out on 
the portion of the interconnected system 
east of the Mississippi River extending 
from the Great Lakes to the Gulf of 
Mexico, during which speed was quickly 
varied 0.1 to 0.2 cycle by the regulating 
plant with all generator and tie-line regu- 
lating devices out of service, and the 
change in kilowatt output noted. For 
either increases or decreases, the change 
in kilowatt output was about one per cent 
per one-tenth-cycle variation in frequency. 
Different results may be obtained as the 
interconnection is extended and may vary 
over a period of years, if the ratio of 
motor load to noninductive load changes. 
The reason for this is that a noninductive 
lighting or heating load does not vary with 
frequency, provided constant voltage is 
maintained, whereas a motor load does. 
The load on the interconnected system 
has grown considerably during the past 
eight years and especially so during the 
last four years with the addition of war 
industries with heavy motor loads. It 
reasonably may be assumed, therefore, 
that the load variation per one-tenth 
cycle of frequency variation still repre- 
sents a change of at least one per cent, if 
not more. . 

On the basis of the one-per-cent figure, 
a 25,000-kw load swing in the 16,000,000- 
kw system total load would vary the 
frequency 0.0156 cycle. This variation 
hardly would be noticeable on the inter- 
connected-system frequency, as it would 
not ordinarily be outside of the normal- 
frequency band width. Variations in 
loading of the close-in tie lines, due to 
such a load swing, however, are very pro- 


752 TRANSACTIONS 


Alabama Power Company system frequency chart 
and Commonwealth and Southern-Tennessee Valley Authority tie- 
line wattmeter chart for open and closed operation of tie line 
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nounced and have created a difficult 
regulating problem-when the swing is 
more rapid than the response time of the 
tie-line regulator. 

When interconnections first were made 
about 15 years ago, joint regulation of 
frequency was attempted, but the results 
were unsatisfactory, because of tie-line 
tripouts due to overloads. This was due 
to the fact that load swings were shared 
in the various areas regardless of where 
the swings originated. The resultant 
load transfers over the tie lines were such 
that no definite value of tie-line loading, 
in the form of either load or capacity, 
could be scheduled and maintained. 
Based on experience and operating re- 
sults over the years, it has become the 
accepted practice normally to assign the 
frequency regulation to a selected plant 
or system located near the interconnected 
load center and require all other systems 
normally to hold their tie-line loads on 
predetermined schedules towards that 
The frequency-regulating plant 
and the various tie-line-regulating plants 
complement each other in that close fre- 
quency regulation makes poss#ble equally 
close adherence to tie-line schedules, and, 
conversely, if all tie lines are held on 
schedule, each system, by necessity, has 
to absorb its own load swings and thereby 
assist the frequency-regulating plant to 
the fullest extent in the control of fre- 
quency. In addition to assisting the 
frequency regulation, close tie-line regu- 
lation is also essential in obtaining maxi- 
mum tie-line loading without risk of trip- 
outs due to overload swings when large 
blocks of energy are being moved. This 
is a very important consideration, be- 
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cause tie lines, by necessity, are of finite 
transmitting capacity, depending on the 
economic considerations involved in the 
interconnection, and usually have a 
capacity rating less than ten per cent of 
the generating capacity of either of the 
participating systems. 

Since the frequency regulation for the 
interconnected system ordinarily is as- 
sumed by plants in the northcentral area, 
the regulating problem of the Common- 
wealth and Southern group, therefore, 


becomes that of regulating the tie lines - 


between it and the system immediately 
on the north, which is the system of the 
Tennessee Valley Authority. 

The load south of the Commonwealth 
and Southern-TVA tie lines is approxi- 
imately 1,600,000 kw including the 
Florida system, or approximately ten per 
cent of the whole interconnected-system 
load. On this basis 90 per cent of any 
instantaneous unbalance between load 
and generation in the Southeast is re- 
flected north through the Commonwealth 
and Southern-TVA tie lines and ten per 
cent of any unbalance in northern and 
southwest areas is reflected south through 
the same ties. This apportionment of 
load swings applies only before governors 
and load controllers have had time to 
function. It is evident, therefore, that 
90 per cent of rapid load swings in the 
Southeast, such as the type caused by 
continuous strip-mill operation, which are 
faster than the response time of tie-line 
regulators, will be reflected through the 
ties unless the tie-line load controller is 
nearly instantaneous in action. 

Fast tie-line regulation is only possible 
in the ideal case where only a single tie 
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Figure 3. Typical hourly power demands of the Tennessee Company 


100,000 ; su3< 


. Sta] oe | [3 
16 + 
: AE ich eh iat 
n 16 5 
Z 14) E + 
5 12| ; L 7 | =| 
7 2 6 a lat 
< E 10) i at [ [ 
; 3 |; | —— 
‘ 8 


PLATE WIDTH 102.5" 


MILL CONSUMPTION | | a 
te 


REDUCTION FROM 


f L) Vy, 
tN 10 \| }} v4 "20 .74" To .28" 


Cam aa As t+ STARTING LENGTH 27° 
(noon ) FINISH LENGTH 171’ 


SLAB 7000 LBS 


_ SUN MON TUE WED THU FRI SAT 


THOUSAND KW 
Cot ey ee aes at SC BK) 
LA 
shit 
\ 


Figure 4. Typical hourly generation of electric power by the Tennessee 
Coal, Iron, and Railroad Company 
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Figure 7. Typical hot-strip mill, Alabama 
Power Company-Tennessee Valley Author- 
ity, and Alabama Power Company-Tennessee 
Valley Authority tie-line wattmeter charts 
with Tennessee Coal, Iron, and Railroad Com- 
pany load controller out of service 


A—Kilowatt loading on Gorgas—Wilson Dam 
154-ky tie line 

B—Kilowatt supply to Tennessee Coal, Iron, 

and Railroad Company by Alabama Power 

Company at Fairfield 110/44/6.6-kv step- 
down substation 

C—Kilowatt loading on hot-strip mill 


line is involved and where the regulating 
plant is located at the controlling end of 
the tie line. In such a case the tie-line 
load indications can be made directly and 
instantly available for the operation of 
the tie-line regulator. 

In the case of the Commonwealth and 
Southern-TVA interconnection, how- 
ever, the tie-line control problem is far 
more complicated because of the multiple 
ties involved, and the great distance of the 
regulating plants from the tie-line meter- 
ing points. The tie lines involved in the 
automatic-control scheme are: 


1. Gorgas-Wilson Dam 154-kv tie, me- 
tered at Wilson Dam. 


2. Gadsden—Guntersville 110-kv tie, me- 
tered at Guntersville. 


8. Lindale-Chickamauga 110-kv tie, me- 
tered at Chickamauga. 


Load indications on these tie lines, 
which are 75 to 90 miles apart, are tele- 
metered an average distance of 150 miles 
by carrier current over the intervening 
transmission lines to the load-dispatching 
office at Birmingham. At the load-dis- 
patching office, the individual tie-line 
loads are recorded and totalized on a 
totalizing recorder—controller. As the 
total tie-line load deviates from the 
scheduled setting of the load controller, 
correcting ‘‘Raise’’ or ‘‘Lower’’ impulses 
are transmitted another 80 miles to the 
regulating plant to change the plant load 
and restore the tie-line load to schedule. 
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The time consumed in completing these 
various operations is as follows: 


Measure load on tie line.at in- 


terchange point. -c-p) aes... a 1.2 seconds 
Transmit load indication to 
load-dispatching office....... 2.4 seconds 


Totalize load on three tie lines. .1.2 seconds 
Transmit load correcting im- 

pulses to regulating plant..... 2.4 seconds 
Time for regulating plant to 

start responding to control 

AIP USE bs, eae, cheese eo 2.0 seconds 


9.2 seconds 


With this over-all response time of 9.2 
seconds, it is obvious that the Common- 
wealth and Southern-TVA tie-line load 
regulator is completely ineffective so far 
as the control of continuous hot-strip- 
mill rapid load swings are concerned. As 
a matter of fact, the tie-line regulator 
must be set on ‘‘Low sensitivity’? when 
the hot-strip mill is in operation to avoid 
ovetregulation or magnification of load 
swings. 

The tie-line control equipment on the 
Commonwealth and Southern-TVA tie 
lines has been in service about eight 
months and represents about the fastest 
equipment available to the utility indus- 
try at the present time. After the war 
faster telemetering schemes undoubtedly 
will be available, but, if we assume that 
the telemeter time could be reduced 50 
per cent, the total response time still 
would be on the order of five or six 
seconds which would not constitute a 
great deal of improvement so far as the 
control of rapid load swings is concerned. 

The only effective solution to the prob- 
lem, and the one that has been applied, 
is to absorb all or part of the hot-strip- 
mill load swings at their source: that is, 
by causing the steel-mill generating plant 
to increase and decrease its output in 
synchronism with the strip-mill load- 
swing cycle. This, in principle, satisfies 
the concept that disturbances should be 
contained on the system on which they 
originate, which concept has proved so 
successful in the operation of utility inter- 
connections. The elements of the steel- 


mill load are described in the succeeding 
portion of this paper. 


The Steel Mill as a Utility Load} 


The Tennessee Coal, Iron, and Rail- 
road Company’s electric-power system is 
called upon to supply the energy for all 
stages of steel production from the mining 
of ore, coal, and limestone to the final 
processing of rails, shapes, plates, sheets, 
strip, tin plate, wire, and allied products. 

The characteristics of the individual 
loads vary widely. The coal mines with 
their numerous large fans, pumps, motor 
generator sets, rectifiers, and belt con- 
veyors have a fairly steady load of about 
14,000 kw. Hoists and other intermit- 
tent loads represent a relatively small 
part of the total. 

The ore mines have a widely fluctuat- 
ing load owing to the fact that the ore is 
brought to the surface by means of slope 
hoists powered by slip-ring induction 
motors ranging in size from 1,800 to 3,500 
horsepower. There are eight of these 
hoists which give some diversity, but it 
frequently happens that several of them 
start.at approximately the same time, 
causing load swings of 10,000 to 14,000 
kw. The peak loads on the ore-mine 
circuit, as a result of these swings, reach 
about 35,000 kw. 

In the mills departments are many 
heavy power consumers which are, by 
nature, intermittent. Among the larger 
of these are the following: 


One 4,000-horsepower a-c motor driving 
generators for 5,600-horsepower blooming- 
mill motor. 

One 5,000-horsepower a-c motor driving 
generators for 7,000-horsepower blooming- 
mill motor. 

One 6,000-horsepower a-c motor driving 
generators for 7,000-horsepower plate-mill 
motor. 

One 4,900-horsepower a-c motor driving 
generators for 4,000-horsepower universal- 
plate mill. 

Two 8,400-horsepower a-c motors driving 
generators for six stands and scale breaker 
of hot-strip mill. 

Two 7,050-horsepower a-c motors driving 
generators for two five-stand cold-reduc- 
tion mills. 

One 5,000-horsepower a-c motor driving 
finishing stand of rail mill. 

One 4,000-horsepower a-c motor driving 
converter blower. 

One 4,000-horsepower a-c motor driving 
plate mill. 

One 2,500-horsepower 

One 3000-horcpome 


a-c motor driving 
One 2,000-horsepower 


stands of a struc- 

tural mill. 

One 5,000-horsepower a-c motor driving 
billet mill. 


The mill rolling schedules are worked 
out to have as few as possible of the heavy 
power consumers operating during the — 
same shifts. However, there are not 
enough idle shifts for the several mills to 


{ Prepared by C. W. Harrison. 
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prevent most of them operating together 
a good part of the time. The result is a 
tapidly varying demand on the power 
system. As the steel enters any one of 
the previously listed mills, a momentary 
peak equal to or greater than the motor 
rating may result. 

The greatest concentration of power is 
in the hot-strip mill. The peaks here are 
not only higher than for any other mill 
but are more consistent. The idling load 
on this mill is about 3,000 kw. It nor- 
mally takes from 10 to 12 seconds for the 
steel to reach the last stand after entering 
the first stand. During this period, the 
load builds up to peaks as high as 25,000 
kw for heavy slabs and 15,000 or 18,000 
kw for lighter slabs. These peaks hang 
on for a number of seconds, varying with 
the length of slab, and fall off at about 
the same rate that they came on. When 
rolling a large order of the same size 
slabs, the load swings come with clocklike 
precision. The number varies from about 
25 per hour for some of the long heavy 
slabs to over 100 per hour for some of the 
short ones. 

The composite load from all depart- 
ments of the Tennessee Coal, Iron, and 
Railroad Company is one that changes 
from day to day and from hour to hour. 
Figure 3 shows hourly demands for a 
week, picked at random. It will be seen 
that on Sunday this ranged from 49,000 
to 75,000 kw. On weekdays, the range 
was from 64,000 to 110,000 kw. Each 
of these hourly figures represents the in- 
tegrated total of a load with momentary 
swings having at times an amplitude in 
the neighborhood of 40,000 kw. 

The Tennessee Coal, Iron, and Railroad 
Company’s generators consist of three 
20,000-kw units at the main power station 
of the Fairfield Steel Works and five units 
totaling 18,500 kw at the Ensley Steel 
Works power stations. As blast-furnace 
gas, which fluctuates both in volume and 
Btu content, is the primary fuel, and 
blast-furnace auxiliaries have first claim, 


_ the steam available for electric generation 


is not sufficient to maintain a steady out- 
put. 

Figure 4 shows the total hourly genera- 
tion of all the foregoing generators for 
the same week as was covered by Figure 3. 
This shows a variation from 50,000 to 
72,000 kw which is not exceptional. 
There are times when the hourly genera- 
tion exceeds 75,000 kilowatt-hours or 
drops below 40,000 kilowatt-hours. 

Obviously another source of power is 
necessary to meet the demands of the 
Tennessee Coal, Iron, and Railroad 
Company system. If additional genera- 
tors had been provided, additional boil- 
ers using fuel, other than blast-furnace 
gas, would have been necessary. The 
alternative was to purchase the addi- 


~ tional power from the Alabama Power 


Company. To date, it has been found 
economical to purchase, rather than 


generate this power. 


The procedure has been to operate two 
of the 20,000-kw machines, speed-gov- 
erned, at or near their full capacity with 
the third 20,000-kw unit. governed by 
pressure and allowed to generate as much 
as possible from whatever steam re- 
mained. Under such conditions the 
generation of this third machine swings 
up and down following variations in 
steam pressure rather than variations in 
system load. The small Ensley units are 
speed-governed and generate all that a 
limited supply of steam will permit. All 
of the Tennessee Coal, Iron, and Railroad 
generators operate in parallel with the 
Alabama Power Company system. 

As might be expected, sudden power 
swings have been largely passed on to the 
power-company system. A small speed- 
governed power system inherently will 
not rush in and grab a large part of a 
sudden load from a large power system 
where the two are operating in parallel, 
unless special provisions are added to 
force it to do so. The small system, at 
best, normally will take little more than 
its pro-rata share of the new load based 
on the relative sizes of the two systems. 
If, as previously outlined, the small-sys- 
tem turbines already are running nearly 
wide open under speed regulation or held 
in check by pressure regulation when the 
upswing of load occurs, they will prac- 
tically ignore the swing. 

Figure 5 covering the same period as 
Figures 3 and 4 shows the interchange of 
power between the two systems. This 
chart, like Figures 3 and 4, shows the one- 
hour demands. Momentary peaks and 
valleys are, of course, much higher and 
lower than the values shown. The 
circles show the maximum 15-minute de- 
mand for each day. It is interesting to 
note that, during some hours over the 
weekend, the power flow was in both 
directions. 

The contract between the power com- 
pany and the Tennessee Coal, Iron, and 
Railroad Company has some special fea- 
tures to cover local conditions but basi- 
cally consists of an energy charge for 
kilowatt-hours purchased and a demand 
charge. At present the demand charge is 
based on 50,000 kw and is a fixed amount 
so long as the 15-minute demand does not 
exceed 50,000 kw. In the event of an 
overrun, the new demand becomes the 
billing demand for that and the 11 suc- 
ceeding months, provided another over- 
run does not occur during that 11-month 
period. A schedule is worked out for 
taking off the Tennessee Coal, Iron, and 
Railroad Company turbines for repairs 
during periods of the year when water 
power is most plentiful. At such times, a 
definite additional or seasonal demand is 
permitted over and above the 50,000-kw 
firm demand previously mentioned. A 
fixed charge is made for this seasonal 
demand. 

Such in brief were the load conditions, 
the generators available, and the power- 
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contract features which existed at the 
time the load control was installed. 

The succeeding portion of the paper 
states the nature. and sources of energy 
available in the Tennessee Coal, Iron, and 
Railroad Company plant as well as the 
effect the new load control has on these 
sources. 


Fuel and Steam Facilities and Effect 
on Steam System of the Tennessee 
Coal, Iron, and Railroad Company 
Plantt 


The action of the peak-control regu- 
lator, operation of the steam turbines, and 
the resultant effect on electric-power 
generation are wholly contingent on the 
availability of steam with which to meet 
the cyclic peaks. As no additional 
steam-generating equipment or acces- 
sories were added when the regulator was 
installed, the method used and the effect 
on the existing steam-generating and con- 
suming units are worthy of comment. 

At Fairfield are three blast furnaces. 
The top gas of the three furnaces serves 
as the primary fuel for the steam-generat- 
ing station. The availability of gas is 
contingent on the number of blast fur- 
naces in operation. Not only is there a 
seasonal variation in gas volume and Btu 
heating content, owing to the change in 
the coke rate, but also a fluctuating and 
momentary change because of the furnace 
operating conditions. The furnaces are 
alternately checked each half-hour for 
approximately one minute. During the 
checking periods, practically no gas is 
generated from the furnace checked. 
Likewise, practically no gas is generated 
during the casting periods of the furnace 
which requires about ten minutes, four 
times each day. During periods of fur- 
nace delays, such as changes of tuyéres 
and blow pipes, no gas is generated. 

Approximately 14 per cent of the top 
gas is utilized at practically a constant 
rate for heating the hot-blast stoves. 
The balance, less leaks and waste, is 
available for steam generation. The 
blast-furnace gas supplied to the boilers 
is supplemented with a limited amount of 
pulverized coal and natural gas during 
prolonged high-load periods and intervals 
of blast-furnace gas shortage. Of the 
steam generated, approximately 34 per 
cent is used by the three turboblowers 
and miscellaneous users, leaving 66 per 
cent of the steam available for electric 
generation. 

The turboblowers and miscellaneous 
users have first claim on the steam. The 
balance of steam available for electric 
current is subject to wide variations and 
fluctuations. The mill and mine electric 
loads also vary but bear no relations to 
the steam availability for electric genera- 
tion. 

Prior to the operation of the new load 
control and to utilize the widely varying 
{ Prepared by E. J. Kohn. : 
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and fluctuating volume of blast-furnace 
gas to full advantage, a steam-pressure 
regulator had been used which, in effect, 
maintained a constant steam pressure on 
the entire system by loading or unloading 
the turbogenerators in steps of 500 kw. 
When the new load control went in serv- 
ice, the old steam-control regulator was 
limited to the number 3 20,000-kw turbo- 
generator. To meet the peak demands 
for electric power, the steam, when re- 
quired by the turbogenerators, must be 
available for instantaneous use. A gas 
holder, for the storage of blast-furnace 
gas, even if practicable, would not be of 
help in meeting the peak load, as the time 
element needed to generate steam in re- 
sponse to the peak load is too great for 
the existing boilers to carry all peak as 
well as a portion of the base load. An 
isolated boiler would be impractical as 
steam would only be utilized during the 
intervals of mill peak loads. During the 
off-peak loads, the steam would be lost at 
tke relief valves of the boilers. Firing 
the boiler as required to meet the peak 
demand is impractical owing to the time 
element involved in generating the vary- 
ing rate of steam and the time lag in the 
control equipment. An ample steam re- 
ceiver, if practical, would be of advantage 
in meeting the peaks. The pipe lines 
serve, in part, as such a receiver. Sup- 
plementing the limited receiver capacity 
of the piping system, the boilers act as a 
Leat flywheel and generate steam by flash- 
ing of the water stored in the boiler, due 
to the lowering of the steam pressure. 

Normally the boiler steam pressure is 
maintained at 335 pounds per square inch 

_by the steam-pressure regulator previ- 
ously mentioned. With the new load 
control in service, the boiler steam pres- 
sure is pulled down to a new level, and a 
quantity of water in the boilers is flashed 
into steam. This added steam supplies 
the requirements for meeting the peak 
demand imposed on the generators. The 
magnitude and duration of the permissible 
peak demand determine the added steam 
requirements. The extent of generation 
by the Tennessee Coal, Iron and Railroad 
Company of the peak is determined 
largely by the permissible drop in steam 
pressure and the duration of no-peak load. 
The latter enables the boilers to recover 
full steam pressure in anticipation of roll- 

ing the next slab. The number, type, 
and size of the boilers, or in other words, 
the steam-releasing space and water 
storage in the boiler for flashing deter- 
mine the permissible drop and ability to 
recover steam pressure. The type of 
control valve supplying the feed water to 
the boilers further influences the steam- 
releasing space in the boiler. 

The steam-generating equipment con- 
sists of eight Babcock and Wilcox boilers 
of the four-drum type with integral two- 
drum economizer. Five of the boilers 
each have three 42-inch steam drums and 
one 48-inch mud drum with a heating 
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KILOWATTS 


surface of 14,607 square feet and a normal 
output of 134,000 pounds steam per hour 
with blast-furnace gas as fuel. Three of 
the boilers each have three steam drums 
36 inches, 48 inches, and 42 inches in 
diameter and one 48-inch mud drum with 
a heating surface of 19,800 square feet 
and a normal output of 170,000 pounds 
per hour with blast-furnace gas as fuel. 
All eight boilers are equipped with super- 
heaters. Normally only seven boilers are 
in service. With one of the larger boilers 
out of service the effect‘on steam genera- 
tion and the ability to meet the peak de- 
mand is noticeable and accordingly re- 
duced. 

The numbers 1 and 2 generators since 
the regulator was put in service are each 
set to carry a base load of approximately 
15,000 kw. The number 3 generator, 
with the constant-steam-pressure regu- 
lator in operation, is loaded or unloaded 
in steps of 500 kw in accordance with the 
steam available to maintain the normal 
operating steam pressure of 335 pounds 
per squareinch. This pressure control is 
not so sensitive as the new load control 
and in a measure acts to permit some of 
the steam to go to the load-controlled tur- 
bine generators. For instance, when the 
load controller functions to supply the 
additional steam for the numbers 1 and 2 
generators, the steam pressure drops and 
the number-3-generator output, in ac- 
cordance with the constant-steam-pres- 
sure control is reduced in steps of 500 kw 
to meet the new low steam pressure. 

Maintaining the load controller in con- 
tinuous service resolves itself into the 
problem of determining the drop in steam 
pressure permissible during the peak load 
period to permit the boilers to recover 
fully their initial steam pressure during 
the off-peak period of the mill. 

A study of the test curves made Decem- 
ber 9, 1944, with 13,000-pound slabs 
through the hot-strip mill, shows time of 
rolling is one minute with a peak of 
19,000 kw and the time between slabs to 
mill is also one minute. < 

Number 1 generator only was under 
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Figure 8. Typical hot-strip-mill regulating 

generator, Alabama Power Company—Ten- 

nessee Coal, Iron, and Railroad Company and 

Alabama Power Company-—Tennessee Valley 

Authority tie-line wattmeter charts with Ten- 

nessee Coal, Iron, and Railroad Company load 
controller in service 


A—Kilowatt loading on Gorgas—Wilson Dam 
154-ky tie line 

B—Kilowatt supply to Tennessee Coal, Iron, 

and Railroad Company by Alabama Power 

Company at Fairfield 110/44/6.6-kv step- 
down substation 

C—Kilowatt loading on Tennessee Coal, 

Iron, and Railroad Company regulating 

generator 
D—Kilowatt loading on hot-strip mill 


the control of the load controller during 
the test. The generator load was in- 
creased from base load of 14,000 kw with 
steam rate of 163,000 pounds per hour to 
peak of 23,000 kw with steam rate of 
260,000 pounds per hour or an increase of 
9,000 kw requiring additional steam at the 
rate of 97,000 pounds per hour. For one- 
minute duration 16,160 pounds of steam 
were supplied from the line storage and 
the flashing of water in the boilers. The 
steam pressure dropped from the normal 
of 335 pounds per square inch to the pre- 
determined low level of 315 pounds per 
square inch or 20 pounds per square inch 
drop. Only once during the test of over 
two hours duration, and then when the 
last slab was being rolled, did the steam 
pressure drop below the predetermined 
low limit. The pressure bias control 
acted automatically to transfer that por- 
tion of the peak which the boilers could 
not supply to the Alabama Power Com- 
pany’s system. : 
Two alternate operations present them- 
selves: to operate as per test with an 
occasional peak thrown on the Alabama 
Power Company’s system, or to operate 
at a lower peak generation. The latter 
recourse has been followed, because the 
fluctuating demands on the boilers are re- 
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duced with less resultant disturbance to 
the equipment. The control now is set 
to pick up 6,000 kw generation to meet 
the. mill peaks. This peak, requiring 
steam at rate of about 64,000 pounds per 
hour, is divided between the two turbo- 
generators, numbers 1 and 2. No diffi- 
culty has been experienced even when 
rolling smaller slabs with a shorter cycle 
of operation. 

From the viewpoint of reducing the 
peak electric demands, the control func- 
tions as intended. The favorable results 
obtained are due in part to the fact that 
excess electric-generating capacity is 
available. The electric generators are 
operated at less than full output, owing to 
the limited boiler capacity and the limited 
blast-furnace gas available as fuel. 

The control equipment and the genera- 
tors are adequate to extend further the 
favorable results obtained, but, as empha- 
sized in the foregoing, the limiting factor 
is the steam available for the peak electric 
generation. Further limiting factors and 
of prime concern to the plant operators 
are the effects of the modified operations 
on the steam-generating and consuming 
units. 

Jith the peak control inactive, one of 
the noticeable features of the plant is the 
generally uniform water and steam condi- 
tions. 

Had the generating plant of the Ten- 
nessee Coal, Iron, and Railroad Company 
been designed to carry the mill load under 
isolated operation, adequate provisions 
would have been made both in the steam- 
generating and consuming units. Of 
primary consideration would have been 
steam generators with larger steam drums 
and provisions for continuous fuel supply. 
Not designed for such requirements, the 
generating-plant equipment therefore has 
to be operated within its capabilities. Of 
chief concern to the operators is the possi- 
bility of water carry-over from the boilers 
' to the steam users which, more than the 
ability of the boilers to recover steam 
pressure, is the limiting factor in deter- 
mining the peak electric generation pos- 
sible. This condition is aggravated ow- 
ing to the varying blast-furnace fuel sup- 
ply. During the periods of diminished 
blast-furnace gas there is a cooling of the 
boiler firebox with resultant effect on the 
boiler conditions. When this condition 
occurs concurrently with the increased 
cycle demand of steam, the effect is a 
widely varying boiler water level with 
increased possibility of carry-over in the 
steam. Greater demands are made on 
turbine valves and control equipment, 
and additional stresses are imposed on 
‘the turbine wheels, condenser tubes, 
boilers and their control equipment under 
peak load regulation. Itis to be expected 


_ that repair and maintenance costs will be 


increased over the corresponding costs 
incurred under speed governing of local 
turbines in parallel with a large power 
‘system. : ; 
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troller on tie-line load swings 


Various alternative methods of impos- 
ing peak loads on speed-governed prime 
movers operating in parallel with large 
power systems are discussed in the suc- 
ceeding portion of this paper. 


Various Means of Effecting Load 
Control of Turbine Generators* 


A study of the conditions previously 
stated led to the formulation of the follow- 
ing specifications which a load control 
should meet in order to relieve the ex- 
ternal power-supply system from peak 
loads of the hot-strip mill: 


1. Given a variable supply of steam for the 
turbine generators operating in parallel with 
a large power system, one or each of two 
turbine generators should be so controlled 
that: 


(a). A constant base load (10 to 100 per cent of 
generator rating) can be carried. 


(b). A percentage (0 to 100 per cent of generator 
rating) of the variable load in the strip-mill circuit 
can be added to the base load. 


(c). The base load is to be divided in any desired 
ratio between the two prime movers or all put on 
one. 


(d). The percentage of variable load assigned to 
the prime movers is to be divided between the two 
prime movers in any desired proportions or all put 
on one prime mover. 


(e). ‘The base and variable loads placed on the 
prime movers are to be reduced from their maxi- 
mums at maximum predetermined steam pressure 
as the pressure is reduced below maximum until 
both such loads are reduced to zero at a predeter- 
mined minimum operating pressure. 


2. The variable load may have maximum 
conditions of: 


"Total load -epise-dis = Dass ierenei's 20,000 kw 
Rate of change—average 
over period of change...... 5,000 kw per second 


Duration of peak............ 100 seconds 


Various approaches to a set of condi- 
tions like these have been suggested. 
Some of these are discussed to bring out 
their features. 

Scheduling of loads tends to reduce a 
tendency toward a cumulative demand 
and is quité effective in reducing demands 
which otherwise would extend over 
appreciable time periods. It requires 
suitable instruments, meters and com- 
munication or remote-control systems, 
and an operator to supply the necessary 
intelligence from a given set of facts or a 
control system to accomplish the same 
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Figure 9. Gorgas—Wilson 20 
Dam 154-ky tie-line wattmeter 
chart showing the effect of the 
Tennessee Coal, Iron, and 
Railroad Company load con- 
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A—Load controller set on 
zero-load pickup 
B—Load controller set on 50- 
per-cent-load pickup 
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result automatically. From the stand- 
point of correcting instantaneous changes 
of load, it is an ineffective method as the 
procedure is too slow. 

Numerous types of anticipators have 
been suggested, usually to be applied to 
an existing prime mover and its control. 
Normally the rate of response from the 
correcting element is excessively slow 
compared to the rate of load change under 
consideration. The initiating signals sug- 
gested include photoelectric cells, me- 
chanical triggers, limit switches, and 
characteristics of certain initial steps of 
load changes. 

Incomplete consideration of such an- 
ticipators sometimes indicates a relatively 
inexpensive arrangement with the thought 
projected that it could be put together in 
atepair shop. The suggestion, generally 
made, is that the anticipator operate the 
synchronizing motor of the prime mover. 

Synchronizing-motor controls of tur- 
bine-generators usually have a rate of re- 
sponse of full load in about 30 seconds. 
To offset load changes of the type under 
discussion, one or more prime movers of 
at least a total size equal to the load 
change should be used. Therefore, the 
anticipator is expected to compensate for, 
say, 20,000-kw load changes which pass 
from minimum to maximum or vice versa 
at rates of 1,500 to 7,000 kw per second. 
Contrasted with the actual rate of load 
change, the anticipator and its auxiliaries 
can only count on a rate of response from 
the prime mover corresponding to its 
rating divided by 30 seconds, which, if it 
were a 20,000-kw unit, would respond at 
667 kw per second excluding delays due 
to relaying and acceleration. _ 

In many instances the incremental 
rates of load change when a slab or billet 
enters a stand are much faster than the 
average rates suggested. 

Some mills use a scale breaker as the 
first stand in a mill. The scale breaker 
requires a relatively small amount of 
power, but sufficient when a slab enters it 
to cause a change in the series field current 
of the motor. Such a change might be 
used as a signal to trigger the operation of 
the synchronizing motor on the turbine 
generator. Several charts, showing in 


Figure 6 what might be accomplished if 
no time lags in the operation of the relay- 
ing were considered, illustrate the effect of 


Abul 
! 


LLL CEL 
oan 


AON 
pL ol a 


6PM 


7PM 


1945, Vo.ume 64 Eberhardt, Harrison, Kohn, Darling—Steel-Mill Load Swings TRANSACTIONS 757 


such an anticipator working on a turbine 
generator having a rate of response by 
synchronizing motor of approximately 
2,000 kw per second. It will be observed 
from the several charts that: 


1. The turbine generator never follows the 
load changes. 

2. There are as many peaks created on the 
system when the regulator is in operation as 
the mill creates plus two more in some in- 
stances. 

3. There is an opportunity for actual power 
reversal in the interconnecting line between 
the mill and the power supply system. 


Lastly, it also will be observed that, for 
each schedule of the mill, a change must 
be made in the timing elements intro- 
duced in the response element to corre- 
spond with the time and load increments 
created by the mill load. The mill oper- 
ator is the best source of information for 
presetting such an anticipator, but, as his 
job is to get out production, it is likely 
that the responsibility for prescheduling 
will be placed on the prime-mover oper- 
ator who is at a disadvantage from lack of 
first-hand information. 

Fixed-value modifications to local prime- 
mover loadings also have been suggested 
which modifications would follow a pre- 
set schedule, depending upon the type of 
product to be rolled. An initiating signal 
of some type is required, and a set of tim- 
ing devices which can be modified readily 
are alsonecessary. This method involves 
the same disadvantages as the anticipator 
method and, in addition, is not sensitive 
to what actually occurs in the mill. 

By the time all the relays, control cable, 
and safety devices are considered, the 
cost of the anticipator and the accom- 
plishment of fixed-value modifications is 
likely to approach that of a good load 
controller. 

The type of control which was fur- 
nished and is described in detail in another 
Institute paper! meets the specifications, 
responds to the power in the circuit or 
circuits to be measured from which the 
variable loads emanate, and reinterprets 
not only the rates of change but also the 
value of the loads as they occur to an 
hydraulic servomotor capable of modify- 
ing the load on the turbine at the rate of 
25 per cent of turbine rating per second. 
_ The electric circuits and servomotor ar- 
rangements are such that, when the load 
control is in operation, the speed governor 
is made inactive in its ‘‘preemergency”’ 
speed setting, that is, slightly above the 
speed at which the power system normally 
operates. In the event of loss of connec- 
tion of the controlled generator from the 
electric system, the speed of the load-con- 
trolled unit will rise until the speed gover- 
nor takes effect, thus permitting the unit 
to continue operation at a safe speed with 
only sufficient steam passing through the 
turbine to carry running light losses and 
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keep the turbine at a reasonable tempera- 
ture. The load controller holds the de- 
sired base load on the turbine generator 
and compares the measured consumption 
of the strip mill with the excess output of 
the generator over base load. If any 
difference occurs in these values, the load 
controller operates the turbine valves 
through a servomotor to rebalance the 
equation. Steam-pressure variations 
work through pressure-control elements to 
apportion the total generator output to 
the pressure variations between preset 
limits. Electric circuits are used to in- 
terpret the conditions in the strip-mill 
and generator circuits to the pilot motor 
of the hydraulic servomotor. Steam- 
pressure modifications are accomplished 
mechanically since the rates of change are 
slow. The connection from the servo- 
motor cylinder to the turbine steam 
valves is the same as used for speed gov- 
ermor and is a chain of mechanical link- 
ages, rack, pinions and cams. 

Means of transferring the prime movers 
from speed governing to automatic load 
control as well as full adjustment of the 
base and percentage of the variable load 
to be assigned to the prime movers and 
adjustment of the pressure regulator are 
incorporated in the load-controller panel, 
so placing facilities and responsibility on 
one power-station control-board operator. 
The details of design and construction of 
the regulator are given in the companion 
paper.! 

The effect of the regulator on the tie 
lines of the external power system is dis- 
cussed in the last portion of this paper. 


Effect of Load Regulation of Local 
Prime Movers on the Power 
System + 


In order to check the over-all effect of 
the load control, an operating test of the 
controller action was made while the hot- 
strip mill was rolling a series of 56 13,000- 
pound slabs in quick succession at the 
rate of about 25 slabs per hour. The 
load controller was set to pick up 50 per 
cent of the load swing which, in the case 
of these slabs, amounted to approximately 
10,000 kw. During this test the con- 
troller was cut in and out of service at 30- 
minute intervals in order to evaluate the 
effectiveness of the regulator by making a 
direct comparison of the two operating 
conditions. 

Synchronized wattmeter charts, travel- 
ing three inches per minute, were ob- 
tained for the hot-strip-mill load, the 
steel-mill generator output, the Alabama 
Power Company’s energy supply to the 
steel-mill load, and the load on the Gor- 
gas-Wilson Dam 154-kv tie line. The 
Gadsden-Guntersville and  Lindale— 
Chickamauga tie lines were open during 
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Figure 10. Timing chart of regulating genera- 
tor and hot-strip-mill a-c secondary amperes 


A—Hot-strip-mill current 
B—Regulating generator current 


the test to permit direct recording of the 
total tie-line load on a single chart. 
Representative load-test curves, re- 
plotted to a common kilowatt scale on 
rectangular co-ordinate paper, are shown 
in Figure 7 for the fonregulated condi- 
tion, and in Figure 8 for the regulated 
condition. The effectiveness of the con- 
troller in suppressing the strip-mill load 
swings is clearly evident from a compari- 
son of the two charts. The over-all effect 
as recorded on the tie-line wattmeter 
chart, traveling at the normal chart 
speed of three inches per hour, is shown in 
Figure 9, which indicates a considerable 
reduction in band width. 

As the effectiveness of the controller in 
offsetting fast load swings is dependent on 
close synchronism between the response 
variations in generator output and the 
strip-mill load-swing cycle, a further 
check was made to determine the over-all 
response time of the generator by feeding 
the strip-mill and generator a-c amperes 
directly into two high-speed ammeters 
having their charts driven from a common 
drive shaft. The results of this test are 
shown in Figure 10 and indicate an over- 
all response time of approximately two 
seconds, 

In conclusion, it can be said that the 
controller performs as it was intended to 
function, with quick response, good sta- 
bility, and negligible overshoot. Judging 
from the performance of the load control- 
ler when set for a 50-per-cent load pickup, 
it may be concluded safely that if the 
steam-plant boiler conditions would per- 
mit operation with a 100-per-cent pickup 
setting, the hot-strip-mill load swings 
would be completely eliminated from the 
Commonwealth and Southern-TVA tie 
lines. 
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Dielectric Strength and Protection of 
Modern Dry-Type Air-Cooled 


Transformers 
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ODAY there are in service over 

1,000,000 kva of large dry-type air- 
cooled transformers, some in ratings as 
high as 4,000 kva and including the 15-kv 
voltage class. This wide acceptance in 
industry of the modern dry-type trans- 
former and its continual growth, natu- 
rally has increased interest in its applica- 
tion and standardization. In a prior 
AIEE paper! the design characteristics, 
particularly with regard to thermal per- 
formance, have been discussed. The 
purpose of this paper is to review the 
development of the modern dry-type 
transformer, specifically with reference 
to its dielectric strength, and to present 
recommendations on impulse levels and 
methods of protection for applications 
which may be affected by lightning surges. 


Application to Circuits 
Unexposed to Lightning 


The development of the modern dry- 
type transformer was initiated in 1936, 
and at that time it was intended pri- 
marily for application to indoor and unex- 
posed circuits where surge overvoltages 
are of internal origin. Until recently this 
has been the principal application for this 
type of apparatus. In this field of appli- 
cation surge overvoltages seldom will ex- 
ceed three and one-half times the line-to- 
neutral crest voltage. Furthermore, the 
character of these surges is relatively slow 


compared to the abrupt effects resulting _ 


from impulse voltages. Figure 1, repro- 
duced from reference 2, presents surge 
overvoltages that have been recorded in 
an extensive investigation on a 12-kv 
grounded-neutral system. A compre- 


hensive survey of the subject is provided | 


by the bibliography of reference 3. The 
data are typical of conditions encountered 
in these applications. On some un- 
grounded-neutral systems possibilities 
may exist of higher-surge overvoltages. 
The low-frequency dielectric tests speci- 
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fied for dry-type transformers in American 
Standard C57.1, correspond to four or 
greater than four times the line-to-neutral 
operating voltage, and therefore in rela- 
tion to the character of service the test has 
a practical significance. This and other 
requirements were taken fully into con- 
sideration in the design of dry-type trans- 
formers. In circuits unexposed to light- 
ning no surge protection was deemed 
necessary, and none has been recom- 
mended. The experience with some 2,000 
transformers in service amply bears out 
the adequacy of the design and the sound- 
ness of the practice recommended for 
these applications. 


Impulse Insulation Levels 


Though the greater part of the dry-type 
transformers built since 1936 has been ap- 
plied to unexposed circuits, as in industrial 
services, it was recognized that even cir- 
cuits otherwise unexposed may be sub- 
ject to surges transferred through the 
medium of transformers from circuits ex- 
posed to lightning. For this reason at- 
tention was given from the beginning to a 
balanced insulation design. Even more 
compelling have been the specific applica- 
tions where practical considerations and 
economy dictated connecting dry-type 
transformers directly to incoming over- 
head lines exposed to lightning. Also, it 
will be well-to note that the possibility of 
developing the dry-type transformer for 
application generally to distribution sys- 
tems—exposed and unexposed—definitely 
has been in the foreground. 

Let us consider the insulation design 
and construction of modern dry-type air- 
cooled transformers. The core and coil 
assembly is the conventional core form of 
construction as shown in Figure 2. For 
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Figure 1. Surge voltages on 12-kv system? 
Sphere-gap data 1932-38 


Figure 2. Wiew of core and coil assembly of 
dry-type air-cooled transformer 


operating voltages up to 5,000 a cylin- 
drical winding commonly is used, and 
above 5,000 and up to and including 
15,000 .the winding consists of a column 
of disk-type coils. The winding conduc- 
tors are insulated with glass. The high- 
and low-voltage windings are arranged 
symmetrically about the core with the 
low-voltage cylindrical winding on the 
inside. Both the high- and low-voltage 
coils are wound and assembled separately 
oninsulating barriers. First, the individ- 
ual windings and then the assembled core 
and coils are treated with a high-tempera- 
ture thermosetting varnish to add 
strength, to bond the conductor and coil 
insulation in place, and to give the as- 
sembly a smooth tough glossy finish which 
makes it highly resistant to moisture and 
dirt. The high-voltage coil column is 
supported at the top and bottom by large 
porcelain spacers. Porcelain spacers sep- 
arate the high-voltage coils and space the 
coils from the high-voltage insulating bar- 
riers. Porcelain spacers also separate the 
low-voltage coils from the core assembly. 
The high- and low-voltage windings are 
centered and supported, so that an unim- 
peded air duct separates them and forms 
the major insulation of the transformer. 
The transformer leads, taps and ter- 
minals, and other live parts are supported 
on porcelain insulators. 

The problem of securing a balanced in- 
sulation design in dry-type transformers 


‘fundamentally does not differ from the 


corresponding problem in other trans- 
former apparatus. Figure 3 gives a typi- 
cal impulse-voltage distribution, and 
Figure 4 illustrates a detailed study of the 
stresses developed throughout the high- 
voltage winding of a dry-type transformer. 
It is from these studies and the strength 
of the insulation parts that the design is 
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Table |. Typical Withstand Imoulse Tests Applied to High-Voltage Terminals of Dry-Type 
Transformers 
Transformer Rating Impulse Wave* Voltage, Kilovolts Remarks 

600 kad. i feces. Sate enters 1!/2x40-us Wave ........... BOS crevchoverele With power-voltage excitation 

13,800-—480 volts 

Three phase, 60 cycles 

500 ‘kvastern.tentnee. © 1) oa 1!/ex40-us wave ........06- D2 Skene aia tee With power-voltage excitation 

13,800-480 volts 

Three phase, 60 cycles 

SS SOM W Aleta. cca isiereiacouniy)| eierenetmas 5 1 2x40-us wave .........-s Dili spetonetehevedes sie With power-voltage excitation 

13,800-480 volts...... sia waist Steep-front 

Three phase, 60 cycle l Wave; O:SO PS scrsies etsie aes SG ncksutetaiseaee No power-voltage excitation 

MOO, Kev ea toe vac pelle ciioes Rem pmictavenalie ( 11/ox40-s wave ........... DArepsrdereeveters 7s No power-voltage excitation 

12,000—480 volts.. ..2 0 peewee Chopped wave, 

Three phase, 60 cycles i Uy he) (Chor a Oo REO TRS 62s sek anens ars No power-voltage excitation 
otiuauetens 25.......... With and without power-voltage 

2,400-480 volts excitation 


200 evans <0 wnashrel haces 1!/2x40-us wave.... 


Three phase, 60 cycles 


*Impulse wave of positive polarity applied in all tests. 


established. Modern dry-type trans- 
formers are of balanced-insulation design; 
that is, the coil, turn, and the other minor 
insulation are balanced with the major 
insulation so that the transformer can 
withstand an impulse wave of the voltage 
specified. 

The impulse strength of transformers 
designed with balanced insulation is the 
product of the 60-cycle strength and the 
impulse ratio of the insulation. The dry- 
type transformer depends for its dielectric 
strength on air which has an impulse 
ratio of 1.1 to 1.3, depending upon the 
construction. Based on these funda- 
mental considerations and the verification 
of designs from actual impulse tests as 
shown in Table I, the impulse levels in 
Table II have been established, and these 
have been proposed for standardization. 

The impulse levels in Table II corre- 
spond to the 11/x40-microsecond full 
wave. For purposes of standardization, 
in addition to the full wave, two chopped 
waves have been suggested to conform 
with present American Standards Associa- 
tion methods of testing. The chopped- 
wave voltage may well be 115 per cent of 
the full wave. Waves of positive polarity 
generally are more effective for testing 
dry-type apparatus and therefore are 
recommended. ; 

Table I illustrates typical tests that 
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Figure 3. Voltage distribution in 13,750- 
volt winding, 1.6x37-microsecond wave 
applied 
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Table Il. 


Impulse Insulation Levels of Dry- 
Type Transformers 


Insulation Low-Frequency, Impulse Levels 


Class, Dielectric Tests, 11/2%40-usWave, 
Kilovolts Kilovolts Rms Kilovolts Crest 
Dae cradehele rots crchaie Ci EPs SSS RISD 10 
DDR eee O82 aK ae ce 20 
fal O ns Se, ee ee fOr ies SO, A 25 
S GG ere sieetaree NON crys siaretsvetMueiane 35 
DSO Mitotane eters OL iabeintdetete serene 50 


have been applied to dry-type trans- 
formers, ranging from full-wave to 
chopped-wave to front-of-wave impulses. 
These are designated as withstand tests, 
for they represent test voltages at which 
the same relative margin is maintained 
with respect to ultimate strength as for 
the full wave at impulse level. Figure 5 
illustrates corresponding oscillograms. 
These data demonstrate the rising volt— 
time characteristic of the insulation, the 
significance of which will become more 
apparent under the discussion of protec- 
tion. A second point of practical interest 
to note is the ability of these modern dry- 
type transformers to withstand repeated 
impulses without any sign of deteriora- 
tion, even when carried to the point of 
flashover. For instance, in a series of tests 
applied to 13,800-volt windings of the 350- 


kva transformer referred to in Table I, 
this transformer was subjected to a com- 
bined total of 100 impulses divided be- 
tween full wave, chopped wave, and front 
of wave. Some of these tests were carried 
to the point of flashover of the insulation 
without causing any ill effect to the trans- 
former. In the impulse tests to failure, 
flashover usually occurred across porcelain 
insulators supporting the leads or from 
lead terminals to ground, not affecting 
the more vital parts of the transformer. 


Protection Against Lightning Surges 


When dry-type transformers are applied 
to circuits exposed to lightning surges, 
the impulse characteristics of the appara- 
tus in relation to the protective devices 
available and to the degree of protection 
expected need to be considered. In such 
cases only lightning arresters having a low 
protective ratio are recommended, and 
for effective protection they should be 
connected at the terminals of the trans- 
former as shown in Figure 6. These ar- 
resters are the types that have been de- 
veloped for the protection of rotating ma- 
chines and applied to motors and genera- 
tors for many years. They are available 
in station and line types. In the applica- 
tion to dry-type transformers, only the 
line type is justified economically in most 
cases. This arrester is known as the type 
RM, indicating its application to rotating 
machinery. The characteristics of the 
arresters are given in Table III, which 
summarizes data from recent tests on 
commercial arresters. 

Verification tests have been conducted 
on these lightning arresters in combina- 
tion with transformers. In a series of 
tests the complete transformer assembly 
plus the arrester were excited at normal 
power voltage from a 2,000-kva power 
supply, much in the manner the installa- 
tion would operate in service. The im- 
pulses applied were synchronized to the 
crest of the 60-cycle voltage as in the 
standard impulse tests. For instance, the 
oscillograms A and B in Figure 7 demon- 
strate the impulse voltages at the 13,800- 
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Table III. 


Performance Characteristics of Type-RM Arresters* 


Discharge-Voltage Kilovolt 


Arrester Phase-to-Phase 60-Cycle Impulse Breakdown Crest on 10x20-yus 
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*These arresters are special and should not be used interchangeably with standard distribution arresters. 


**Test wave as recommended in AIEE Standara 28 for standard valve-type arresters. 


volt terminal of a 350-kva transformer 
without protection and with a 15-kv RM 
arrester connected from terminal to case 
respectively. In another series of tests 
the voltage generated and applied was 
increased to several times the full-wave 
insulation level of the terminal. For in- 
stance, oscillogram C of Figure 7 is the 
generated voltage applied on repeated 
tests (ten) to one of the 13,800-volt ter- 
minals of the 350-kva transformer with a 
15-kv RM arrester connected from the 
terminal to case. In effect this test corre- 
sponds to an incoming surge on a well- 
insulated overhead line having a surge im- 
pedance of 450 ohms, since the series re- 
sistance in the impulse generator was of 
thisamount. As shown by oscillogram D, 
the voltage at the transformer is limited 
by the arrester. In this particular test 
lengths-of leads included in the protective 
circuit produced an additional momentary 
voltage above the arrester characteristic, 
as shown by the initial instantaneous peak 
of 79 kv. In no instance during these 
tests was any ill effect whatsoever ob- 
served on the transformer insulation so 
that the conclusion definitely is drawn 
that even under these severe lightning 
surge conditions a good degree of protec- 
tion can be provided to dry-type trans- 
formers with RM arresters, provided they 
are properly applied. 

The rating of a lightning arrester for a 
particular installation is determined by 
the maximum dynamic voltage from line 
to ground. With solidly grounded- 
neutral systems the arrester rating can be 
less than line-to-line circuit voltage. 


plied. For instance, on a 13.8-kv system 
with solidly grounded neutral, a 12-kv 
arrester may be applied with the advan- 
tage of an additional 20-per-cent increase 
in the margin of protection and at lower 
cost. Likewise, the availability of RM 
arresters at intermediate ratings as 4.5 

_ ky and 7.5 kv should contribute to better 
protection in applications at the lower 
voltages. 


s 
6 
7 
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Classes of Application 
and Protective Methods 


pho all problems of protection the ques- 
tion is to determine first, the extent ap- 
eae 


Usually the next lower rating may be ap-’ 


paratus may be endangered, and, second, 
whether the relative risk incurred, weighed 
against the importance of the installation 
and the cost of damage, warrants protec- 
tive equipment. Where protection is re- 
quired, the method should be effective 
and in keeping with economy. | Let us 
consider the various possible applications 
and protective methods for modern dry- 
type transformers. 

The extent dry-type transformers may 
be subject to lightning surges depends en- 
tirely upon the degree of exposure of the 
circuits to which they connect. For con- 
venience, these are classified as follows: 


1. Unexposed. 

2. Quasiexposed. 
3. Exposed. 

4. Highly exposed. 


The protective methods recommended for 
these various applications are outlined 
schematically in Figure 8. 

The unexposed circuit is one on which 
lightning surges practically are nonexist- 
ent. That is, the circuit is either disasso- 
ciated from lightning surges or only re- 
motely coupled electrically to their source. 
Most industrial applications indoors, 
applications in mines and to underground 
cable systems, and many others come 
within this classification. As stated pre- 
viously, system overvoltages on distribu- 
tion and network circuits as commonly 
operated in this country seldom exceed 
three to four times line-to-ground normal 
crest voltage. On systems with the neu- 
tral isolated, conditions may develop re- 
sulting in somewhat higher-surge over- 
voltages. Considering that the strength 
of dry-type transformers to these surges is 
comparable to the impulse strength 
(Table II), system overvoltages five to 
six times, and higher for the lower classes, 
are permissible. Several years’ experience 
from many transformer installations on 
various systems has indicated no instance 
of difficulty from system overvoltages. 
In general, no protection is required for 
these applications (Figure 8A). 

The quasiexposed circuit would be one 


_in which there isan intervening bank of oil- 


immersed transformers between the dry- 
type transformer and the exposed or 
highly exposed circuit, as shown in B of 
Figure 8. When a dry-type transformer 
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Figure 5. Typical full-wave and- front-of- 
wave impulse voltages applied to dry-type air- 
cooled transformers, 15-kv insulation class 


Oscillograms from tests on a 350-kva 13,800- 
480-volt three-phase 60-cycle transformer 
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Built-in lightning-arrester protec- 
dry-type air-cooled transformer 


Figure 6. 
tion in 


is connected in the manner indicated, it is 
in general not necessary to use lightning- 
arrester protection at the transformer, 
provided the intervening transformers are 
protected properly on the exposed side. 
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It is assumed that the secondary circuit 
from the intervening transformers is un- 
exposed; for instance, that it extends to 
the supply centers as a cable system or it 
enters directly into an industrial estab- 
lishment. Should the dry-type trans- 
former be connected closely adjacent to 
the secondary terminals of the intervening 
transformer and it alone become the en- 
tire load, lightning protection of the dry- 
type transformer would be necessary. 

Exposed and highly exposed circuits are 
treated here asone. They differ in degree 
as to the frequency of occurrence and in- 
tensity of lightning surges to which each 
are subject. The exposed circuit would be 
one situated in urban districts or located 
such that there is some shielding from 
surrounding buildings or objects. It may 
have an impulse level of the order of 100 
to 150 kv. The highly exposed circuit is 
one which is insulated with wood construc- 
tion throughout, that is, wood poles, wood 
crossarms, wood braces, and so forth, and 
located in a territory which has a high 
lightning occurrence and intensity. Such 
a line would have an impulse level of 300 
kv or greater and impulse voltages of this 
order actually may build up on it. In 
either case the incoming line connects 
directly to the dry-type transformers. 

In these applications standard expulsion 
or valve-type distribution arresters are 
recommended on the incoming lines, in 
addition to the low-ratio arresters at the 
terminals of the transformer, preferably 
500 to 1,000 feet from the transformer, as 
shown in C of Figure 8. The addition of 
the protective device on the line contrib- 
utes to the over-all scheme of protection 
in that it takes the brunt of incoming high- 
current surges and permits the arrester at 
the transformer to function within its 
rating and provide a higher degree of pro- 
tection to the transformer. Capacitors 
such as specified for rotating machines are 
not required. On urban circuits where 
“shielding” of the circuit is known to re- 
duce the frequency and intensity of surges 
to a fractional part of the amount -en- 
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Figure 7. Impulse tests on transformer pro- 
vided with lightning-arrester protection 


350-kva 13,800—480-volt three-phase 60- 
cycle transformer and 15-kv RM arrester 


countered in rural exposed circuits, the 
protective device on the line may be omit- 
ted. On highly exposed circuits some risk 
of direct strokes to the 500- or 1,000-foot 
section of line between the line arrester 
and the transformer may be present. 
This probability must be recognized, al- 
though it is fairly small. In general an 
overhead ground wire to shield the 500- to 
1,000-foot end section of the line would 
not be justified. It is recognized that the 
special station-type arrester used for 
rotating-machine protection provides a 
somewhat greater margin of safety, be- 
cause in the rare event of a stroke to the 
section of line adjacent to the transformer 
the station arrester gives added protection 
because of its greater current-discharge 
capacity and somewhat better protective 
level. For certain large and important 
installations its use may be justified, but 
for the general application the type RM 
arrester is the most practical. 

Up to the present specific applications 
of dry-type transformers to exposed cir- 
cuits have been almost entirely as shown 
schematically in D of Figure 8. The 
principal reason for this arrangement is 
that it lends itself quite conveniently to 
the entire installation. This commonly 
consists of the incoming distribution line, 
usually of wood construction, terminating 
outside the industrial establishment or 
adjacent to the site of power supply, the 
circuit continuing to the transformer 
proper as a cable section up to several 
hundred feet long. This arrangement 
has inherent merits also from a protection 
standpoint. As indicated, RM line-type 


Figure 8. Classes of application and protec- 
tive methods 
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arresters at the transformer combined with 
standard expulsion or valve-type distri- 
bution arresters applied to the cable pot- 
head at the line end will provide a high 
degree of protection in this type of in- 
stallation. At the line end the arrester 
ground terminals should connect directly 
to the cable sheath and to ground through 
a ground wire. The arresters at the trans- 
former preferably should be built in, as 
shown in Figure 6, thus securing minimum 
length of arrester leads from the terminals 
to case and therefore the best over-all 
protection; this combination has other 
constructional and safety advantages. 
On distribution circuits which operate 
under conditions of low exposure, the ar- 
rester at the line end of the cable may be 
dispensed with. 

The foregoing recommendations are 
based on fundamental engineering con- 
siderations. In addition they have been 
corroborated by test. For instance, tests 
were conducted on a test setup corre- 
sponding to the arrangement of Figure 8D, 
with a lead-sheath cable 250 feet in length. 
One end of the cable was connected to the 
high-voltage terminal (high-voltage in- 
sulation of 15-kv class) of a 1,000-kva air- 
cooled dry-type transformer, the other 
end to the impulse generator. In these 
tests a 15-kv RM line-type arrester was 
applied at the transformer, backed up by 
a line-type 15-kv arrester at the line-end 
of the cable, in the manner recommended 
for highly exposed circuits. The series 
resistance of the generator was approxi- 
mately 450 ohms for generated voltages 
above 200 kv and considerably less for 
other voltages. The term ‘generated 
voltage’’ as used here simply means the 
voltage that the impulse generator would 
have developed with no connection made 
to the cable. It represents, so to speak, 
the impulse applied to the line terminal of 
the cable, modified and limited, of course, 
by the circuit and the arresters. The front 
of the generated voltage in these tests 
was close to one microsecond. The dura- 
tion of the wave to half-crest value as 
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N LARGE MILITARY AIRCRAFT 
the demand upon the electric system 
has been increasing exponentially. At 
the start of the war, 50-ampere generators 
were considered ample; this rating soon 
jumped to 100, and now 200-ampere gen- 
erators on our four-engine bombers are in- 
adequate. As the limits of power output 
are reached, the necessity for satisfactory 
parallel operation and equality of division 
of the load becomes extremely important. 
During ground operations, the main 
engines operate at low speed, and the bat- 
tery is called upon to supply essential 
loads since at low speeds the generators 
are not supplying power. Before a flight, 
the crew frequently check the operation of 
turrets and other equipment and quickly 
discharge the low-capacity storage bat- 
teries of the airplane. 

In this is seen the shaping of a demand 
for a more constant-speed type of drive 
for generators for airplanes. The problem 
of paralleling generators and obtaining 
equality of load distribution is greatly 
reduced if the generators can all be driven 
at a constant speed, and also power for 
ground operation or low engine speed 
would be provided automatically. 


Paper 45-163, recommended by the AIEE com- 
mittee on air transportation for publication in 
AIEE TRANSACTIONS. Manuscript submitted 
July 23, 1945; made available for printing August 
17, 1945. 


C. J. BreITWIEsER is design engineer in charge of 
radio electrical engineering, Consolidated Vultee 
Aircaft Corporation, San Diego, Calif. 


As the demands for more electric 
power and transmission distances have 
increased, it has become apparent that the 
present 30-volt d-c system is no longer 
adequate. Ina current design of a large 
airplane, the conductor weight for a 30- 
volt system would be in excess of a ton 
and a half; whereas, if the voltage were 
increased to 250 volts, the weight would 
be reduced to approximately 250 pounds. 

Contrary to a popular misconception, 
weight is just as important, if not more so, 
in large airplanes asin small. There is a 
tendency, in large airplanes, for designers 
to be more extravagant with weight and 
size; and, if this tendency is not curtailed 
and an effort made to use the most ad- 
vanced metallurgy and efficient structural 
design, progress will be at a standstill, for 
advancement cannot be made by aero- 
dynamic efficiency alone. 

The demand for increased range also 
has emphasized the importance of weight 
in aircraft. Itis not at all unusual to find 
present-day airplanes carrying once again 
their own weight in fuel and oil. 

In other words, every pound that could 
be saved on the airplane represents two 


pounds’ reduction in the gross weight of a ° 


long-range airplane. 

Every ounce on an airplane must pay 
for itself. In military aircraft an increase 
in weight must provide either an impor- 
tant operational or tactical function, 
structural advantage, increased reliability, 
or decreased vulnerability. In com- 


7 
¥ 2 


recorded from the arrester oscillograms is 
in the order of 30 microseconds. The re- 
sults of the tests may be summarized as 
follows. 

The voltage generated and applied to 


the line-end of the cable was raised start- ° 


ing from below the RM-arrester operating 
voltage in steps to 100 kv, then to 186 kv 
and 300 kv, finally to 600-kv generated 
voltage. Many tests were applied. Pro- 
tection was effective throughout the tests. 
To illustrate one of the tests: At 186-kv 
generated voltage the voltage developed 
at the transformer was limited to 51 kv 
at the crest of arrester spark-over and to 
45 kv during arrester discharge. In this 
test the voltage at the line-end of the 
cable was held under 60 kv. The corre- 
sponding currents discharged at the line 
and transformer arresters were approxi- 
mately 2,500 and 1,500 amperes. 

In conclusion these are the general rec- 


‘tee on protective devices. 


ommendations on methods of protection 
and protective schemes applicable to 
modern air-cooled dry-type transformers. 
In specific cases practical considerations 
may demand modifications or additions 
to fit the protection effectively and eco- 
nomically to the particular case. 
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mercial operation, extra pounds mean re- 
duced pay-load and revenue. The cost of 
extra pounds has been evaluated quite ac- 
curately in dollars and cents by the com- 
mercial lines. Estimations range from 
$500 to $1,500 a pound. If dollars and 
cents talk, this should be a mighty strong 
talking point for the reduction in weight. 


Constant-Frequency A-C System 
for Large Aircraft 


Weight saving cannot be made, how- 
ever, at the sacrifice of reliability. The 
“Gn-the-air’’ reliability of aircraft com- 
ponents must be very high. High-altitude 
flying conditions place additional burdens 
on equipment. The wide ranges of am- 
bient temperatures encountered with mili- 
tary aircraft also add to the difficulties. 

After careful study of the particular 
problems of some large-size long-range 
airplane designs, it was concluded that a 
high-voltage high-frequency three-phase 
a-c system would result in improved alti- 
tude performance and a weight saving. 
A voltage of around 200 volts permits a 
large reduction in conductor weight, and 
the reliability of a three-phase induction 
motor is unsurpassed by any other type 
of motor. Other factors such as circuit- 
breaker and switch design, and ease of 
voltage transformation, also influenced 
the choice of alternating current. 

A variable-frequency variable-voltage 
system was ruled out because of the de- 
mands of many existing accessories which 
have been designed for constant-voltage 
supply. Because of the favorable speed 
ranges, light motor and transformer 
weights, and the possibility of direct ap- 
plication to many existing pieces of equip- 
ment, a frequency of 400 cycles was 
chosen. 

This question then presented itself: 
How would the alternator be driven? A 
small auxiliary power plant was an obvi- 
ous solution. However, upon more care- 
ful consideration, it is apparent that the 
installation would involve an excessive 
amount of weight. The auxiliary power 
plant must be pressurized for high-altitude 
operation, heated for the extreme cold of 
the upper atmosphere, and cooled for 
ground operation. The specific fuel con- 
sumption of the auxiliary power plant is 
greater than that of the main engines, and 
also prime mover capacity is, in effect, 
duplicated, resulting in a weight increase. 
A study on a large airplane indicated 
that on a long-range mission the use of 
an auxiliary power plant would add 1,500 
pounds to the gross weight of the airplane. 
It was, therefore, apparent that the main 
engines should be used as a source of prime 
power for the electric system. 


Requirements for a Constant- 
Speed Drive 


With a decision to use the main engines 
as a source of driving power for the alter- 
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Alternator speed versus engine speed 
for a five-speed gearbox 


Figure 1. 


Gear ratios chosen to provide an alternator 
speed 6,000 + 1,000 rpm throughout operat- 
ing range of the engine 


nators, the necessity for some form of a 
variable-ratio coupling becomes apparent. 
An aircraft engine may vary from 500 
rpm at idling to 3,000. rpm at, military 
power. For a fixed-frequency system, the 
alternator requires a constant driving 
speed at all times. Since the power out- 
put of an induction motor is inversely 
proportional to the square of the fre- 
quency, it is desirable to maintain essen- 
tially constant frequency. If the system 
frequency is 400 cycles and an eight-pole 
alternator is used, the variable-ratio 
drive would be required to supply a con- 
stant 6,000-rpm output for input speeds 
ranging from 500 to 3,000 rpm. Thisis a 
ratio variation of 12:1 at low speed, to 2:1 
at high speed. 

’ The auxiliary power requirements of 
some of the new heavy bombers are up- 
wards of 50 horsepower. Ordinarily an 
alternator must be capable of supplying a 
100-per-cent overload for short-time pe- 
riods. The variable-ratio drive, therefore, 
must be capable of supplying 50 horse- 
power continuously and 100 horsepower 
for short intervals. 

This must be accomplished for a mini- 
mum of weight and mechanical com- 
plexity. If the device becomes too heavy 
and complex, it would lose its advantage 
over a direct-driven auxiliary power plant. 


Finite-Ratio Versus Infinite- 
Ratio Drive 


A selective fixed-ratio device could be 
used to maintain the alternator within a 
certain specific speed range. For example, 
a multiple-stage gearbox which would pro- 

. vide selective ratios of 10, 7, 5, 31/2, and 
21/, to 1 would maintain the alternator at 
speeds which would vary roughly 1,000 
rpm above and below the required 6,000 
rpm as the engine speed changed from 500 
to 3,000 rpm (Figure 1). The speed varia- 

_ tion would not be too objectionable so 
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far as most of the motor applications were 
concerned, but a variation of plus or 
minus 1,000 rpm would result in a torque 
variation (assuming the voltage was held 
constant) of approximately 2:1 which 
would be objectionable. 

Another disadvantage of a finite ratio 
is the difficulty which would be encoun- 
tered in the parallel operation of alterna- 
tors. Unless some auxiliary flexible cou- 
pling were used, it would not be possible to 
maintain parallel operation of the alter- 
nators. 

This flexible coupling would have to 
provide for a speed differential of approxi- 
mately 1,000 rpm if the afore-mentioned 
ratios were used in the fixed-ratio drive. 
A certain amount of droop would be de- 
sirable. These characteristics could be 
provided by a fluid coupling, but would 
add weight to the drive and reduce effi- 
ciency. 

A planetary gear set can be switched 
from one ratio to another by means of 
electrically actuated clutches without too 
much difficulty. The clutches may be 
energized by suitable contacts on the 
governor. Overlap of the ratio-change 
contacts must be provided to eliminate 
chattering or hunting when the speed is in 
the vicinity of the ratio-change values. 

The design and operation of an auto- 
matic ratio selector may be simplified 
considerably by using a constant ratio 
between successive gear sets. The ratios 
already indicated are not related by any 
common ratio. A separate gear set would 
have to be used for each ratio which has 
no common factor. A factorial relation- 


ship between gear sets permits various 


Chrysler Corporation photo 

Figure 3. An infinite-ratio mechanical-drive 

coupled to an experimental 37. 5-kva aircraft 
alternator 
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Figure 2. Alternator speed versus engine speed 

for a multiple staging of constant-ratio gear sets 

to provide a frequency regulation of +10 per 

cent with a 5-per-cent speed overlap for 
clutching 


combinations of gear groups to be used to 
produce the desired over-all ratios. 

The chart in Figure 2 shows the varia- 
tion of alternator speed over the range in 
engine speed. The multispeed gearbox is 
connected to an engine-power take-off 
which has a step-up ratio of 3.2:1. The 
multistage gearing consists of two step- 
down ratios of 1/r and 1/r?, a drive- 
through or 1:1 ratio, and six step-up 
ratios of 7, r2, r°, r4, 7°, 7& By the use of 
this common ratio, 7, considerable simpli- 
fication in the multistage gear can be ac- 
complished by using various combinations 
of the factorially related gear sets to ob- 
tain the desired over-all ratios. 

The arrangement shown in Figure 2 
will provide an alternator speed range 
such that the frequency will vary only 
+ 10 per cent from the desired 400 
cycles. 

An overlap of five per cent of the input 
speed is provided to eliminate sporadic 
operation of the automatic ratio selector. 
This selector may be coupled to either the 
input or output shaft. The fixed per- 
centage of input speed for overlap and 
sequential operation of the gear sets can 
probably best be provided for by a control 
governor attached to the input shaft. 
An overspeed protective governor would 
preferably be attached to the alternator 
shaft. 


Infinite-Ratio Coupling 


For parallel operation of alternators, 
the multistage gearbox would not be suit- 
able unless some auxiliary flexible cou- 
pling, capableofadjusting the speed overa 
range of ten per cent, were used. This 
would not be entirely satisfactory, for 
there may be times when the main engines 
are operating in the same speed range. 


This coupling also would have to be ca- _ 


pableof acting veryrapidly, for, during the 
intervals of gear-set changes, large dif- 
ferential in output speeds would arise. 
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Figure 4. A spur gear driven by an oscillating 


small pinion gear 


The pinion is connected by means of a free- 
wheeling unit to a crank C which rocks from 
atob 


A cam and follower have been 
substituted for the crank 


Figure 5. 


The same oscillating motion is provided 


A more satisfactory drive would be one 
in which the ratio could be varied in- 
finitely and rapidly. A fluid coupling of 
the hydraulic clutch would function, but 
its efficiency is so low over the required 
speed range that it is impractical to use. 

The same criticism applies to any other 
type of drive which utilizes a slipping ele- 
ment for speed change, be it hydraulic, 
mechanical, or electrical. Slip, regardless 
of the type of element is manifest in en- 


ergy loss and is wasteful of power. 


Figure 8. Components of a pinion gear and 
freewheeling assembly from the infinite-ratio 
mechanical drive 


Figure 6. An additional pinion, freewheel- 

ing unit, and cam follower have been added 

to double the number of impulses from the 
rotating cam 


FREE WHEELING UNIT 


VARIABLE ECCENTRIC 


Figure 7. A four-pinion assembly with free- 
wheeling units integral with the pinion gears 
and a variable eccentric cam on the input shaft 


In an airplane, efficiency is important 
from two standpoints: 


(a). The amount. of fuel which must be 
carried to furnish the auxiliary power. 

(b). Cooling provisions which must be pro- 
vided for the drive. 


Added fuel increases the gross weight, and 
cooling provisions usually add to both 
weight and drag. 

Two infinite-ratio coupling systems 
have been developed, which embody posi- 
tive translations. One system is strictly 
mechanical, and the other is hydraulic. 
Because these systems do not depend upon 


slip, their efficiency is high. In general, it 


Corporation photo 
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- 
ae ee 


is easier to govern a slip device than a 
variable positive-translation device. This 
has been found to be true in the case of 
these devices. The governing has proved 
a problem, and it has been difficult to at- 
tain the desired rapidity of ratio change 
necessary to maintain constant-output 
speed throughout the range of speeds and 
accelerations of the engines. 


Infinite-Ratio Mechanical Drive 


A unique and efficient mechanical sys- 
tem has been developed by the Chrysler 
Corporation for providing continuously 
variable-ratio coupling (A drive attached 
to a 37.5-kva alternator is shown in 
Figure 3). 

The device operates in the following 
manner: 

In Figure 4 the output shaft is driven by 
means of the small pinion and spur gear. 
Oscillation of crank C from positions a to 
b transmits, through the freewheeling 
ratchet, intermittent rotation of the pin- 
ion gear in a clockwise direction. The 
pinion gear drives the output spur gear, 
revolving the output shaft in a counter- 
clockwise direction. 

In Figure 5 the crank has been replaced 
by ashoe riding onacam. The cam is at- 
tached to the input shaft, and, as the 
input shaft revolves, the shoe will oscil- 
late from a to b, driving the pinion and 
spur gear in a manner similar to the os- 
cillating crank arrangement of Figure 4. 

The output shaft will receive an impulse 
of acceleration each time the shoe is dis- 
placed froma to b. Anadditional impulse 
may be added by arranging another shoe 
and freewheeling pinion gear diametri- 
cally opposite shoe 1, as indicated in 
Figure 6. 

Additional impulses likewise may be 
given the output spur gear by the addi- 
tional shoe and pinion gear assemblies. 


The magnitude of the impulse is deter- _ 


mined by the angular acceleration and dis- 
placement of the shoe, which is dependent 


Figure 9. Assembly showing the pinion gears 
and one of the cam followers 


Chrysler Corporation photo 
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Figure 10. Schematic arrangement of 

a variable positive-displacement pump 

connected to a positive-displacement 
hydraulic motor 


upon the speed and eccentricity of thecam. 

In Figure 7 an arrangement is shown 
with four pinion units with concentric 
freewheeling units coupled by means of 
connecting rods to shoes which slide on the 
driving cam. In this arrangement the 
Pinions are planets in a planetary gear 
system. As the cam revolves, these planet 
pinions impart driving impulses to the 
driven spur gear in the same manner as 
in Figure 6. 

The ring gear is coupled by means of 
reduction gearing (not shown in the fig- 
ure) to the drive shaft and drives the 
output shaft directly, since the planet 
Pinions are locked effectively by the 
ratchet action of the freewheeling ele- 
ments. 

Since the ring gear is geared down from 
the drive shaft, the cam will revolve faster 
than the ring gear and will impart accel- 
erating impulses to the planet pinions 
proportionate to the amount of eccen- 
tricity, which will add to the speed of the 
driven spur. 

The acceleration impulses are propor- 
tional to the eccentricity of the cam, The 
additive speed differential may be varied 
by changing the amount of eccentricity. 
Therefore, the ratio of the drive can be 
changed from the fixed ratio of the ring 
gear to the fixed ratio plus the additional 
speed added by the planet pinions when 
the cam is in a position of maximum ec- 
centricity. : 

The variation of cam eccentricity from 
zero to maximum may be perfectly con- 
tinuous and, therefore, will provide an 
infinite number of ratiosbetweentheafore- 
mentioned limits. 

This illustrates in. principle the drive 
shown in Figures 3, 8, and 9; however, 
actual construction details of the drive 
differ considerably from the simplified ar- 
rangement of Figure 7. 

One of the crank arms and freewheeling 
assembly is shown in Figure 8. 

In Figure 9, one of the shoes is shown 
attached to the crank arm. A single shoe 
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Figure 11. Schematic arrange- 

ment of a hydraulic-pump and 

motor combination with a gov- 

ernor controlling the pump 

displacement attached to the 
output shaft 


is in the lower left-hand corner, and the 
meshing pinions may be observed at the 
center. 


Infinite-Ratio Hydraulic Drives 


Fluid couplings, or the so-called hydrau- 
lic clutch, may be used with some means 
of controlling the amount of slip to pro- 
vide an infinite number of ratios. De- 
vices of this type, however, are not effi- 
cient over a very wide range in speed. 

Drives have been developed which em- 
body essentially the same basic principle 
as the previously described mechanical 
system and are quite efficient throughout 
a wide speed range. These drives are 
direct-coupled and depend upon a control- 
lable positive displacement. 

For example, Figure 10 shows a simpli- 
fied arrangement of this type of drive. 
The unit consists of positive displacement 
motor M, coupled to a positive displace- 
ment pump P, in which the displacement 
may be controlled. 

By varying the eccentricity of the drive 
cam, the volume of the fluid which is 
pumped each stroke is changed, and ac- 
cordingly the ratio between the input 
shaft and outputischanged. The ratio is 
infinitely variable over a large range of 
speeds. 

Usually both the pump and motor are 
multicylinder. Figure 11 indicates sche- 
matically a governor placed on the output 
shaft which is linked to the displacement 
control in such a manner that the output 
speed of the unit is maintained constant 
for driving an alternator. 

The use of a variable-displacement 
pump and. positive-displacement motor 
for variable-ratio drives has been applied 
to turret drives in large battleships for a 
long time. These units, however, are 
very heavy and, because of their inter- 
mittent type of operation, are not de- 
signed for particularly high efficiency 
over a large range of ratios. 

The weight of this type of drive may be 
reduced by two methods: by increasing 
the working hydraulic pressures, and by 


Figure 12. Schematic arrangement of a pump 

and motor combination utilizing a differential 

gear to limit the demands upon the hydraulic 
link 


increasing the motor and pump speeds. 
An experimental drive has been built 
which maintains an output speed of 6,000 
rpm with an input-speed variation of 1,000 
to 3,000 rpm. The drive is capable of 
transmitting 60 horsepower and weighs 
approximately 50 pounds, or 0.83 pound 
per horsepower. The maximum working 
pressure is 4,500 pounds per square inch, 
and the motor pump speeds are on the 
order of 18,000 rpm. Even though the 
unit is extremely light and of high speed, 
the efficiency is surprisingly good, varying 
from about 70 per cent at the worst con- 
dition to 83 per cent at maximum. 


Methods For Improving Efficiency 


A method for improving the efficiency 
of a variable-ratio drive of this type is 
shown in Figure 12. The method is based 
upon the fact that the efficiency of a 
variable-displacement pump and constant 
positive-displacement pump is a maximum 
for one particular flow. This is a condi- 


tion in which the reflected mechanical 


impedance of the motor load most nearly 
matches the effective internal impedance 
of the pump and the associated hydraulic 
circuit. This is analogous to the condi- 
tions for transferring maximum power in 
an electric circuit when the load imped- 
ance is made equal to the generator im- 
pedance. 

The efficiency of the combination drops 


PUMP AND MOTOR OVER ALL EFFICIENCY 


° DISPLACEMENT 


MAX 
Figure 13. Efficiency of a hydraulic pump 


and motor combination versus displacement. 
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the unit, with gearing and bearing losses 
neglected, would be approximately 96.6 
per cent and, if a 10-per-cent loss in these 
two items were assumed, the total over-all 
efficiency would be 87 per cent, or a 6-per- 
cent improvement over the previous ar- 
rangement and a 17-per-cent improve- 
ment over the direct-coupled hydraulic 
arrangement shown in Figure 11. 

The same results could be accomplished 
if the gear ratio of the power take-off were 
increased so as to providea3,000-to-9,000- 
rpm range of the driven shaft and a con- 
ventional differential gear were used in- 


Figure 14. Schematic arrangement for improv- Figure 15. A hydraulic “differential” in ONCE I So: 
ing the efficiency of a drive by the use of an which the pump and motor units revolve as a Another arrangement which utilizes 
epicyclic gear train to reduce the demands on unit forming part of the gear set ve same principle of overdrive and under- 
Be Reireatie nits drive for increasing efficiency by limiting 
the speed range of the hydraulic units is 
With the gearing and bearing losses, shown in Figure 15. This arrangement 
slightly as the displacement is changed which had previously been neglected, does not use a differential gear, but the 
from this optimum value. When the approximated as 10 per cent, the over-all differential speed is supplied in a similar 
pump and motor are of equal size, this efficiency of this arrangement would be manner by the hydraulic unit. 


point is usually the point of maximum _ 81 per cent, or an improvement of 11 per For this method, the hydraulic pump 
displacement for the pump. See Figurel0. cent over the straight hydraulic drive. and motor must be capable of rotating as 
In the arrangement of Figure 12, the The efficiency may be increased still a unit (zero displacement of hydraulic 


pump and motor combination supplies further by using a pump and motor com- _ fluid) and also rotating in either direction 
only the differential speed whichis neces- bination which can be reversed. The relative to each other. 
sary to bring the output shaft up to the same type of arrangement, as illustrated The pump is likewise a variable-dis- 
desired constant speed. For example, if in Figure 12,isused. Inthisarrangement placement unit; and the motor, a con- 
the drive-shaft speed varies from 2,000 the hydraulic unit is used to supply a 
to 6,000 rpm, and itis desired to maintain differential speed above and below a 
6,000 rpm on the alternator, it will be median speed of the driver. 
necessary for the hvdraulic unit to supply, If the drive shaft had-the same speed 
through the differential gear,anadditional range as before (2,000 to 6,000 rpm), an 
4,000 rpm to the alternator when the epicyclic differential-gear set could be 
input is 2,000. substituted for the conventional differ- 
This would be the point of maximum ential shown in Figure 14. The epicyclic 
demand on the hydraulic unit and would gear set would incorporate a step-up to 
require the maximum displacement of the the output shaft of 11/2:1 such that the 
pump which occursat maximumefficiency. speed range of the output shaft would be 
As the driver speed increases, the de- 3,000 to 9,000 rpm if no differential-speed 
mands on the hydraulic units become less increment was supplied through the 
and less untilanend pointisreached when hydraulic unit. 
the driver is revolving at 6,000 rpm and At the median speed of the driver, 4,000 
there is zero demand from the differential rpm, there would be no differential-speed 
gear. The efficiency falls off as zero is demand as the output shaft would be re- 
approached ‘(see Figure 13), but, as the volving at the required 6,000 rpm. For 
unit is supplying proportionately less input speed below this value, (2,000 to 
power (the major portion of the power 4,000 rpm), the hydraulic unit would act Army standard spline and pad for 208/110- 


Sundstrund Machine Tool Company 
Figure 16. A hydraulic infinite-ratio drive 
for a 40-kva aircraft alternator 


being supplied directly through the differ- as an overdrive and supply the necessary volt 400-cycle alternators 
ential gear), the net over-all efficiency will differential speed to bring the output up Y 
remain high since it is a combination of to 6,000 rpm (2,000 to 0 times the 11/2:1 


the mechanical and hydraulic efficiency. _ratioof the epicyclic gear). For the driver 
For purposes of rough comparison, as- _ speed range of 4,000 to 6,000, the hydrau- 
sume a median efficiency of 70 per cent’ lic unit would act as an underdrive, 
for a straight hydraulically coupled sys- supplying the necessary negative differ- 
tem, as indicated in Figure 13, and com- - ential to bring the speed down to the re- 
pare it with the foregoing. If one neglects quired 6,000 rpm. 
the bearing and gear efficiency, it may be The absolute speed range of the hydrau- 
assumed roughly that the power demands lic unit, in this manner, is limited to 0 to 
will be divided between the hydraulic 2,000 rpm, rather than the range of 0 to 


Y- 2 7 


% and mechanical sections proportional to 4,000 rpm which was required in the pre- 

the speed requirements. : vious case. 
f With the driver varying from 2,000 to If one considers a hydraulic unit similar 
4 6,000 rpm, the driver median speed is to the previous one, the efficiency at the 


4,000 rpm, and the speed demand on the median speed will be of the order as indi- 
hydraulic unit is 2,000rpm. If one as- — cated by the dashed line B on Figure 13, 
___ sumes the same median over-all hydraulic or 80 per cent, which is a 10-per-cent Sundstrund Machine age 
y efficiency as above 70 per cent, the over- improvement over the other arrangement. Figure 17. Hydraulic infinite-ratio drive 
all efficiency of this arrangement is then If the efficiency is calculated on the same showing pad for connection of drive shaft to 
basis as before, the over-all efficiency of airplane main engine 


“90. per cent. = 2 
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Lightning Investigations on 33-Kv 
W ood-Pole Lines 


F. E. ANDREWS 
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N RECENT YEARS the importance 
of providing reliable service over lines 
in the transmission class of 22 to 44 kv 
has greatly increased. However, little 
fundamental data have been obtained on 
the severity of lightning duty on such 
lines or upon the detailed lightning per- 
formance of various types of line design 
and lightning protection. Most of such 
information has been gathered on the 
higher-voltage steel-tower lines. A com- 
prehensive lightning investigation of this 
type has been undertaken jointly by the 
Public Service Company of Northern Illi- 
nois and the Westinghouse Electric Cor- 
poration on several types of 33-kv wood- 
pole circuits. — 
The study has consisted of four princi- 
pal parts. A detailed climbing inspection 
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program (correlated with operating results 
over a 21/.-year period between 1939 and 
1942) was carried out on a 28.8-mile line 
with the unprotected construction shown 
in Figure 1. This represents about the 
optimum amount of line insulation gen- 
erally feasible for an unprotected line of 
this voltage class.!_ The inspections have 
provided valuable fundamental and cor- 
relating data on the nature of insulator 
flashover markings and on the distribution 
of lightning flashover and cases of sus- 
tained power follow between the different 
types of poles. At the beginning of the 
1942 lightning season, two types of re- 
cording installations were put in service. 
One type is for the purpose of determining 
the character of line flashovers on unpro- 
tected lines. Sections of line were chosen 
where recorders could be placed on poles 
one-half to one mile apart whose insula- 
tion was comparable to a guyed pole, and 
with fully insulated tangent poles inter- 
vening. The line construction for these 
sections is also that of Figure 1. Photo- 
graphic surge-current recorders and surge- 
crest-ammeter links were placed in the 
grounding circuit. The photographic 
surge-current recorder, which has been de- 
scribed in detail elsewhere,? employs the 
principle of photographing the lumi- 
nosity produced by the flow of the surge 


current across a short spark gap inside of 
a light-tight case. The film image is pro- 
duced through a special aperture and set 
of barriers so constructed that the light 
from the gap (Figure 5A) spreads in a 
nonuniform manner over the film per- 
pendicular to its direction of motion. The 
barriers confine the image to a narrow 
wedge in the direction of film motion to 
enable high resolving power with time. 
The width of the image (in a direction 
perpendicular to the film motion) and its 
density provide a measure of the current 
magnitude. As current is increased, the 
film is saturated at increasing distances 
from the center axis. However, at a point 
just beyond this region, the film density 
can be measured to determine the approxi- 
mate current magnitude. Current can be 
measured to an accuracy of about two to 
one but over the very great range of 0.1 to 
150,000 amperes with a time-resolving 
power of 600 microseconds. Initially, 
there were 20 of these installations on 
three different line sections. However, 
the recorded prevalence of multiple flash- 
overs extending over a mile or more made 
it advisable to select a single longer sec- 
tion of line. At present 14 poles on a ten- 
mile section of the line where the climbing 
inspection was made are equipped with 
recorders as shown in Figure 2. Two 
additional recorders have been placed at 
each pole to measure both the lightning 
and power-follow flashover currents from 
each side phase to a neutral point and 
from neutral to ground. Thus, it is pos- 
sible to record for each of these paths the 
multiple character, duration, and approxi- 
mate magnitude of the lightning-flashover 
currents together with the duration and 
approximate magnitude of the power- 
follow currents. A longer cross arm has 


stant-displacement unit. When the push— 
pull rod which controls the amount of 
displacement is in the middle position, 
there is no flow of hydraulic fluid and the 
pump-motor combination is hydraulically 
locked together and drives as a unit. 
The losses at zero differential speed are es- 
sentially mechanical—gear and bearings. 

By varying the control rodon the pump, 
the flow is increased. The pump is ca- 
pable of pumping in either direction, and, 
therefore, the rotation of the motor will 
be in one direction or the other, so that its 
speed will either add to, or subtract from, 
the speed of the hydraulic pump. 

This type of drive has the same ad- 
vantages of gain in efficiencies as the type 
previously described and, because of the 
effective overdrive and underdrive ar- 
rangement, is capable of operating over a 
large speed range. 

An advantage of this design is that the 
speed of the pump and motor combina- 
tion may be very easily stepped up so 
that the transmitted torque is low and the 

unit may be of very light weight. 
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A unit of this type has been built for 
less than one pound: per horsepower and 
with an efficiency of 92 to 83. per cent 
over the speed range. 

The sketches in Figures 16 and 17 are 
of a unit of this design built by the Sund- 
strand Machine Tool Company. Figure 
16 shows the alternator-coupling flange 
and spline, and Figure 17 is the pad for 
connecting to the main engine. 


Conclusion 


The problem of providing a constant 
drive speed with a variable-speed prime 
mover is by no means new. There have 
been many solutions to this problem— 
electrical,» mechanical, and hydraulic. 
Unfortunately, however, for an aircraft 
application they have all been too heavy 
or inefficient. In aircraft design, ineffi- 
ciency is tantamount to weight for ineffi- 
cient operation means more fuel is used, 
which means more weight is carried. 

Many forms of constant-speed drives 
have been suggested and worked upon. 
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It was not within the scope of this report 
to describe them all, many of which show 
considerable promise. The ones described 
in this report have all been at least in ex- 
perimental production and have given us 
sufficient background information for us 
to draw a reasonable picture of the type of 
constant-speed drive which will soon be 
making its appearance in large aircraft. 
The production units may be expected 
to have efficiencies of 85 to 95 per cent, a 


' weight of less than one pound per trans- 


mitted kilowatt, will hold a preset output 
speed to within +1 per cent total varia- 
tion over an input-speed range of from 
500 to 3,000 rpm, and will fit within a 
space of 50 cubic inches per kilowatt of 
rating. 

The large airplanes of today with a-c 
systems will have drives of this type. It 
is probable that with continued develop- 
ment the efficiency will be increased and 
the size and weight reduced to a point 
where it may be practical to use a con- 
stant-speed drive for d-c generators and 
other pieces of auxiliary equipment, 
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been installed lower down on the pole to 
provide the normal wood insulation path 
between the insulators and the recorder 
circuit. 

For the second type of recorder installa- 
tions, surge-crest-ammeter links have been 
placed in the ground leads of protected 
lines having the types-4 and 5 overhead- 
ground-wire construction of Figure 9, lines 
of type-3 construction (Figure 9) having 
deion protector tubes on the top conductor 
only and a line of type-6 construction 
(Figure 10) having protector tubes on 
each phase but on only one phase per pole 
and rotated between phases. The pole- 
ground-lead current records obtained in 
this way provide data on the frequency of 
direct strokes, the crest-stroke currents, 
and the division of current between 
ground leads as correlated with line per- 
formance. The magnetic links are placed 
so as to record crest currents ranging from 
a minimum of about 600 amperes to about 
55,000 amperes. The presence of only a 
single straight conductor for each pole 
ground enables a more accurate recording 
of the pole currents than is possible on 
steel-tower lines where there is a multi- 
plicity of paths down the tower and where 
only one tower-leg current is usually re- 
corded. In addition magnetic links have 
been installed on a number of isolated 
protector-tube installations to correlate 
the difference in protector-tube duty 
under the two operating conditions. 


In the fourth phase of the investigation 
a detailed record of the frequency and ex- 
tent of lightning storms passing over the 
region occupied by the lines under investi- 
gation has been obtained. This was 
started at the beginning of the 1943 
lightning season, and the manner in which 
it is accomplished is illustrated in Figure 
3. Observers at the numbered substations 
submit a report on the apparent storm 
centers as illustrated by the samples at 
the bottom of the chart for every indi- 
vidual storm that they can observe. Each 
of their observations as to the location 
and direction of travel (at the time they 
are first able to observe it, when it passes 
closest to their observation station, and 
when they last observe it) and the time 
of the observation, are plotted, as shown, 
by anarrow. From these, the storm path, 


storm extent, and duration over each line ° 


can be determined. Such data provide a 
valuable correlation between the number 
of annual storm-days, number of storms, 
total annual storm duration, the fre- 
quency of strokes to the various lines, and 
the number of line tripouts. 


Results of Climbing Inspection— 
Insulator Markings 


In the course of the climbing inspection 


_ previously mentioned, 8.6 miles of line 


were inspected after about 11/2 years of 
operation of the line. The remaining 16.8 
miles were inspected after about 2.5 years 
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of operation. A total of 180 of the pin- 
type insulators that had flashover mark- 
ings were removed from the pole for a 
more detailed inspection. Typical mark- 
ings are illustrated by Figure 4. When 
flashover is first produced by lightning, 
the path of lowest dielectric strength is 
along the surface of the porcelain, so that 
breakdown occurs there first. Thus, for 
most lightning flashovers, heating of the 
porcelain glaze is more or less uniform 
along this flashover surface and results 
in the “‘lightning-only’’ markings illus- 
trated by Figures 4A, B, C. Lightning 
markings are characterized by roughening 
of the insulator glaze (with a texture re- 
sembling fine sandpaper) over a path 
closely following the insulator contours. 
This frequently includes the underside of 
the top skirt. It may vary in width from 
a narrow line (Figure 4A) to a wide path 
extending several inches circumferen- 
tially around the insulator (Figure 4B). 
The length of the lightning markings 
varies greatly. In some cases there may 


Figure 2. Installation of flashover recording 
equipment on line construction of Figure 1 


Photographic surge-current recorders in both 
crossarm’ flashover paths and ground path. 
Crest-ammeter links in ground path 


Figures 1A (left) and B (right). Types of line 

construction on unprotected line used for de- 

tailed climbing inspection and photographic- 
surge-current-recorder study 


A. Type 1, unguyed 

When guyed, guy attached 30 inches below 
crossarm, and insulated with three 53/,-inch 
suspension units 

A. Type-2 corner pole 


be only a short narrow mark somewhere 
on the upper side of the top skirt. For 
others, the insulator surface may be 
marked almost continuously from tie wire 
to the lower edge of the inner skirt. ‘In 
many cases a multiplicity of lightning 
paths is found. on one insulator (Figures 
44 and C). These can be formed by en- 
tirely separate lightning strokes or by 
different components of the same stroke. 
In case of power follow, the long-dura- 
tion arc will tend to move away from the 
porcelain surface and maintain contact 
only atits terminals. This results in broad 
splashes of burned porcelain glaze at 
these points, often with considerable con- 
ductor and tie-wire pitting. The power- 
follow markings usually are localized in 
spots on the top and bottom of the insula- 
tor where the glaze has been burned 
through to the porcelain and frequently 
has a blistered appearance (Figure 4D). 
In less severe cases the glaze may be only 
partially burned through and is left with 
a color lighter than that of the normal 
surrounding glaze. Then the burned spot 
may have a crackled rather than blistered 
appearance. Sometimes the power-follow 
arc appears to strike from the conductor 
to the insulator pin, and the principal 
burn on the top of the insulator is at the 
edge of the top skirt under the conductor. 
In other cases, when the arc strikes from 
the tie wire, burns are found on the upper 
surface close to the tie wire. A power arc 
between line conductors usually will leave 
pits and beads or points of metal, often 
uniformly spaced out along the conductor 
from where the flashover started. These 
are the result of the arc traveling along the 
line, one melted spot occurring with each 
half cycle of current. The interpretation 
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O SUBSTATIONS 
NUMBERS INDICATE 
OBSERVATION POINTS 

x TRANSMISSION LINE TRIPOUTS 

© DISTRIBUTION CIRCUIT TRIPOUTS 

4 DIST TRANSFORMER FAILURES 

OR FUSES BLOWN 


Figure 3. Sample 
storm chart prepared 
from reports sub- 
mitted by substation 
attendants and used 
for determining storm 
frequencies and 
durations over lines 
being investigated 


Sample Thunderstorm Reports 


— — 


First Observation 


When Over or Nearest Station 


Last Observation 


Observation 


Station Time Direction Distance Time Direction Distance Time Direction Distance 
SHEE Succes 1:45 p.m.. .Southwest....7mi...2:10p.m....South.....2mi....3:00p.m.....East...... 6 mi 
Bee es 1:35p.m...Northwest...4 mi...3:05p.m....Over............. 3:20p.m....North...-. 2 mi 


No storm visible from stations 2 and 3 


1—Lightning, thunder, no rain. 
4—Heavy rain at 3 p.m. 


of evidence, as previously described, may 
not always be infallible, as some lightning 


. strokes probably can have sufficient dura- — 


tion to produce effects resembling those 
attributed to power follow. Neither are 
so-called power-follow markings always 
evidence of sustained power follow causing 
circuit interruptions, as the 60-cycle arc 
may be extinguished before a circuit- 
breaker relay operation. These cases, 
however, are thought to be infrequent, as 
is borne out by correlation of similar in- 
spection data with actual flashover-cur- 
rent records that subsequently will be dis- 
cussed. 


Distribution of Line Flashovers 


A length of 3.4 miles of the line in- 
spected in detail parallels and is shielded 
by a 132-kv tower line, with overhead 
ground wire. The normal heights of the 
towers and poles above ground are 92.5 
feet and 38 feet, respectively. The hori- 
zontal distance between tower-line ground 
wire and ridge-pin conductor on the pole 
line varies from 88 feet to 99 feet. No 


A. Lightning only, seven paths 
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B. Lightning only 


Seemed to come from southwest, stay two miles south of station, then go east 


evidence of line flashover was found on the 
inspections. However, one stroke oc- 
curred to this section in 1943 as evidenced 
by a splintered pole. Thus, in 5!/2 years 
the section has been struck once. 

The remaining 25.4 miles of unshielded 
line on which the climbing inspections 
were made has 453 poles with an average 
span of 293 feet. A total of 411 poles are 
type 1 (Figure 1) unguyed with 108 hav- 
ing a distribution circuit below the high- 
voltage circuit, 12 poles are guyed type-2 
vertical corner poles, and 30 are guyed 
type-1 poles. Thus about ten per cent of 
the poles are guyed. Table I presents a 
summary of the distribution of the two 
types of flashover as interpreted from the 
insulator markings and wood splintering 
inspection. This table shows that 36 
per cent of the unguyed poles bore evi- 


dence of flashover, whereas about 80 per. 


cent of poles with guys had been flashed 
over. Inspection of the distribution of 


Figure 4. Typical example of flashover 
markings produced on 34.5-ky pin-type insu- 
lators by lightning flashover and power follow 


C. Lightning only after four recorded cases 
of flashover with crest currents of 12,500, 


flashed poles showed that unguyed poles 
tend to be protected by guyed poles sev- 
eral spans away. The trend in the case of 
power-follow arcs is more significant. 
Only 13 per cent of the tangent unguyed 
poles that flashed over had evidence of 
power follow, whereas the percentage for 
the guyed type-1 poles was 42 and for the 
vertical corner poles (with still lower in- 
sulation to ground) 90. As far as can be 
determined, the presence of distribution 
circuits or transformers (distribution arm 
five feet below transmission arm) has little 
bearing on the effects of lightning on the 
transmission line, 34 per cent of poles 
with distribution having flashover evi- 
dence. This particular analysis cannot 
determine accurately the actual number 
of individual cases of each type of flash- 
over. However, it provides very signifi- 
cant evidence on the nature of the flash- 
over of such lines which can be discussed 
more clearly when correlated with the 
additional data obtained from the photo- 
graphic-recorder measurements. 


Character of Flashovers on 
Unprotected Line 


The section of line equipped with the 
photographic recorders is inspected after 
each storm, the photographic recorders 
and magnetic links being checked for 
flashover-current records together with a 
visual inspection for additional flashover 
evidence. Where necessary, a climbing 
inspection is made as frequently as pos- 
sible to determine the location and type of 
insulator markings and other evidence not 
visible from the ground. This is for the 
purpose of detecting flashover on inter- 
vening poles not equipped with recorders 
and to provide correlating information 
with the flashover currents at the recorder 
poles. During the three-year period 49 
cases of line flashover have occurred on 
the sections under investigation for which 
it could be determined whether or not a 
sustained power follow or a line tripout 
was produced. For 35 cases a detailed 
record was obtained of the number of 
poles flashed over, together with the type 
of lightning flashover and sustained power 
follow (if occurring) at each pole. It is 
recognized that the mechanism of arc re- 
striking and dielectric recovery is quite 


D. Two power-follow mark- 
ings and lightning track 


12,000, 35,000, and 22,000 amperes 
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complex, being a function of a large 
number of factors that cannot be evalu- 
ated adequately from the data so far ob- 
tained. However, there are certain im- 
portant facts that have been ascertained 
which are described here briefly. 

One of these is the prevalent occurrence 
of simultaneous flashover produced over 
an extended section of line by a single 
stroke. It was found that a stroke occur- 
ring between recorder stations usually 
flashes over several of the unguyed poles 
in the vicinity of the stroke in addition to 
one or more of the recorder poles having 
the lower insulation to ground. This is 
illustrated by the records of Figures 5A 
and B. Figure 5A is typical of several 
obtained showing simultaneous flashover 
for each component of a multiple stroke. 
It is the usual case that, if an appreciable 
duration of the lightning current is indi- 
cated for any one stroke component, it 
frequently occurs only at one pole, the 
same pole having power follow when pres- 
ent. Figure 5B is another record show- 
ing simultaneous flashover produced over 
about 1.5 miles of line. For this case, 
although lightning flashover occurred be- 
tween all three phases and ground at pole 
280 power follow occurred only between 
the top and one side conductor. Evi- 
dence of similar multiple-flashover charac- 
teristics on 220-kv wood-pole lines has 
been presented elsewhere.* 


Character of Voltages Produced by 
Direct Strokes to Unprotected 
Lines 


The data presented by the foregoing 
two types of study provide definite sub- 
stantiation of the nature of the voltage 
produced by direct strokes as visualized 
from our present knowledge of stroke 
mechanism.‘ Thisis illustrated by Figure 
6. Strokes to open ground or to relatively 
low structures such as transmission lines 
are initiated by streamers propagating 
from cloud to ground.(Figure 6A) which 
lower charge at a relatively slow rate onto 
the stroke channel being formed. During 
this period the electric field at the ground 
is being increased at an accelerating rate. 
During the initial stages of this process 


charge of opposite polarity to that on the. 


stroke channel can flow along the con- 


‘ Number of Storm-Days 


Table |. 


Summary of Lightning and Power-Follow Inspection on 33-Kv Unprotected 


Wood-Pole Line—25.4-Mile Line—453 Poles—Average Span 285 Feet—Line Put in Service 
1939, Last Inspection 1941 


Number of Poles on Which Evidence Was Found 


Unguyed 


Insulated 


Vertical Corner 


Pole Type 1 Guys T 1 
Re astseiFlashover yp ys Type Pole Type 2 ; Total Poles 
Evidence No. Per Cent No. Per Cent No. Per Cent No. Per Cent 
Lightning only........ 127... ieee ted) ee eas Fr 1 tales I ATs rvataisiene's ee eS Sita 4 ae 3 aE a1 
Power follow also..... LOR acme Seer cr LOR tetas shes OOo, 5.3545 5% CO ie codes UDG Bo 5.08 Cleoawte oie 8 
No evidence...........265 Bic kr G4). Riess Oictdsie se 4 20 2 BW Ge eae 21 3p nae 61 
MOtals.< sass souls ee 2 8 Uy eer cies ree EOF SUS. No Bo acto neces MDs stirs secs rae eee 453 
Per cent of flashed 
poles of each 
pogeichowing (°° Paes WS Ames syudesty eh mcasssiise LD riser ePea nha greece: o.8, cot se 90 
power follow... 
Positive Critical Dry Flashover Values in Kilovolts 
Unguyed Guyed Vertical Corner 
Type 1 Type l Type 2 
Top conductor to lower conductor....--.......-.-- USA OOS Stays cuaecaahe I LOOt me csttcer. tee 935 
Top conductor to ground................---: (3,000=4;000)... ...-.- RO OO ptetss. facta eee 950 


ductor into the region below the stroke 
channel neutralizing this effect and hold- 
ing the conductors at ground potential. 
However, at some instant before stroke 
contact, the rate of change of field pro- 
duced by the stroke exceeds the rate at 
which charge can be drawn in on the con- 
ductors, and the conductor potentials 
start to rise (Figure 6B). It is indicated* 
that such induced voltages may start to 
be appreciable from 50 to 250 micro- 
seconds before actual stroke contact and 
reach magnitudes ranging from 100 to at 
least 1,000 kv. Just before the start of 
the “return-streamer” process (Figure 
6A), short upward streamers may occur 
from the conductor, tending to modify the 
voltage to varying degrees. However, the 
general character of the voltage is one of 
an accelerated rate of rise which would 
become greatest after stroke contact (at 
the instant of maximum rate of current 
rise on the front of the discharge-current 
wave) if flashover did not occur first. 
For such lines as being considered here, 
the voltage easily can reach the insulation 
strength to ground of a guyed pole in the 
initial period before actual stroke contact. 
Being of a slow rate of rise, it will cause 
flashover at the lowest insulation point, 
even though it be several miles distant. 
After stroke contact, the much higher rate 
of rise also may produce flashover at or 


No. of Separate Storms 


-Ky Wood-Pole Lines 


near the point of contact. Further, the 
initial breakdown of wood insulation usu- 
ally is just inside the surface, resulting in 
very high are drops that frequently permit 
the simultaneous flashover of a number or 
adjacent unguyed poles (sometimes ten of 
more). Thus strokes to such lines should 
set up several simultaneous discharges as 
shown by the climbing inspection and 
photographic-recorder data. Parallel arc 
paths are very unstable, and one will 
tend to rob the others of the are. This 
should be the path with lowest rate of di- 
electric recovery as characterized by the 
length and type of flashover medium and 
the magnitude and duration of current it 
has conducted. It would be expected 
that any sustained arcs would tend to con- 
centrate at the guyed poles with flashover 
paths producing the lowest arc impedance 
and rate of dielectric recovery. As shown 
by Table I, 50 per cent of the poles show- 
ing power-follow evidence were guyed 
poles that constituted only ten per cent 
of the total poles. If the number of indi- 
vidual cases of power follow could have 
been counted accurately, the percentage 
probably would have been still higher. 
As previously mentioned, the unstable 
character of simultaneous arcs usually 
results in the concentration not only of 
the power follow but also the long-dura- 
tion portion of each stroke component at 


Tripouts Per 
100 Miles Per Year 


Total 
Storm-Hours 


Li inate Length 
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* Type-7 lines with flat configuration, ten-foot crossarms, steel braces, and no guy insulation.! 
3,000—-4,000 line-to-ground. At guyed crossarm poles 3 
mile-years (1929-32) average tripouts per 100 miles per year=38. 
Lines of types land 2 construction (see Figure 1 and Table I). 
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25 kv line-to-ground, at vertical corner poles 600 kv line-to- 


Critical breakdown voltages at tangent poles = 590 kv line-to-line, 


line and 350 kv line-to-ground. For 4,099 


For 571 mile-years (1938-44) average tripouts per 100 miles per year=31. 
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POLE 387 


LIGHTNING FLASHOVER FROM TOP AND ONE SIDE PHASE TO GROUND 


-|1,000 


10,000 anne 


4000 
1500 
1000 


100 


AMPERES 


O 750 MICROSEC. 
te) A8 34 53 
SECONDS 


Figure 5A. Photo- 
graphic  surge-cur- 
rent record of multi- 
ple-lightning flash- 
overs produced 
simultaneously _at 
two recorder stations 
with power follow at 
one 


i 7500 
3000 
2000 


Three tangent poles 
adjacent to pole 387 
had lightning-flash- 
over evidence. Pho- 
tographic recorders 
were installed only 
in ground path. 
Distance between 
recorders is one 
mile. First com- 
ponent started 
power follow at 
polz 369 that ap- 
parently extin- 
guished itself; sec- 


60 67 


POWER FOLLOW 
APPROX. 200 AMP CREST 
(DIFFERENT SCALE) 


AMPERES 
(Oe dt: ak aes 


SECONDS 


POLE 369 


ond component 
started power fol- 
low extinguished 
by breakers. Addi- 
tional components 
occurred after cir- 
cuit was interrupted 


LIGHTNING FLASHOVER AND POWER FOLLOW FROM BOTH SIDE CONDUCTORS TO 
GROUND (TRANSPOSITION BETWEEN POLES 369 AND 387) 


-3000 AMP 


TOP PHASE TO GRD. 


MEAS 
DURATION 


AMPERES 


?0LE 255 


-8000 


TOP PHASE 
TO GRO. 


3 
B MIGROSEG 
41 SECONDS 


POLE 273 


-11,000 AMP 


POWER FOLLOW 
(DIFFERENT SCALE) 


APPROX. 800 AMP 


ri oy ihe 400 AMP 


AMPERES 


WEST PHASE 
POLE 280 


—5000 AMP 
1000 


SEC. 4\ ° 
CURRENT TO GROUND 
POLE 280 


3000 —2000 AMP 


800 


1000 


Smicrosec 
o 


u 41 SECONDS 
EAST PHASE 
POLE 280 


Figure 5B. Photographic surge-current record of lightning flashover produced at three recorder 
poles approximately one mile and one-half mile apart, by a three-component multiple 
stroke causing a phase-to-phase fault at pole 280 


Recorders in ground path only at poles 255 and 973. 


Pole 280 showed minor pole and 


crossarm splintering indicating flashover from all three phases. A\ll three insulators showed 
lightning flashover with power-follow marks on ridge and west phases 


one location with only very short duration 
at the other flashed paths. 


Character of Recorded Flashovers 
For the total of 49 recorded cases of 
flashover 21 or 43 per cent caused a sus- 


tained power follow. For 35 of these the 
type of flashover at each pole could be 
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identified. Of these the lightning flash- 
overs at the recorder poles consisted of 18 
single line to ground, eight double line to 
ground, and nine involving all three phases 
and ground. However, all but five in- 
volved lightning flashover between more 
than one phase at some point along the 
line. Fifteen or 40 per cent of the 35 
caused a sustained power follow. All but 
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three of these occurred at the guyed poles. 
Eight of the power follow cases were single 
line to ground, six double line to ground, 
and one line to line. Thus, although 30 
out of 35 cases caused multiphase light- 
ning flashovers, only seven or 20 per cent 
caused a sustained multiphase fault. In 
addition to the 15 out of 35 recorded cases 
of sustained power follow, one case of 
31/2 cycles of power follow and one of one 
cycle of power follow were recorded (ap- 
parently self-extinguishing) together with 
a case in which sustained power follow was 
initiated after the third component dis- 
charge at one recording station while the 
same three-stroke components produced 
one, two, and one-half cycle, respectively, 
of power follow at an adjacent station. 


It is of interest that the insulator in- 
spection records of flashover at each re- 
corder pole correlated quite well with the 
flashover-current records. In every case 
where only lightning-flashover currents 
were recorded, the insulator markings 
were interpreted as ‘‘lightning only.” 
The same correlation was obtained for the 
cases of power follow except that no 
marked distinction could be made be- 
tween the cases of sustained power follow, 
requiring operation of the eight-cycle 
breakers, and the power follow cases that 
lasted from 1 to 31/2 cycles. Also in one 
case power-follow evidence was not dis- 
cernible at one of the two insulators shown 
by the recorders to have been involved in 
a sustained arc. 


Storm Frequencies and Durations 


Tables II and III list the data obtained 
on the number of storms, storm days, and 
total storm hours per year recorded over 
each of the unprotected and protected 
lines being investigated. These data were 
obtained from the storm charts prepared 
‘as illustrated in Figure 3. Correlated 
with the data are the number of tripouts 
per 100 miles of line per year and the 
number of strokes to the protected lines 
continuously equipped with magnetic 
links. It is of interest that although the 
ratio between storm-days, storms, and 
storm-hours varies considerably as does — 
also the magnitude of each of these quanti- 
ties from year to year and between differ- 
ent lines, the order of magnitude of all 
three is the same. No one of the above 
three indexes of storm activity appears to 
bear a closer relation to the frequency of 
direct strokes or line tripouts than the 
others. This indicates that the intensity 
of the electric storm or the density of 
direct strokes to ground is a variable of at 
least as great importance as the others. 


Crest Stroke Currents 


Before discussing in more detail the 
relation between the frequency of storms, 
direct strokes, and line tripouts, it would 
be best to examine the magnetic-link rec- 
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Figure 6. Mechanism of the 
direct-stroke discharge by 
which relatively high voltage 
of slow rate of rise can be in- 
duced upon conductors of un- 
protected transmission lines be- 
fore actual stroke contact 


A (left). Voltage produced 

by direct stroke to conductor 

of unprotected 33-kv wood- 
S pole line 


B (below). Assumed stroke 


current and principal ranges of 
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ords of pole-ground-lead currents upon 
which the stroke-frequency data are based. 
It is first necessary to consider the possible 
sources of surge currents that might pro- 
duce a record. These are somewhat dif- 
ferent for lines having an overhead ground 
wire than for lines equipped with pro- 
tector tubes. As has been pointed out 
previously,® not only direct strokes but 
indirect strokes striking nearby can induce 
smaller magnitude currents in the ground 
leads. At least 90 per cent of all strokes 
to ground are negative which will induce 
positive currents in the ground leads. It 
was estimated® that for spans of 800- 
1,000 feet, induced currents as high as 
5,000 amperes might be produced in a 
single tower of an overhead-ground-wire 
line. Similar estimates indicate possible 
induced currents as high as 1,500 am- 
peres for spacings between ground leads 
of the order of 300 to 400 feet. For lines 
equipped with protector tubes higher cur- 
rents can be produced, because such an 
indirect stroke will flash over a relatively 


Figure 7A. Probability curves showing the 

number of recorded stroke currents per 100 

miles of line per year exceeding a given crest 
magnitude 
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few tubes and thus provide a limited num- 
ber of paths to ground. Another impor- 
tant sourcefor ground-lead-currentrecords 
on lines equipped with tubes is the simul- 
taneous flashover of a tube of lower break- 
down voltage some distance away from 
the point of stroke contact due to the pre- 
viously mentioned initial slow rate of 
voltage rise. Thus, an appreciable num- 
ber of isolated pole-ground-lead-current 
records can be produced simultaneously 
with those close to the point of stroke con- 
tact. For the afore-mentioned reasons it 
is important to consider the crest-ammeter 
records carefully. 


Such factors have been recognized to 
some extent in previous magnetic-link 
investigations on higher-voltage lines®.7.8 
and some sort of arbitrary method set up 
for throwing out certain records and not 
identifying them with direct strokes. 
However, in plotting the results of such 
previous studies it has been customary to 
plot percentage distribution curves show- 
ing the per cent of records exceeding a 
given magnitude. When this is done the 
character of the resulting curve depends 
to a great extent upon the accuracy of the 
judgment used and the number of records 


_ eliminated. A more fundamental way to 
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approach this problem is to plot the total 
number of records (or the number per 100 
miles of line per year) that exceeds each 
magnitude. The resulting curve will 
eliminate the afore-mentioned judgment 
factor except for the lower range in which 
other sources can produce records. This is 
important, as it is the higher-magnitude 
currents that are most likely to cause a 
flashover. Curves plotted in this way 
from this investigation are shown in 
Figure 7A together with a similar analysis 
of the Hansson and Waldorf data® in 
which all records thought by them to be 
direct strokes were used. Figure 7B pre- 
sents a comparison of the more generally 
used percentage distribution curves from 
this and other investigations. The curve 
of Figure 7A for 33-kv lines with an over- 
head ground wire shows more high-cur- 
rent records than either the 33-kv pro- 
tector-tube-line data or the steel-tower- 
line data. This same trend is shown for 
the individual maximum crest pole- 
ground-lead currents associated with 
each stroke. It was not found that any 
significantly greater number of grounds on 
the overhead -ground-wire lines tended to 
carry current than for the protector-tube 
lines. This indicates that more of the 
higher-current strokes actually were re- 
corded on the ground-wire lines. This 
curve is based upon only 66 records, and 
for this reason a definite conclusion can- 
not be reached. However, it is of in- 
terest that an analysis of the data ob- 
tained by Hansson and Waldorf* from 
different lines indicates curves agreeing 
quite closely as long as about 100 records 
were available for each curve. 

The factors which might affect such 
curves may be summarized briefly as 
follows: Because of the traveling-wave 
effect the sum of the crest tower currents 
should be greater than the actual crest 
stroke current. The difference will be 
greater the shorter the wave front and 
the longer the span. Further the sum of 
the crest tower currents is the sum of the 
respective maximum components as pro- 
duced by several component discharges 
(in the case of multiple strokes) which 


Figure 7B. Percentage distribution curves of 
direct-stroke crest currents 
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Figure 8A. Distribution curves of maximum 
crest tower or pole-ground-lead currents 
produced by direct strokes 


might not bear the same proportionate 
relation to each other and cause the data 
to be high. Further, the effect of several 
strokes in some cases may be considered 
as one. On the other hand, magnetic- 
link measurements on steel-tower lines 
will indicate less than the total tower cur- 
rent, as no account usually is taken of 
the cross-brace currents.° There is one 
more very important effect that might 
account for the higher stroke currents on 
the 33-kv line with ground wires as com- 
pared to the 33-kv protector-tube-line 
data. The availability of the charge 
from ground that must combine with the 
stroke charge can be appreciably greater 
for a line with overhead ground wires. 
Then, there is a large number of paths 
provided by each ground lead, whereas 
for the tube line the only paths are those 
provided by the tubes that flash over. 
The possibility of more rapid combina- 
tions of the charges for the former case 
might result in a prevalence of higher 
crest currents. Although this effect can- 


MAXIMUM CREST TOWER OR POLE LIGHTNING CURRENT IN KILOAMPERES 


not yet be definitely verified from the data 
so far obtained, it is indicated. 

The higher number of total records (or 
low-magnitude records) obtained on lines 
with protector tubes is undoubtedly due 
to the two factors mentioned previously, 
induced surges, and simultaneous flash- 
over. For instance, of 127 records to the 
tube lines, 57 were isolated surges involv- 
ing only a single pole ground Fifty per 
cent of these were positive. Of the 66 
records from the ground-wire lines only 
eight (75 per cent positive) were of this 
nature. This latter would be expected, 
as they should be caused predominantly 
by indirect strokes. In order to form a 
basis for eliminating all but those records 
thought to be caused by direct strokes, 
all isolated tower-current records (in- 


volving only one pole) below 1,500 am- | 


peres for overhead-ground-wire lines and 
below 5,000 amperes for protector-tube 
lines were arbitrarily removed from the 
data. This produced the lower solid 
curve in Figure 7A. 


Frequency of Direct Strokes 


The curve obtained in this way gives an 
average of 130 direct strokes per 100 miles 


Table Ill. Lightning Exposure of Protected 33-Kv Wood-Pole Lines 
Normal Tripouts 
From Lightning 
7 Total Number Per 
: Mile- Storm-Days Storms Storm-Hours Direct Total 100 Miles 
Line Years Per Year Per Year Per Year Strokes Tripouts Number Per Year 
Lines With Overhead Ground Wire (see Figure 9) 
POLY pecan, 21.9 dts DOL Sah cic cake BOR pi ss.. tetas 4D inte wok oe ere be Ole cae 0 
GPyper4...6°9 ~-2497.5 123 AMO vexeo  og Be Olen he wee Soe Oe scegthsay Ll netevsrcleraAe ‘Dette ste dope aye 2.3 
FIST ype Oreo. O wer os - EO ooiemren At oc 2B edo isto ape toiere Pe eee Mas orto LU eee Oe a 0 
53 Average density—120 per 100 miles 
. 2 2 per year 
Lines With Single-Phase Protector Tubes (see Figure 9) 
ZT Dype. 3613. S90 ace 197 ees DOT aaltie we <5 D2 Niece meah DA nae PhS, A EG 1 
fed Tig hE eres ae We che 5 DH i eee LO ener aes en fa cast el Be BOT Sas occ OP snows ONeaternatee BG 
KET ype Bic ioc4 ts has 2g ee peiaie as Piers 9 on seo BETS PRS amen DLR ciaiee Leto. 1 


Lines With Flat Construction, Three-Phase Tubes, Staggered Every Third Pole Per Phase (see Fi 
eieeutins 20h NRE LOO 


TaD Y DELO. Shs 55 oe 23 


84 Average density—136 per 100 miles 
per year 


gure 10) 


Ste DO eter siei2 hoy asaaersete Sita see 


Average number of strokes per 100 miles of line per year = es = 130. 


*One occurred at end of line where it connects to an unprotected line. 
to 20 ohms with an average for each line of approximately 10 ohms. 
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Figure 8B. Distribution curves of maximum 
crest tower or pole-ground-lead currents 
produced by direct strokes 


of line per year. Hansson and Waldorf? 
estimate a general average of 100 strokes 
per year from their studies on steel lines. 
However, as shown by the curve of Figure 
7A their data represent the number ex- 
ceeding about 2,500 amperes (the lower 
limit of their recorders). This point lies 
very close to the corresponding point on 
the combined curve of this investigation, 
which indicates that they also would have 
measured more actual direct strokes if 
conditions had permitted the recording of 
lower-magnitude direct strokes. On the 
other hand, when comparing the percent- 
age distribution curve obtained: by the 
foregoing method of removing certain 
records with the curve obtained in the 
Westinghouse direct-stroke investigation 
(Figure 7B) it is seen that a higher per- 
centage of lower-magnitude records is still 
present in the data of this investigation 
The direct-stroke study shows that about 
ten per cent of all direct strokes are below 
2,000 amperes and 16 per cent are below 
5,000 amperes, whereas the curve of this 
study. shows corresponding percentages 
of 15 and 30. Adjustment of the data of 
this study to fit the direct-stroke data in 
this range would produce a curve in Fig- 
ure 7A that would indicate about 95 direct 
strokes per 100 miles of line per year. It 
appears evident that, with a possible 
range of from 95 to 130, the frequency of 
strokes to the wood-pole lines (which are 
35 to 50 feet in height and lie in iso- 
keratinic regions of 25 to 45 storm-days) 
is about the same as for steel-tower lines 
80 to 100 feet high. It should be pointed 
out that the lower-voltage lines of this 
investigation are in flat exposed terrain 
and not appreciably shielded by sur- 
rounding objects. 


Stroke Polarity 


Of the 147 records considered as caused 
by direct strokes, 134 or 91 per cent were 
of negative polarity. The highest-mag- 
nitude recorded positive stroke had a 
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crest current of 90,000 amperes and the 
highest negative stroke 113,000 amperes. 


Pole-Ground-Lead Currents 


Figure 8 presents the data on the maxi- 
mum pole-ground-lead currents for each 
record identified as a direct stroke and 
compared with similar data of Hansson 
and Waldorf.*’ In these figures the 
data are plotted in two ways showing both 
the per cent and the number of tower cur- 
rents per 100 miles of line per year cor- 
responding to the given values. Since 
the average recorded direct strokes for 
the Hansson and Waldorf data is 100 per 
100 miles per year, their curves for the 
two ordinate systems coincide. These 
curves show the benefit of short spacings 
between spans in reducing the maximum 
tower current. The highest-pole ground 
lead current recorded for the 33-kv lines 
of this investigation is 36,000 amperes as 
compared to a maximum of 95,000 am- 
peres for the steel-tower lines with longer 
spans. As shown by Figure 8B the 
maximum pole-ground-lead current pro- 
duced by five per cent of the strokes to 
the wood-pole lines with the shorter spans 
is 26,000 amperes whereas the corre- 
sponding value for the 500-700-foot-span 
steel lines is 38,000 amperes and for the 
900-1,000-foot-span lines 49,000 am- 
peres. . 


Flashover Performance of 
_ Unprotected Lines 


At the bottom of Table II is listed a 
general summary of the tripout perform- 
ance of two types of unprotected line con- 
struction. The first type consists of flat 
construction using ten-foot crossarms and 
steel braces typical of installations prior 
to 1929.1 The second type of construc- 
tion is that of Figure 1 with the insula- 
tion levels listed in Table I. For both 


- i 


Figure 9. Comparison of actual and calculated 

performance of three types of 33-kv pro- 

tected line construction employing an over- 

head ground wire or deion protector tubes on 
a top phase 


types of construction the average fre- 
quency of guyed poles is about once every 
half to one mile with spans of 150 to 300 
feet. As shown in Table II, the flat con- 
struction experienced an average of 38 
tripouts per 100 miles per year as com- 
pared to only 31 for the construction of 
types 1 and 2 (Figure 1). It is indicated 
that this improvement in performance is 
due partly to a reduction of lightning 
flashovers because of the higher insula- 
tion level but that a greater effect is the 


_improvement of the dielectric-recovery 


characteristics of the line with greater 
wood insulation. 

It has been recognized for some time 
that a path over wood has a greater “‘arc- 
quenching” action than through air or 
over insulators alone. Studies of the per- 
formance of, higher-voltage steel-tower 
lines®.» show that about 85 per cent of the 
flashovers of lines 100 miles in length or 
less result in a tripout. Calculations 
from present direct-stroke data®® (in- 
cluding the crest-stroke-current curve 
(Figure 7A) of this investigation) indicate 
that lines of the earlier flat construction 


‘ should experience about 91 lightning 


flashovers per 100 miles per year, whereas 
the construction of Figure 1 should ex- 
perience 88. From the foregoing tripout 
data the respective percentage ratios of 
tripouts to flashovers are thus 42 and 35. 
This latter figure compares with 40-43 
per cent as determined from the photo- 
graphic-surge-current-recorded _ studies 
previously described. 

The concentration of cases of power 
follow at guyed poles suggests the possi- 
bility of materially reducing the outages 
on lines of Figure-1 construction by in- 
stalling deion protector tubes either at or 
adjacent to all guyed poles. An investi- 
gation program of this type is planned. 


CALCULATED 


=—TRIPOUTS-LINES WITH 
OVERHEAD GROUND WIRE 
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D. 


For best protection tubes should be in- 
stalled on all three phases since, as shown 
by the special flashover study, most 
strokes to such lines result in multiphase 
lightning flashovers, even though the 
ridge-pin conductor shields the other two. 


Performance of Continuously 
Protected Lines 


Table III summarizes the lightning 
performance of the protected lines being 
studied in detail. Only one tripout and 
case of flashover evidence has occurred 
for an estimated 53 direct strokes to the 
lines with an overhead ground wire. The 
type-3 (Figure 9) construction with 
single-phase protector tubes has experi- 
enced three tripouts for 84 direct strokes. 
However, Line 1 (Table II) is connected 
to an unprotected line section, and one of 
the flashovers occurred at the end pole of 
the protected section which is also a trans- 
position point. This, therefore, was not 
attributed to the protected construction. 
Both of the other two tripouts were asso- 
ciated with tube failures. Thus, the 
ground-wire lines averaged one tripout 
per 53 strokes as compared to one per 42 
strokes for the single-phase tube con- 
struction. 

Figure 9 gives the actual number of 
tripouts per 100 miles of line per year for 
the combined lines of the two afore- 
mentioned general types as compared to 
calculated performance?® using the 
stroke-current wave-shape data of direct- 
stroke studies? and the crest-stroke-cur- 
rent frequency curve of Figure 7A. The 
character of the lightning voltages on an 
overhead ground wire or a conductor 
equipped with protector tubes is quite 
different from that appearing on an un- 
protected phase conductor.? The multi- 
ple grounds provided continually for the 
grounded wire and after a relatively low 
voltage has been reached by the tubes 
prevent any significant voltages occurring 
any appreciable time before stroke con- 
tact. Thus the voltages on such con- 
ductors are determined primarily by the 
stroke discharge current. Surprisingly 
close agreement is shown by the cal- 
culated and actual data of Figure 9, in- 
dicating that when the actual frequency 
of direct strokes is known our present 
knowledge of the characteristics of light- 
ning-stroke currents. provides a reli- 
able basis for determining line perform- 
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Figure 10. Calculated lightning performance 

of 33-kv line equipped with protector tubes 

on all three phases showing effect of spacing 

between protected poles and insulation at 
unprotected poles 


Also comparison is made with operating per- 
formance of line with one tube per pole 
rotated between phases 


ance. As shown in Figure 9, the some- 
what higher outage rate for the tube con- 
struction is due to its lower insulation 
level and longer spans as compared to the 
ground-wire lines. By separating the 
pole ground lead from the pole,’ it is quite 
practical to reduce the flashover rate for 
this type of construction by about one 
half. It should be pointed out that the 
calculated curves apply to flashovers 
whereas the operating records are trip- 
outs. However, a detailed line-inspec- 
tion program has been carried out on these 
lines which so far has detected no flash- 
overs other than those resulting in the 
tripouts. These inspections are made 
periodically at all locations shown by the 
magnetic-link records to have received a 
direct stroke. That the application of 
protector tubes only on the ridge con- 
ductor of lines such as that of type 1 
(Figure 1) provides both an effective and 
economical method of protection had been 
shown by previous experience. 

The second type of protector-tube ap- 
plication studied in detail is that shown 
in Figure 10 with a single tube at each 
pole but the tubes rotated between 
phases. As shown by the operating 
data for this construction (Table III) the 
performance has not been so good as for 
the other protected lines. For only ten 
direct strokes there have been two trip- 
outs. One of these flashovers occurred 
at a switch pole near one end of the line 
section. The poorer performance is due 
primarily to the lower insulation level 
that results from the tube grounds at each 
pole. This is illustrated by Figure 10. 
The performance of such construction 
should be comparable to that with all 
three tubes installed at every third pole 
and the same phase-to-phase insulation 
level at the unprotected poles as pro- 
vided by the staggered construction at 
each pole. In Figure 10 are curves show- 
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ing the calculated? performance for three 
tubes at each protected pole showing the 
expected flashovers and tripouts as a 
function of frequency of protected poles 
and for two insulation levels at the un- 
protected poles. The upper set of curves 
applies to insulation levels typical of that 
provided by the staggered tube arrange- 
ment. The lower curves apply to the in- 
sulation level obtained with the given pole 
construction and no grounding circuit at 
the intervening poles. The curves ap- 
plying to tripouts are estimated from the 
data of this investigation and others® on 
the ratios of outages to flashovers. The 
point representing the actual tripout rate 
for the staggered tube line shows 43 trip- 
outs per 100 miles of line per year as com- 
pared to an estimated 17 flashovers and 12 
tripouts, whereas, if the tubes actually had 
been placed three to a pole every third 
pole, the estimated flashover rate would 
have been only seven with four tripouts 
per 100 miles of line per year. 


Duty on Deion Protector Tubes 


The records of the lightning surge cur- 
rents discharged by deion protector tubes 
are summarized in Figure 11. Two gen- 
eral types of application were studied. 
One consists of tubes applied continu- 
ously on the lines of Table III for which 
the bottom curve of Figure 11 applies. 
For the other type of application iso- 
lated groups of two to four poles adjacent 
to a vertical corner pole are equipped with 
one tube on the ridge-pin conductor. For 
both curves of Figure 11 all recorded 
surges are considered, although several 
tubes might be involved in one disturb- 
ance. The much greater tube duty for 
isolated applications is shown. Each 
protector tube at the infrequent installa- 
tions discharged about once per year as 
compared to a frequency of 0.35 dis- 
charge per tube on the continuously pro- 
tected lines. The tube duty should be 
considered from two viewpoints, one the 
duty imposed by high lightning currents 
and the other by the interruption of fault 
current. As shown by Figure 11 the 
tubes at isolated locations discharged 
about 12 times as many of the higher 
lightning currents. The actual duty 
from interrupting fault current depends 
upon the number of tubes involved for 
each disturbance. This is not known. 
In most cases it should be only one. Upon 
the assumption that one tube interrupts a 
fault current for every case of flashover, 
the average number of cases of fault- 
current interruptions is 0.7 per tube per 
year for the isolated installations and only 
0.17 for the continuously applied tubes; 
aratio of about fourtoone. These differ- 
ences should be even more marked if 
cases of single isolated tube-equipped 
poles were considered. The foregoing 
data show the material benefit of closely 
spaced tubes in reducing the individual 


= 


PROTECTOR TUBES AT 
|SOLATED LOCATIONS 
O TO FOUR IN A GROUP) 
74 TUBE-YEARS 
73 DISCHARGES 


PROTECTOR TUBES 
CONTINUOUSLY APPLIED, 
EVERY SECOND POLE. 
9!6 TUBE-YEARS 
322 DISCHARGES 


NUMBER OF DISCHARGES PER SINGLE PHASE 
TUBE PER YEAR EXCEEDING ABSCISSA VALUE 


OMS 10 LFS 20 Si eo” moO meso: 
CREST KILOAMPERES 
Figure 11. Surge-crest-ammeter records of 
the discharge duty on deion protector tubes 
installed on 33-ky wood-pole transmission 
lines 


tube duty and maintenance. After 916 
tube-years of experience with lines con- 
tinuously protected by about 320 tubes, 
there have been three tube failures. 


Conclusions 


An analysis of the electric fields pro- 
duced by the ‘“‘initial streamers”’ of direct 
strokes to an unprotected transmission 
line indicates that surge voltages of ap- 
preciable magnitude can be induced on a 
conductor as much as 50 to 250 micro- 
seconds before actual stroke contact. 
These may reach potentials ranging from 
100 to over 1,000 kv before the stroke 
actually discharges into the line. This is 
confirmed by a detailed climbing inspec- 
tion of an unprotected 33-kv wood-pole 
line and by 49 recorded cases of flashover 
on sections of unprotected line equipped 
with photographic surge-current record- 
ers. Having relatively slow rates of 
voltage rise, these ‘‘initial streamers” can 
flash over points of lower insulation 
several miles from the stroke, after which 
higher insulation close to the stroke also 
may be flashed over by the much higher 
rates of rise following actual stroke con- 
tact. : 

In the special flashover studies simul- 
taneous multiple flashovers were recorded 
that extended over as much as two miles 
of line. In some cases they were caused 
by multiple strokes, and each component 
of the multiple discharge was recorded at 
several of the flashover points. In these 
cases one path usually (but not always) 
robs the others of the long-duration por- 
tion of each stroke component so that 
the flashovers at the other points along 
the line are of very short duration with no 
evidence of power follow except at the | 
one location. " 

About 40 per cent of the recorded cases 
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of flashover caused a tripout. Although 
about 85 per cent produced a multiphase 
flashover at some point, only 20 per cent 
resulted in a sustained multiphase fault. 
The concentration of power follow at 
guyed poles shows that they determine 
to a great extent the tripout performance 
of such lines. 

Examination of the flashover markings 
produced on 34.5-kv pin-type insulators 
and correlated with measurements of 
flashover currents shows that the char- 
acter of the markings provides a method 
of detecting flashover from lightning alone 
and flashover accompanied by power 
follow. 

Magnetic-link studies on continuously 
protected 33-kv wood-pole lines 35 to 50 
feet high show that the direct-stroke fre- 
quency is.of the order of 95 to 130 per 
hundred miles of line per year or the same 
order of frequency as higher-voltage steel- 
tower lines 80 to 100 feet high lying in 
regions of about the same lightning 
severity. Storm observations at sub- 
stations provide a method of plotting 
storm maps for each lightning storm over 
the area covered by the lines being 
studied. Detailed records of storm fre- 
quencies and durations show a wide 
fluctuation in the number of storm-days, 
storms, and total annual storm durations 
both from year to year and between 
different lines only a few miles apart. As 
shown by the storm maps, this is caused 
by large local variations in the extent 
and paths of the storms. No one of the 
three indexes bears a close relation to the 
frequency of direct strokes to the line. 
This is probably due to the importance of 
an additional factor, the density of 
strokes emanating from each storm. 

It was found that a more accurate and 
fundamental method of plotting crest 
stroke currents and tower currents is in 
terms of the number per unit length of 
line per year rather than the per cent that 
exceed a given value. Because of the un- 
certainty of the lower-magnitude surges 
the latter method can produce consider- 
able error in the frequency of the more 
important higher-current records. There 
is an indicated prevalence of higher- 
magnitude strokes to lines equipped with 


overhead ground wire. A possible ex- _ 
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planation for this is the better conducting 
path provided by the greater number of 
grounds in the case of a ground-wire line, 
so that the earth charges may combine 
more rapidly with the charge on the 
stroke channel. Comparison of the crest- 
pole ground lead currents recorded in this 
investigation (where average spacings be- 
tween grounds range from 250 to 400 feet) 
with similar data from high-voltage lines 
(having spans ranging from 500 to 1,000 
feet) shows the definite benefit of closely 
spaced grounds in reducing the maximum 
pole or tower currents. 

Comparison of lightning-tripout records 
for unprotected 33-kv wood-pole lines of 
limited insulation and lines with about 
the optimum insulation for this voltage 
class (see Table II and Figure 1) shows an 
average rate of 38 tripouts per 100 miles 
of line per year for the former as com- 
pared to 31 for the latter. 

Detailed data have been obtained on 
the lightning performance of 33-kv wood- 
pole lines continuously protected both by 
overhead ground wires and by protector 
tubes. Although only a relatively few 
mile-years of experience have been gained 
on each type of construction, the detailed 
nature of the records showing actual 
stroke frequencies together with line 
tripouts have established the degree of 
performance of the various types of con- 
struction. Lines equipped with an over- 
head ground wire and having insulation 
levels of 600 to 725 kv with spacings be- 
tween grounds ranging from 250 to 320 
feet (Figure 9) experience only about two 
tripouts per 100 miles of line per year 
when an average ground resistance of ten 
ohms is provided. The same degree of 
protection is shown to be provided by 
lines with one protector tube on the ridge- 
pole conductor of every other pole of lines 
with average spans of about 200 feet 
(Figure 10) if the same insulation level is 
provided. The performance record of a 
line with flat construction (Figure 10) 
having one tube per pole on alternate 
phases shows the importance of obtaining 
a reasonably high insulation level for un- 
protected phases at each pole. This line 
shows an outage rate of 43 tripouts per 
100 miles of line per year, whereas the use 


of three tubes per pole on every third pole 
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0.17 per individual tube per year. 


should result in only about four tripouts 
per 100 miles of line per year when the 
full insulation level of the unprotected 
poles is maintained. 

Data have been obtained on the surge 
discharge duty of deion protector tubes 
installed continuously on protected lines 
and at isolated points on lines. For the 
former case the discharge rate for light- 
ning surges is about 0.35 per individual 
tube per year, while the frequency of 
power-fault interruptions is only about 
The 
corresponding rates of discharge are much 
higher for isolated tube installations. 
Likewise, the crest magnitudes of the 
surges that must be discharged at isolated 
installations are much greater. 
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Synopsis: The general problem is stated and 
typical solutions indicated. Characteristics 
of governors and of frequency- and load- 
control devices are briefly explained, and 
effects on generator and tie-line loads are 
summarized. TJllustrating the principles 
enunciated, interconnected systems in south- 
ern Ontario and adjacent portions of Que- 
bec totaling 1,650,000-kw generating capac- 
ity are described, also operating experience 
with automatic frequency control, and auto- 
matic load control of two ties, one of which 
is a 45,000-kw frequency-changer set inter- 


connecting systems of relatively large 
capacity. 
HIS IS the era of superpower. Two 


or three decades ago, engineers en- 
visioned the day when the power re- 
sources of whole countries or even con- 
tinents would be interconnected by vast 
networks of high-voltage transmission 
lines distributing electric power to all 
parts of the country. Today their dreams 
are approaching realization in large areas 
of the United States, in Britain,® and to a 
lesser degree in Canada and other coun- 
tries. 

On this continent these power networks 
or power pools as they are sometimes 
called, have grown up piecemeal by pro- 
gressive interconnections within local 
areas, and finally by ties to more distant 
areas, which in turn may be connected to 
other areas beyond them. One of the 
earliest problems encountered in the 
operation of interconnected systems was 
the regulation of the transfer of power be- 
tween one system and another, and closely 
related thereto, the regulation of fre- 
quency. A by-product of frequency con- 
trol is time control, which demands pre- 
cise average frequency, so that synchro- 
nous electric clocks may keep pace with the 
slow but inexorable advance of Father 
Time. These related problems are dealt 
with in this paper. 


Purposes of Interconnection 


At the outset, let us consider briefly 
the questions—why interconnection? and 
why control? Interconnections may be 
made for one or more of the following rea- 
sons: 


1. Transfer of power from systems having 
a surplus to areas of shortage. 
2. Diversity of loads on different systems. 


3. Diversity of stream flow and storage 
facilities, affecting hydroelectric generation 
available in different areas. 
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4. Pooling of reserve generating facilities, 
with large savings in capital cost of stand-by 
generating capacity. 

5. Greater reliability of service, and re- 
sources for emergencies. 


6. Convenience in arranging outages of 
equipment for maintenance. 


For example, water which would other- 
wise be spilled over the dam at some run- 
of-river plant might be used to permit 
storage of water at some other plant where 
storage facilities are available, which in 
effect transfers useable energy in the form 
of ponded water from one river to another 
which may be many miles distant; or 
alternatively, that water may be used to 
save expensive coal at some distant steam 
plant; or conversely, steam generation 
may be used to help out water-power areas 
in dry seasons. Diversity of loads and 
pooling of reserve capacity by intercon- 
nection make it possible to carry a greater 
total firm load on the combined systems 
than they could carry separately. 

Control of some kind is necessary in 
order that the power transferred from one 
system to another over the interconnect- 
ing tie lines may. conform to plans based 
oneconomic or contractual considerations. 
Tie-line load control is bound up with the 


‘control of frequency and time, since no 


one of the three may be changed without 
affecting the other two. Apart from their 
relation to load control, frequency and 
time demand close regulation on their own 
account; frequency, because many mod- 
ern industrial processes with electric 
motor drives are dependent upon steady 
and accurate frequency; and time, be- 
cause of the millions of electric clocks 
which time the movements of modern 
society to an accuracy measured in 
seconds. Some industries wish frequency 
to be controlled to a tolerance of plus or 
minus one quarter of one per cent on one- 
minute average values. Thisis not always 
attainable, but on the Southern Ontario 
system of the Hydro-Electric Power Com- 
mission of Ontario, that precision is at- 
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Governor of older type in use at 
Queenston plant 


Figure 1. 


tained for more than 98 per cent of the 
average day’s run, using automatic fre- 
quency control. For the sake of electric 
clocks, the average frequency must be 
maintained even more precisely, since an 
error as small as 1/100 of one per cent will 
in 24 hours create a time deviation of 
eight seconds on electric clocks. Time on 
the Commission’s Southern Ontario sys- 
tem is usually controlled more precisely 
than this, but emergency conditions and 
heavy war-time demands occasionally 
cause temporary time deviations up to 
five seconds and sometimes more. These 
errors are automatically corrected over a 
period of time after the emergency or 
overload condition has passed. ; 

On interconnected systems, automatic 
frequency control is now almost universal, 
and automatic tie-line load control is be- 
coming more and more extensively used. 
Where tie-line capacity or stability limits 
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Figure 2. Characteristic curves of turbine 
governors, showing the relation between gate 
opening and speed 
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are critical factors, automatic tie-line 
load control is essential for the maximum 
utilization of line capacity. 

A recent article!’ describes an interest- 
ing example of interconnected systems in 
the northwestern states, where 11 impor- 
tant power systems in five states have a 
total of 31/3; million kw generating ca- 
pacity with.13,000 miles of major transmis- 
sion lines ranging from 40 to 220 ky. 
This interconnection takes advantage of 
diversity of loads in two time zones and 
diversity of river flow in several water- 
sheds on both sides of the Rocky Moun- 
tains, the resulting economies being equiv- 
alent to 100,000 kw of added generating 
capacity. 

In this power pool we have examples of 
the two types of interconnection which are 
commonly met: 


1. Systems connected like links of a chain, 
which may have side branches but no loops. 


2. Multiple interconnections, forming loops. 


One particularly complicated situation 
was solved by the unique method of phase- 
angle control,* but the usual problems 
were met by conventional methods of 
automatic frequency control and tie-line 
load control referred to later in the pres- 
ent paper. 


Governor Characteristics 


Regulation of frequency and _ tie-line 
load involves the regulation of the output 
of generators connected to the systems, 
and this requires regulation of the power 
input to their turbines. In a typical 
hydroelectric plant, the working fluid, 
water, is conducted from the forebay 
through the penstock to the turbine, and 
is discharged through the draft tube to the 
tail race. The discharge is controlled by 
the gates, consisting of a set of overlap- 
ping vanes arranged in a circle in the tur- 
bine casing at the point where the water 
enters the wheel. The gate stems pass 
through the upper’ wall of the turbine 


Figure 3. Frequency, and load of two Queenston generators, one 
(number 10) controlled by a frequency regulator and the other 
(number 3) on free governor control 
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interconnected by a single tie line 


Tabulation shows effect of load change on 
frequency and tie-line load due to governor 
droop characteristics only (columns 1, 2, 
and 3), followed by the effect of flat frequency 
control only on system A (columns 4 and 5); 
same plus flat tie-line control on B (column 6), 
or tie-line bias control on B (column 7); or 
selective frequency. control on A and B 
(columns 8 and 9) 


casing and all are connected to a gate 
ring, which is moved by servo-motor pis- 
tons under control of the governor. 
Figure 1 shows one of the governors of 
the Queenston plant—not of the most 
modern make, but well adapted to an ex- 
planation of its operation, because its 
principal parts are large and exposed to 
view. The flyballs are on a vertical shaft, 
belted to the main generator shaft. The 
balls fly outward with increasing speed of 
the unit, and in so doing they raise a 
collar to which the center of the floating 
lever is coupled by a sliding shoe. The 
left end of the floating lever is connected 
to the pilot valve, which controls the tur- 
bine gates through the medium of the 
servo motor. The right end of the floating 
lever is positioned by a rod coming back 
from the gates. This mechanical con- 
struction determines a fixed relation be- 


tween the steady-state speed and gate 
opening, which is called the speed-droop 
characteristic of the governor. 

One other feature which should be no- 
ticed is the handwheel at the lower right 
and near it a small motor, called the syn- 
chronizing motor, which is geared to the 
handwheel. The synchronizing motor is 
used by the operator when starting the 
unit to adjust the generator to the proper 
speed for synchronizing to the bus, and 
after synchronizing, the same motor is 
used for adjusting load on the unit, or for 
regulating frequency of the system. 

Automatic load or frequency regulators 
act through the medium of governor syn- 
chronizing motors. A change in the gov- 
ernor speed setting by means of this motor 
has the same effect as lengthening or 
shortening the gate return rod, causing a 
change in the speed associated with a 
given gate opening. 

The relation between speed and gate 
opening is shown graphically in Figure 2 
by the speed-droop curves of a governor. 
The base line is actually gate opening, © 


_starting from the no-load gate opening as 


zero, but it can also represent output or 
load on tke unit, assuming that output is 
directly proportional to gate opening. 
This is not usually the case, but it will 
simplify our explanations to assume that 
it is true, and that our base represents per 
cent of full gate or per cent of full load. 
As applied to a single isolated genera- 
tor, curve A means that at no load, the 
frequency will be 25.5 cycles per second 
(hereinafter usually abbreviated to 
“eycles”). As load increases, the gover- 
nor holds a lower frequency, which at 


Figure 5. Fluctuating load on two frequency- 

changer sets in parallel constituting the tie 

between the Georgian Bay 60-cycle system 
and Niagara 25-cycle system 


Frequency was manually controlled on the 
Niagara system and the frequency-changer 
load was unregulated 
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half load will be 25 cycles. Further in- 
crease in load causes further reduction in 
speed, till at full load the frequency is 
24.5 cycles—a total droop from no load 
to full load of one cycle on 25, or four-per- 
cent regulation. 

When generators are operating in 
parallel, as on interconnected systems, 
frequency is the same for all generators, 
no matter whether they are side by side 
in the same generating station, or miles 
apart in different stations. Hence this 
speed-droop characteristic provides a 
basis for load sharing among generators 
operating in parallel, for example, two 
generators having speed-droop curves like 
A and B in Figure 2. All may not have 
the same per-cent regulation or the same 
full-load capacity, and these factors will 
affect the amount of any system load 
change which will be taken by each gen- 
erator; but the main point is that genera- 
tors in parallel tend to share all changes 
in system load due to their governor 
speed-droop characteristics, provided that 
no changes are made to the governor 
speed settings. 


Effects of Frequency Control 


In the early days of electric power, 
when frequency was not so important as 
it is now, the governor speed-droop char- 
acteristic was satisfactory, both for its 
main purpose as a basis of stable load 
sharing, and also for a crude sort of fre- 
quency control. Now, when frequency 
must be precisely controlled, the gover- 
nors must be adjusted from time to time 
to compensate for changes in system load. 
Instead of making simultaneous equal 
adjustments to governors of all generators 
on the system, it is more convenient to 
adjust one or a few large generators, 
which are called the frequency-regulating 
generators of the system. 

The effect of making an adjustment to 
the speed setting of a governor by means 
of the synchronizing motor shown in 
Figure 1 is to raise or lower the speed- 
droop curve parallel to itself. For ex- 


Figure 6. Schematic diagram of nine systems 
interconnected like links of a chain which 
may have side branches but no loops 


Flat frequency control on system D. Flat tie- 
line or tie-line bias control on others 
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ample, curve A may be lowered to Aj, 
which would reduce the output of genera- 
tor A and lower the frequency of the sys- 
tem. If frequency of the system is being 
regulated by adjustments-to generator A, 
with no adjustments to generator B, 
then generator A will be compelled to 
take care of all load changes of the system, 
because when frequency is restored to 25 
cycles, generator B will always be at the 
60-per-cent load point. In other words, 
frequency control has the effect of coun- 
teracting the speed droop of generators to 
which it is applied—not eliminating the 
drooping characteristic, but shifting it to 
a new level after each load change. 

When load change occurs suddenly, 
there are three stages in the restoration of 
normal frequency. In the first stage, 
inertia of the generator and of other 
rotating machinery connected to the sys- 
tem is the governing factor, and so the 
frequency falls for the first few seconds 
following a sudden increase of load, draw- 


ing upon the total kinetic energy of the 


system, while water in the penstocks is 
accelerating. In the second stage, the 
incremental load is shared by all genera- 
tors according to their capacities and 
speed-droop characteristics. Finally, the 


whole of the load change is taken over by 


the frequency-regulating generator,* and 
other generators return approximately to 
their original loading when frequency has 
been restored to normal. On sudden load 
changes of considerable magnitude, all 


three stages can be distinguished on 


graphic meter charts, but when load 
changes are gradual, the first two stages 
are hardly noticeable, and the result isthat 
the frequency-regulating generator* tends 


* The word ‘‘generator’’ in the singular should be 
understood to include the case of two or more gen- 
erators sharing the regulation. 
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Schematic diagram of interconnected systems 
of southern Ontario and adjacent portions of Quebec 


Generating capacities and capacities of ties are in megawatts. 
Black’solid circles show generating stations used for regulation 
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Uncontrollable fluctuations of 
Niagara system frequency (1936) showing 
irregular swings with a period averaging about 
25 seconds , 


Figure 8. 


to vary its output with all changes in 
system load, while other generators main- 
tain approximately constant output. 

This is illustrated in Figure 3. 

Time runs from right to left. The 
lower curve shows the fluctuating load on 
generator 10 at Queenston when it was 
being used as a frequency-regulating 
generator for the Niagara system, with 
automatic frequency control. A little 
before 1800, a sharp increase in system 
load depressed the frequency temporarily 
and caused the output to increase to full 
load, in response to raisirig impulses from 
the frequency regulator. The frequency 
was slightly low for 20 minutes until 1815_ 
when generator 3 was loaded to about 85 
per cent of its maximum capacity by 
manual control. This raised the fre- 
quency, and generator 10, under control 
of the frequency regulator, reduced its 
output by a nearly equal amount. From 
that point on, generator 10 takes the ma- 
jor swings of system load, while generator 
3 holds a constant average load with 
temporary departures only when frequency 
deviates noticeably from normal. Thus — 
at 2300, when generator 10 went up 
sharply to full load and frequency became 
low, generator 3 increased its output due 
to its governor speed-droop characteristic, 
until the system load began to drop a few 
minutes later, permitting the frequency 
to rise. This caused generator 3 to revert 
to normal output, while generator 10 
follows the variations of system load 
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Figure 10. Schematic diagram of frequency- 
and load-control system centered at Chats 
Falls 


Power circuits are in heavy lines, governor 
control circuits in light full lines, and metering 
circuits in broken lines 


under control of the frequency regulator. 
The cause of the load increase on genera- 
tor 10 at 2300 was reduction of genera- 
tion at a base load plant elsewhere on the 
system. This has the same effect as in- 
crease of system load. 4 
Figure 4 represents two power systems 
with an interconnecting tie line, numer- 
ous generators and numerous loads being 
reduced to a single equivalent generator 
and equivalent load for each system. 
Circuit breakers, transformers, and other 
details are omitted. This differs from the 
case of two generators in paral'el feeding 
a common load only in the separation of 
the generators and loads into two divi- 
sions. With no external control of the 
governors, the two generators will still 
share all incremental load of the com- 


bined systems, according to their speed- 


droop characteristics and generating ca- 


_ pacities. Power flow in the tie will depend 
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upon these two factors and also upon the 
origin of the load change—whether the 
change occurred in area A or in area B. 
For example, if load increases in system 
A, frequency will become low, and tie-line 
load will deviate in the direction B to A. 

In a consideration of regulation of fre- 
quency of these systems, it is usual to 
make one system responsible for the regu- 
lation of frequency and time. This will 
usually be the larger system, or the one 
having greater generating reserves, or 
ability to handle load swings more effi- 
ciently. Let us choose system A as the 
frequency-regulating system. In accord- 
ance with the principles already explained, 
all changes in total load of both systems 
will appear as changes in the load of 
generator A, while the load of generator 
B will remain substantially constant. 
Therefore, if load change occurs in system 
A, it will not permanently affect the tie- 
line load, but all load changes occurring 
in B will appear as changes in the tie-line 
loading, because the changes are being 
absorbed by the frequency-regulating 
generator A. 

Under the conditions just considered, 
unregulated tie-line loads tend to vary 
with all fluctuations in load of systems 
remote from the frequency-regulating 
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system. This is illustrated in Figure 5, 
which shows load fluctuations on an un- 
regulated tie consisting of two frequency 
changers in parallel, interconnecting two 
systems of the Hydro-Electric Power 
Commission in southern Ontario, the 
Niagara 25-cycle system, and the Geor- 
gian Bay 60-cycle system. The power 
flow is all in one direction, toward the 
60-cycle system, which was deficient in 
stream flow and was receiving assistance 
from the Niagara system. One machine 
alone was on at first, and then two in 
parallel. At 1615, when the load on the 
frequency-changers was high, a sudden 
loss of load on the Niagara system caused 
the frequency to rise suddenly, and forced 
extra power through the frequency- 
changers to accelerate the 60-cycle system. 
This tripped off the already heavily loaded 
machines and the systems separated, 
Niagara frequency rising due to the loss 
of load, and Georgian Bay frequency 
dropping due to the loss of supply from 
Niagara. The drop of 60-cycle frequency 
was great because most of the generators 
on the Georgian Bay system were blocked 
and could not increase their output until 
the operators raised the blocks. The sys- 
tems were paralleled again a few minutes 
later. The frequency here was manually 
controlled, which accounts for sustained 
deviations up to 0.3 cycle on 25 cycles. 


Tie-Line Load Control 


In many cases it is necessary to regulate 
the interchange of power through a tie 
line, holding the tie-line load substantially 
constant at a predetermined value. Re- 
ferring again to Figure 4, when system A 
is regulating frequency, tie-line load may 
be regulated by control of generation in 
system B. A regulator sensitive only to 
tie-line load exerts what is called ‘‘flat 
tie-line load control.” This tends to make 
each system ‘‘mind its own business,” 
the generators in system A taking care of 
load fluctuations in that system under 
control of the frequency regulator, and 
generators in system B taking care of load 
fluctuations in B under control of a tie- 
line load regulator. 

Another means of combining regulation 
of frequency with regulation of tie-line 
load is called selective frequency control,* 
in which a regulator or regulators sensi- 
tive only to frequency act selectively 
upon generators in A and B under super- 
vision of watt relays, responsive to tie- 
line load. For example, if frequency is 
low, a raising impulse will be initiated by 
the frequency regulators. If the tie-line 
load at that instant is too great in the 
direction B to A, the tie-line watt relay 
will permit the raising impulse to pass to 
the governors of system A, since this will 
tend to correct the tie-line loading as well 
as to correct the frequency, but raising 
impulses will be blocked from going to 
the governors of B, since this would make 
the tie-line deviation greater. 
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When systems are connected like links 
of a chain, which may have side branches, 
but no loops, it is usual to assign fre- 
quency control to one large central system 
such as D in Figure 6, and have other 
systems regulate load in the tie leading 
toward the frequency-regulating system. 
This is simply an extension of the prin- 
ciple of load control on a tie line between 
two systems as already explained. If 
any system such as F is unable for any 
reason to regulate load in the tie between 
F and £, the tie F—E will become an un- 
regulated tie, and system £ will automati- 
cally assume the regulation for the two 
systems £ and F, holding load on tie E—-D 


View in Chats Falls control room 


Figure 11. 
showing frequency-control supervisory panel 
switches on operator's desk 


Round dial at left indicates total 60-cycle 

delivery from Gatineau Power Company, with 

load-setting controls in upper part of indicator 
case 


up to the limit of the available generating 
capacity in system /#. An overload on 
system EH would make it impossible fur- 
ther to control the load in tie E-D, and 
would throw additional burden on the 
frequency-regulating system D. 

On large interconnections it is usually 
desirable to provide for automatic assist- 
ance to the frequency-regulating system 
on the occurrence of unexpected overloads 
or emergency conditions. For this pur- 
pose it is customary to use tie-line load 
regulators in which the load setting is 
- automatically biased by deviations in 
frequency, and perhaps also by time error.’ 
This is known as ‘‘tie-line load control 
biased by frequency,” abbreviated to 
“tie-line bias control.” This system of 
‘mutual aid enables interconnections of 
vast magnitude to operate successfully, 
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meeting demands which the systems in- 
dividually could not meet without much 
greater generating reserves. 

When interconnections form loops or 
networks, load on each individual tie 
cannot readily be controlled, but each 
system may totalize all its tie-line loads 
and regulate the ‘“‘net interchange” or 
total power supplied to or received from 
the pool, leaving the division of load 
among the ties to the natural laws of 
power flow in networks.” As in the case 
of single tie lines, net-interchange control 
may be applied either on the flat-load- 
control principle, or with the tie-line-bias 
modification. 

The characteristic effects of automatic 
frequency- and load-control devices on 
systems interconnected in chain fashion 
exemplified in Figure 6, may be sum- 
marized in the following five statements, 
covering the general case where some ties 
are regulated and others may be unregu- 
lated, with some systems regulating and 
others nonregulating. 


1. Frequency of the whole interconnection 
tends to be maintained at normal value by 
action of the frequency regulator on regulat- 
ing generator(s) in the frequency-regulating 
system. * 


2. The load of each regulated tie tends to 
be maintained at the preset value by action 
of a load regulator on regulating generator(s) 
in a regulating system more remote from the 
frequency-regulating system. 


8. Output of the regulating generator(s) in 
each regulating system* tends to vary with 
all load changes within a group consisting of 
the local system and all contiguous non- 
regulating systems as far as the nearest regu- 
lated ties. 


4. Load of each unregulated tie tends to 
vary with all load changes of contiguous 
nonregulating systems of the group (as de- 
fined in 3) on the side of the tie remote from 
the regulating system of the group. 


5. The output of generators other than 


regulating generators tends to remain ap- 
proximately constant. 


Interconnections in Ontario and 
Quebec 


In Canada, the largest interconnection 
of power systems is in the province of 
Quebec, where three large systems op- 
erate with interconnected generating ca- 
pacity of about 2,000,000 kw (1942). Fre- 
quency is regulated automatically by 
either of two of these systems, but auto- 
matic tie-line control is not used because 
of the long distances between load meter- 
ing points and the generating stations, 
making installations difficult and expen- 
sive.1 

Next in magnitude is the Southern 
Ontario system of the Hydro-Electric 
Power Commission of Ontario which is 
the product of the amalgamation of the 


* “Regulating system” is a general term which in- 
cludes “‘frequency-regulating system’’ as a special 
case, 
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former Niagara, Eastern Ontario, Geor- 
gian Bay, and Dominion Power systems, 
now called divisions, but still physically 
“systems’’ as they will be termed herein. 
The total load is slightly over 1,500,000 
kw. The largest system is the Niagara, a 
25-cycle system, the Eastern Ontario and 
Georgian Bay being 60-cycle, and the 
Dominion Power system with load in the 
Hamilton area being 662/3-cycle. 

The Niagara system receives power not 
only from Niagara district, but also from 
sources far outside the load area: Chats 
Falls plant on the Ottawa River, Paugan 
plant on the Gatineau River, Masson 
plant of the McLaren-Quebec Power Com- 
pany on the Lievre River, and Beau- 


Figure 12. Frequency-control panel on 
operator’s desk at Chats Falls, with master 
control switches for 25- and 60-cycle regula- 
tors, and transfer control switches for eight 
generators in Chats Falls plant 


oad 


Figure 13. Load-control supervisory cabinet 

on operator's desk at Chats Falls, with switches 

and lamp indications for all. load-control 
functions 


harnois on the St. Lawrence.®:° Each of 
the other systems is connected to the 
Niagara system through one or two fre- 
quency-changer sets. The single fre- 
quency-changer set for the 66?/3-cycle 
system is located at Niagara Falls; for the 
Georgian Bay system, two sets at Han- 
over, at the end of a 110-kv 25-cycle line 
from Kitchener; and for the Eastern 
Ontario system, one set at Chats Falls 
plant. Generation on the Eastern On- 
tario system is supplemented by power 
from High Falls plant on the Lievre 
River, and from the Gatineau Power 
Company’s 60-cycle system, both in the 
Province of Quebec. Tie lines intercon- 
necting the Eastern Ontario system and 
Gatineau 60-cycle system cross the Ot- 
tawa River at a point just above the city 
of Ottawa. whe 

These four systems of the Commission 
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and the Gatineau 60-cycle system operate 
normally interconnected, with total con- 
nected generating capacity of about 
1,650,000 kw. 

Figure 7 shows schematically the five 
interconnected systems with the generat- 
ing capacity in each system and the ca- 
pacity of the ties indicated in megawatts. 
The normal direction of power flow is 
shown by the arrows. Flat frequency 
control with automatic time-error correc- 
tion is maintained on the Niagara system 
by regulation at one of two points, Queens- 
ton plant on the Niagara River, or Chats 
Falls plant on the Ottawa River. The 
Georgian Bay and Dominion Power sys- 
tem frequency-changer ties are floating 
without automatic regulation. The other 
two ties—the frequency changer at Chats 
Falls and the Gatineau tie line—are 
equipped for automatic regulation, the 
first because of limited capacity of the 
frequency-changer set, and the second 
because of contractual obligations. The 
Gatineau Power Company delivers power 
to the Commission at two points, the 
principal supply being over the tie lines 
to the Eastern Ontario system, and a 
minor portion fed directly to an isolated 
customer of the Commission and metered 
at a point about 45 miles from the tie-line 
terminal. The isolated load is telemetered 
and totalized with the tie-line load. The 
totalized quantity is again telemetered 30 
miles to Chats Falls where the load-regu- 
lating equipment is located. Control 
therefore may be applied to the totalized 
quantity rather than to the tie line only. 
Telephone-line carrier is used for tele- 
metering and control. 


Frequency-Regulator Characteristics 


The type of frequency-regulating equip- 
ment in use at Queenston and Chats Falls 
was designed at the School of Engineering 
Research of the University of Toronto, 
under the supervision of H. W. Price, and 
all regulators were built in the Commis- 
sion’s shops. The initial installation at 
Queenston has been in service since 1934, 
and two regulators—one 25-cycle and one 
60-cycle—have been in service at Chats 
Falls since 1942. 

In a preliminary study of Niagara sys- 
tem frequency and governor characteris- 
tics, it was observed as shown in Figure 8 
that frequency of a large system is con- 
tinually fluctuating with an irregular 
period averaging about 25 seconds, even 
when the system load is relatively steady. 
These swings are too rapid to be con- 
trolled, and too small to be of vital conse- 
quence when they are of short duration. 
Therefore, the frequency regulator was 
designed to disregard these minor fluctua- 
tions, but to be very sensitive to devia- 
tions in average frequency. The regula- 
tor maintains a close comparison between 
total integrated cycles of system fre- 


_ quency and the nominal cycles correspond- 
ing to rated frequency of the system. 
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Figure 14. Time-error 
dials (25- and 60- 
cycle) and _ station 
clock in control room 


at Chats Falls 


Whenever the difference changes by one 
half cycle—not one half cycle per second, 
but one half cycle in phase position, or 180 
electrical degrees—on the 25-cycle sys- 
tem, or 1.2 cycles on the 60-cycle system, 
a frequency-corrective impulse is sent out 
to the governors. This is repeated as 
often as necessary to correct the frequency. 
In the average day, about 2,000 impulses 
are produced by the frequency regulator, 
or one in 45 seconds on the average, 
though in time of need this can be as 
often as one every two seconds. This 
characteristic of the regulator minimizes 
the number of impulses per day, and 
avoids undue wear on relays, governors, 
and gate mechanisms. 

Automatic time correction is provided 
to bias the frequency by about 1/20 of 
one per cent when the system time error 
reaches 0.4 second fast or slow. Within 
the limits of 0.4 second error, a vernier 
bias, imperceptible on the frequency 
charts, continues to urge the time error 
gently toward zero. The reference stand- 
ard for time error is the station master 
clock, which may develop errors of its 
own with regard to radio time signals, but 
is usually not more than five seconds out. 

Figure 9 shows the uncontrollable fre- 
quency fluctuation at a slower chart 
speed. It also shows a frequency dip re- 
sulting from overload on the regulating 
unit, and the resulting time error; then 
after relief from overload, the automatic 
frequency bias, just perceptible as a 
change in the average level of the fre- 
quency line, and finally restoration of 
normal average frequency when the time 
error is less than 0.4 second. 


Scheme of Frequency and Load 
Control 


Figure 10 is a schematic diagram show- 
ing the essential elements of the scheme of 
combined frequency and load control 
from the 60-cycle control equipment cen- 
tered at Chats Falls. Corrective impulses 
may be initiated either by the frequency- 
sensitive element, supplied from 60-cycle 
potential, or from the load-sensitive ele- 
ment, responsive to load measured on the 
60-cycle side of the frequency-changer set. 
These impulses, from both sources, are 
sorted by the first set of selector relays, 
raising ithpulses being sent to 25-cycle 
generators in Chats Falls plant and lower- 
ing impulses toward 60-cycle generators, 
or vice-versa, depending upon the direc- 
tion of the existing deviation of fre- 
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Figure 16. Tele- 
metering and load- 


Figure 15. Telephene- 
line carrier transmitting 


and receiving equip- control panel in 

ment for telemetering control room at 

and remote control at Bryson plant of 

Chats Falls Gatineau Power 
Company 


quency-changer load from the scheduled 
value as set on a watt relay. Impulses 
which are directed toward 60-cycle genera- 
tors must now pass a second set of selec- 
tor relays, which determine on the basis 
of the total Gatineau delivery, totalized 
and telemetered back to Chats Falls, 
whether raising impulses should be per- 
mitted to go to Gatineau plants and lower- 
ing impulses to Barrett Chute, or vice- 
versa. 

The principle of this control system is a 
combination of selective frequency control 
and flat tie-line load control. The fre- 
quency-sensitive element, initiating im- 
pulses on the basis of frequency deviation 
only, and the selector relays, distributing 
these impulses on the basis of deviations 
in the tie-line loads, embody the principles 
of selective frequency control. This con- 
trol alone is prompt in regulation of fre- 
quency, and also has a tie-line load-regu- 
lating effect, but is rather slow in shifting 
load after a change in setting of the watt 
relay, because impulses are initiated only 
by random swings of frequency. Selec- 
tive frequency control is therefore supple- 
mented by load-regulating impulses ini- 
tiated by the load-sensitive element, re- 
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gardless of frequency. All the impulses 
from the load element go to 60-cycle gener- 
ators, either Barrett Chute or Gatineau. 
Impulses from the load element are sent 
at either of two rates, once every 62/3 
seconds for deviations exceeding 5,000 kw 
or once every 20 seconds for smaller de- 
viations. The combination of a 20-second 
time interval with a suitable dead band on 
the watt relay gives the regulating gener- 
ators time to respond to each impulse, 
and gives stable operation. The watt re- 
lay is designed to be insensitive to the 
rapid swings of synchronizing power which 
are typical of tie-line loads, but to be 
sensitive to sustained deviations in either 
direction. 

Figure 11 is a view of part of Chats Falls 
control room showing the large dial on 
which the Gatineau 60-cycle delivery is 
indicated. Adjustable contacts in this 
instrument are used to set any desired 
delivery. In front of the farther operator 
is the control panel for supervision of the 
25- and 60-cycle frequency regulators, 
cand for the eight generating units in this 
plant. At his left and hidden from view is 
‘a control cabinet for supervision of the 
load regulator, 

Chats Falls frequency regulator and 
generator control panel is shown in Figure 
12. Master control keys for the two fre- 
quency regulators are at the extreme ends 
of this panel, 25-cycle at the right and 60- 
cycle at the left. The 60-cycle regulator 
is always in use, and the 25-cycle regulator 
is also required when the systems are 
separated, With the systems separated, 
Chats Falls generators may be trans- 
ferred to the 25-cycle regulator as sug- 
gested in Figure 10. Next to each master 
key is the frequency bias key for auto- 
matic time correction. This key is ‘‘on 
except when Queenston is regulating fre- 
quency and time. The other eight keys 
are for placing the eight Chats Falls 
units on automatic control, from the 60- 
cycle regulator if the keys are up, or from 
the 25-cycle regulator if the keys are down. 
Lamps indicate the position of the keys, 
and other lamps (upper row) indicate 
when the units are approaching full gate, 
which is their limit of control. Limit 
switches on the governor prevent the auto- 
matic control from raising the units 
above 90 per cent gate or lowering below 
50 per cent, in order to keep them in a 
fairly efficient operating range. 

Figure 13 shows Chats Falls load con- 
trol supervisory cabinet. This cabinet, 
located on the operator’s desk, is for con- 
trol and supervision of the 60-cycle fre- 
quency and load regulation centered at 
Chats Falls. Indicating lamps show where 
each impulse goes—to Chats Falls gene- 
rators, to Barrett Chute, or to Gatineau 
generators—and whether it is a raising or 
a lowering impulse. Lamps also indicate 
whether the tie-line loads are above or 
below the scheduled setting, and a special 
red lamp and intermittent buzzer signal 
draw the operator’s attention when the 
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frequency-changer load deviates more 
than 5,000 kw from schedule. The 
switches may be used to set up the control 
for abnormal operating conditions. For 
instance, when the frequency changer is 
out of service for maintenance, thus sepa- 
rating the 25- and 60-cycle systems, Chats 
Falls units are taken off the 60-cycle con- 
trol, and the 60-cycle regulator is then 
used for regulation of 60-cycle generators 
only. This change in control setup also 
takes place automatically when the fre- 
quency changer trips off for any reason, 
and the change is indicated by a red lamp 
signal. Other lamps are for supervision 
of the three carrier sets, two transmitters 
and one receiver, which may be seen in 
Figure 15. 

The clock case shown in Figure 14 is 
mounted above the switchboard in front 
of the operator’s desk in Chats Falls 
control room. The two outer dials are 
time error indicators, 25- and 60-cycle 
respectively, and the center one is a time 
clock operated electrically by impulses at 
half-minute intervals from the station 
master clock which is checked daily by 
radio time signals. The large time-error 


“dial covers a range of 1'/) seconds fast 


or slow, and a smaller inset dial goes to 12 
seconds fast or slow. These indicators 
operate by position-type telemeter system, 
from the time-error element of the fre- 
quency regulators. When the systems are 
interconnected both dials read alike, and 
normally not more than one half second 
fast or slow. Time-error recorders give a 
graphic record on a chart with range of 25 
seconds fast or slow, which is rarely over- 
run even in times of serious trouble. The 


ordinary range of time deviations during 


present conditions is from five seconds 
fast to five seconds slow, which is due to 
shortage of spinning reserve because of 
war loads. The reference standard, as 
already stated, is the station master clock. 

Figure 15 shows telemetering and load- 
control carrier terminal equipment at 
Chats Falls. This consists of two carrier 
transmitters on the nearest panel, one 
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transmitting to Barrett Chute and one to 
Gatineau plants, and one receiver on the 
lower part of the second rack, receiving 
telemetering signals representing Gati- 
neau total 60-cycle delivery. This equip- 
ment is located at the terminals of the 
open-wire telephone circuits on which the 
catrier is superimposed on audio-fre- 
quency voice communication. 

The telemetering transmitter and load 
control panel at Bryson is shown in Figure 
16. A carrier receiver, connected to the 
telephone line, brings in load-regulating 
impulses to the relays on this panel, and 
these in turn operate on the governors, 
At the same time, the telemetering trans- 
mitter, measuring the local delivery to the 
Commission, is sending out telemetering 
signals on the same telephone line at a 
different frequency. Indicating lamps 
and buzzer give all necessary indications 
and warnings. The instrument at the top 
of the panel is a frequency relay which is 
intended to block the incoming control 
signals from Chats Falls in case of a sepa- 
ration between the Eastern Ontario and 
Gatineau systems. If such a separation 
should occur the Gatineau frequency 
would rise, closing a high-frequency con- 
tact of the frequency relay and locking out 
the automatic control until reset by the 
operator. Except for the telemeter trans- 
mitter, this equipment is typical of the 
installations at each of the three remote 
generating stations. 


Operating Performance 


‘Figure 17 shows the comparison be- 
tween automatic and manual control of 
frequency-changer load at Chats Falls. 
The noon hour was picked as the time 
when load changes occur at the greatest 
rates on both 25- and 60-cycle systems 
and when load swings are likely to be 
severe. Manual control was considered 
permissible only because the desired trans- 
fer was about zero, and swings would not 
likely overload the set, if watched. An 


operator was assigned to watch the load — 
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Figure 18.) Charts showing results of automatic 
_ frequency ‘and load control during trouble 
conditions on Eastern Ontario system 


throughout this period and to telephone 
for correction of 60-cycle generation when 
required. With automatic control, the 
set carries as much as 40,000 kw average 
load at any time it is required with little 
or no attention on the part of the opera- 
tor and rarely a telephone call for load 
correction. The chart shows a change in 
the load setting from 40,000 kw to 35,000 
kw at 1225, an operation which is quickly 
and easily performed by a setting on the 
wattrelay. The load responds promptly 
to this. - 

The capacity of this frequency-changer 
set is 45,000 kw which is about 13 per 
cent of the connected generating capacity 
of the 60-cycle systems. During two years 
of interconnected operation it has tripped 
off and separated the systems 13 times, 
ten of these separations being due to 
severe disturbances on one or both sys- 
tems, and the other three due to over- 
load occasioned by lack of experience in 
interconnected operation during the first 
year. The set has-withstood surprisingly 
large disturbances without tripping, but 
on these occasions the initial load on the 
set happened to be small, or was in such a 
direction that the disturbance reduced or 
reversed the direction of the power flow. 

Figure 18 illustrates the behavior of the 
control system and the interconnected 
generators during trouble. Generators at 

High Falls supplying 35,000 kw to the 
Eastern Ontario system suddenly tripped 
off. The meter charts shown are: 


1. Twenty-five-cycle system frequency. 


2. Output of Chats Falls plant, which was 
being used as the regulating ptaviog for the 
Niagara system. 

3. Chats Falls frequency-changer load, 
which was being regulated by the automatic 
load regulator, acting on Gatineau poe vce 
generators. 


4, Gatineau Rea oad, rvisiold was not 
bejng ee at the time because Barrett 
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Figure 19. Daily load curve for a portion of 

the Niagara system, showing total connected 

generating capacity, base load generation, and 

spinning reserve, based on half-hourly readings 
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Chute plant was shut down and was there- 
fore not available for regulation. 


Under these conditions it is to be ex- 
pected that the Gatineau tie-line load will 
fluctuate with all changes in load or gen- 
eration in the Eastern Ontario system, 
since the only 60-cycle generators avail- 
able for regulation were in the Gatineau 
system, 


At 7:19 p.m., when the 60-cycle gen- 
erators at High Falls tripped off, depriving 
the Eastern Ontario system of their 35,000 
kw generation, the frequency suddenly 
dropped to 24.8 cycles on the 25-cycle 
system, and by a corresponding amount 
on the 60-cycle systems, but quickly re- 
covered to 24.95 cycles approximately, 
and finally to 25 cycles in about three 
minutes: It is apparent that the sudden 
change in load was carried initially by the 
kinetic energy of the system while fre- 
quency was dropping during the first few 
seconds, then was shared by both 25- and 
60-cycle generators because of their speed- 
droop characteristics, and finally was ab- 
sorbed by the regulating generator of the 
60-cycle systems. The swing of 25,000 
kw in the frequency-changer load is the 
share of the load change which was con- 
tributed temporarily by the 25-cycle sys- 
tem, a small part (5,000 kw) coming from 
Chats Falls generators, and the balance, 
or 20,000 kw, from other generators, at 
Queenston and elsewhere. The other 
10,000 kw came from the Gatineau gener- 
ators, as shown by the initial rise in the 
lower curve. The automatic regulator 
immediately began to send raising im- 
pulses to Gatineau generators, in an effort 
to raise the low frequency and also to 
correct the deviation in the frequency- 
changer load. This was accomplished in 
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three minutes, when the frequency- 


‘changer chart shows its load was back to 


schedule at 7:22, and the whole of the 
35,000 kw lost generation was made up 
by the Gatineau generators. Notice that 
Chats Falls output returned to its original 
value. This shows how sudden load 
change is shared initially by all genera- 
tors having any spinning reserve, but is 
absorbed ultimately by regulating genera- 
tors in the system or group where the dis- 
turbance originated. 

Although the automatic load control 
had successfully performed its function in 
relation to the frequency-changer load, 
the effect was to increase the Gatineau 
60-cycle delivery above the contract 
amount. Since Chats Falls generators 
had spinning reserve capacity available, 
the load setting on the frequency changer 
was manually changed at 7:27 from 20,000 
kw to 40,000 kw toward the Eastern On- 
tario system. This increased Chats Falls 
output by 20,000 kw and reduced Gati- 
neau output by a similar amount by 7:30 
p.m. Finally, at 7:45, High Falls gen- 
erators came back on load, and all condi- 
tions were restored to normal. 


Automatic Controls and the Human 
Element 


Although much can be said for auto- 
matic controls, it must be recognized that 
they have definite limitations. Auto- 
matic regulators do a job which human 
operators either cannot successfully per- 
form, or can perform only by constant at- 
tention to an exacting and never-ending 
task. Nevertheless it should not be in- 
ferred that a system equipped with a few 
control devices at strategic points prac- 
tically runs itself. Regulators can func- 
tion only within the limits of capacity of 
the generators under their control, and 
this may be in the order of five to ten per 
cent of the total generating capacity of 
the system or group of systems for which 
these generators are regulating. The re- 
maining generation, on base load, must be 
adjusted up or down from hour to hour to 
conform to the general trend of the system 
daily load curve as estimated by the power 
supervisor, so as to keep the regulating 
generators within their regulating range. 
This is illustrated by Figure 19 showing a 
24-hour curve of connected capacity, 
load, and base load generation for a por- 
tion of the Niagara system. Load assign- 
ments are made partly by prearranged 
schedule, but the supervisor must be pre- 
pared at any moment to meet unforeseen 
conditions with such power resources as 
are available. For this purpose, auto- 
matic controls must be supplemented by 
adequate communication facilities, and 
by telemetering of critical quantities such 
as forebay levels, loads on ties, and loads 
on generating stations, especially those 
that are under control of automatic regu- 
lators. 
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Instability in D-C Aircraft Systems 


H. B. BUNCE 


ASSOCIATE AIEE 


Synopsis: A laboratory and theoretical 
study was made to determine the causes and 
methods of combating an unstable oscilla- 
tory voltage condition which has been en- 
countered in aircraft d-c electric systems, 
using types P-1, P-2, and R-1 generators 
with carbon-pile voltage regulators. 

The generator characteristics were found 
to be such that oscillatory instability would 
not occur without the presence of a voltage 
regulator which was out of adjustment and 
which had inadequate damping. 

A method is given for determining the 
amount of damping required for stable 
operation in terms of the generator field 
time constant and certain regulator char- 
acteristics. 


MNSTABILITY has been encountered 
in aircraft electric systems employing 
28.5-volt generators, 24-volt batteries, 
and carbon-pile voltage regulators. In 
systems in which the regulators were out 
of adjustment, sudden application or re- 
moval of load has initiated sustained oscil- 
Yations in load current and system volt- 
age. The frequency of these oscillations 
has been between 10 and 60 cycles per 
second with amplitudes as large as the 
maximum value of load current. 

In an analysis by the Army Air Forces 
it was determined that this type of system 
instability was associated with wear of 
the regulator stack and could be corrected 
by readjustment of the regulators. The 
analysis also disclosed that instability 
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occurred at a smaller value of stack wear 
when certain generators were used, par- 
ticularly at high speeds. A damping 
transformer was developed to prevent un- 
stable operation when the stack became 
worn. This transformer was not entirely 
satisfactory in that it did not prevent un- 
stable operation for the maximum possi- 
ble stack wear with all types of gener- 
ators. 

At the request of the Army Air Forces a 
further analysis was made to determine 


1. The causes and nature of the unstable 
condition. 


2. Ameans of evaluating the generator and 
regulator characteristics to determine 
whether they tend to be unstable. 


3. A means of preventing instability. 


Generator Stability Analysis 


The first approach was to determine 
whether a generator without a regulator 
could sustain an oscillation initiated by a 
switching transient. 


EQUIVALENT CIRCUIT FOR GENERATOR 
AND LOAD 


From the mathematical analysis given 
in Appendix IT, it is possible to determine 
the relation of the electrical quantities 
and characteristics of the generator and 
load circuits which would be necessary to 
produce oscillatory instability without 


In conclusion, it is interesting to note 
that interconnection has developed a high 
degree of co-operation without which its 
fullest benefits would be unattainable. 
Operating staffs and managements of 
interconnected systems have learned that 
what is best for the whole is usually best 
for each. Best results are attained when 
all systems are prepared to contribute ac- 
cording to their ability, to meet the need 
of any—a principle which works well in 
all human relationships. — 
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the effect of a voltage regulator. These 
quantities and characteristics were meas- 
ured on a particular generator and used 
in the evaluation of the operational 
equations. The operational equation for 
the equivalent circuit, given in Figure 1, 
which relates generator load current with 
time is 
(p?+apt+B)ii=C (equation 11 of Appendix 
TT}. 


This equation is identical in form with 
the classic differential equation of the 
electric circuit involving resistance, in- 
ductance, and capacitance, 


d1, di, : 
ae +a Oe ee =C 


As the equations in the two cases are 
identical, there must, of course, be found 
in the solution of the former the same 


Figure 1. 


Equivalent circuit of generator-with 
battery and resistance load 


oscillations and transients as are con- 
tained in the well-known solution to the 
latter. : 

In Figure 1, although there is no con- 
denser capacity involved and therefore 
no electrostatic energy, there are never- 
theless two different magnetic circuits in 
which energy can be stored. During an 
oscillation all of the energy stored in the 
generator field cannot be transferred to 
the armature circuit. Most of it is dissi- 
pated as 7*r. One of the objects of this 
investigation is to determine whether the 
characteristics are such as to transfer 
enough energy between the field and 
armature circuits that oscillations may be 
produced. Such oscillations, although 
small and highly damped, might be ampli- 
fied by the voltage regulator so as to pro- 
duce subsequent oscillations. 


GENERATOR CHARACTERISTICS 


The generator characteristics necessary 
to evaluate the above operational equa- 
tion were measured for P-1, P-2, and R-1 
generators, with the test equipment 
shown in Figure 2. Values of ry, IR Be 
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and field time constant for all types of 
generators are given in Table I. 


OSCILLATORY INSTABILITY 


In the solution of equation 11 it is 
found that the condition for no oscillation 
in the circuit containing generator, bat- 
tery, and load is that existing when 
8 < a?/4. With the characteristics of 
the P-1 generator of manufacturer A 
from Table I and the following: 


= 


Generator Load 


Ey =27.6 volts 
R,=0.028 ohm 
R2=0.57 ohm 


M = —0.16 millihenry 
Ra=0.03 ohm 

yf =14.76 ohms 

Kke=0.031 volt per ampere 
Kky =12.0 volts per ampere 
é0=5.18 volts 


it may be shown that the circuit is non- 
oscillatory. There is no value of Kk, 
which can make the circuit oscillatory 
with the other parameters remaining the 
same as given above. However, with the 
jnitial value of Kk, and a value of M= 
—0.8 millihenry, it can be shown by cal- 
culation that a daimped oscillation of 
about six cycles per second theoretically 
could be produced. This value of M is 
five times the measured value for this 
generator. The brushes as set to give 
maximum output were about 1/4 bar 
behind neutral. It is possible that a 
similar generator with a larger brush shift 
might have a greater M, but it is not 
likely that it will approach 0.8 millihenry. 
Mutual inductance in a generator is a 
very difficult quantity to measure with 
accuracy. 

Inasmuch as the P-1 generator of 
manufacturer A has shown the greatest 
tendency for unstable operation and its 
measured parameters were so far short of 
the values necessary to produce insta- 
bility without a regulator, these equations 


were not evaluated for any other gener- 


ator. 


It is interesting to note that in all cases 


Figure 2. General 
view of test equip- 
ment showing in left 
foreground special 
d-c drive motor used 
to obtain minimum 
speed regulation on 
sudden application 
of load to the aircraft 
generator 


necessary to have cumulative compound- 
ing (this does not imply overcompound- 
ing) with armature current; that is, a 
positive value for Kk,. Practically, this 
will be obtained only with generators hav- 
ing series, interpole, or compensating 
windings and with brushes shifted against 
rotation, the cumulative compounding 
direction. Generators without interpole 
or compensating windings normally have 
their brushes shifted in the direction of 
rotation, because they do not commutate 
satisfactorily with brushes shifted against 
rotation. In the laboratory rising volt- 
ampere characteristics were obtained at 
maximum rated speed for P-1 generators 
of manufacturer A, which have interpole 
and compensating windings. In all cases 
it was necessary to have 


1. Brushes set for maximum output. 

2. Well-polished and well-seated brushes. 

3. A black carbon film deposited on the 
commutator. 

For generators without interpole or com- 
pensating windings volt-ampere output 
was increased by application of a film, 


LOAD CURRENT — AMPERES 


‘2 Om Oe Oe TO 12 h4 “16 
TIME —SECONDS 
Figure 3. Comparison of calculated and test 
curves of load current as a function of time for 
switching a resistance load in parallel with a 
battery (P-1 generator, manufacturer A) 


—~-—-—-— Calculated 
: Test oscillogram 
A—Switch S closed 


thus indicating a cumulative effect. P-2 
and A-1 generators exhibited the same 
compounding characteristics as the P-1 
generator of manufacturer A, except that 
the film was more difficult to maintain at 
the maximum speed of 10,000 rpm. 

A theoretical calculation and labora- 
tory test were made to determine load 
current as a function of time for the 
generator of manufacturer A running at 
4,500 rpm in parallel with a G-1 battery 
while switching a 50-ampere load. The 
circuit arrangement is shown in Figure 1. 
The generator and load characteristics 
are given in the foregoing table. 

The calculated transient value of load 
current after switching load R; in parallel 
with the battery (battery previously 
floating on line) is 


1, = —63.06€7 8-39 + 2 96e- 179-1! 4.64 amperes 


At t=0.66 second the load R, is switched 
off, and the calculated expression for load 
current becomes 


4,’ =62.9e—8- 48! —2 Be 188-1. 3.9 amperes 


These expressions are plotted as a func- 
tion of time in Figure 3. A comparison 
with data from an actual test oscillogram 
for the same generator and the same cir- 
cuit conditions also is shown in Figure 3. 
Discrepancy between the test and calcu- 
lated values is caused by variations in 
generator and load circuit parameters 
under operating conditions and by un- 
avoidable inaccuracies in measurement of 
parameters. In the expression for load 
current it should be noted that there are 
no oscillatory terms. ; 

It can be seen from the test curve that, 
although no oscillations were present, 
load current reversed, and the system be- 
came unstable. There was actually a 
reversal of polarity of the residual field in 
the generator each time this unstable 
operation occurred. This reversal of 
polarity probably is caused by the re- 
sultant armature, interpole, and compen- 
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SPRING CONSTANT— LBS PER INCH 


oy Zs 8 \2 16 20) ee4 
DISPLACEMENT OF STACK SCREW 
IN THOUSANDTHS INCHES 


Figure 4. Spring constant versus stack dis- 


_ B—Switch S opened placement (regulator manufacturer ©) 


_ where oscillations may be produced it is 
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sating-winding flux overcoming the main- 
field-winding flux, as in a series motor 
with brush shift against rotation. 

Although this latter phenomenon con- 
stitutes a form of instability, its action is 
sufficiently slow that a voltage regulator 
easily can prevent the voltage collapse. 
As all of the instability troubles recorded 
in service were oscillatory in nature, the 
analysis of this phenomenon was not 
pursued further. 


Regulator Stability Analysis 


Once it was found that the generator of 
manufacturer A without a regulator 
would not sustain an oscillation, the next 
approach was to determine what charac- 
teristics of carbon-pile regulators would 
produce instability in combination with 
generator characteristics. 

A voltage regulator in any system be- 
haves in a manner similar to an amplifier. 
Small deviations in the regulated voltage 
are made to produce relatively large 
changes in the generated voltage of the 
final machine to offset the internal voltage 
drop caused by variations in load. Such 
devices as vibrating contacts, motor- 
operated rheostats, and carbon-pile rheo- 
stats have been used to produce the large 
changes in excitation for small errors in 
the regulated voltage, and, although in 
some cases their action is intermittent, 
the net result produced has been ampli- 
fication. 

The chief difficulty in stabilizing all 
regulating systems is the presence of time 
delays. These may be analyzed in terms 
of the time constants of the various induc- 
tive circuits, such as the fields of rotating 
machines and also the time constants of 
the regulator itself. The latter may be 
electrical, mechanical,.or both. Such a 
system may be idealized by showing the 
amplifier or regulator without delay but 
with an extra exciter to represent its de- 
lay, so that all the constants can be repre- 
sented by simple inductive and resistive, 
or inductive, resistive, and capacitive 
electric circuits. 

Two basic types of stabilizing means 
may be used for regulating systems, 
namely, electrical damping and mechani- 
cal damping. At the time this analysis 


was made no mechanical damper had been 
devised for aircraft carbon-pile regulators 
because of the difficulty of obtaining 


sufficient damping with the extremely . 


small armature travel. 

In this analysis a damping transformer 
was assumed to be the most satisfactory 
method of electrical damping. The prob- 
lem then resolved into finding the correct 
size damping transformer to provide 
stable operation with all combinations of 
generators and regulators which would be 
used. 

In Appendix III a mathematical analy- 
sis of the problem is given which includes 
all the characteristics of the system that 
have a major effect upon stability. Some 
of the constants for this system are diffi- 
cult to measure, and a few assumptions 
are necessary, but from this analysis one 
can determine the approximate size damp- 
ing transformer necessary for stable 
operation. Once the approximate amount 
of damping necessary is known, the 
optimum size damping transformer can 
be determined quickly from laboratory 
tests. 


It had been shown in service and 
laboratory tests that wear or maladjust- 
ment of the carbon stack was the initiat- 
ing cause of oscillatory instability. De- 
crease of the spring constant with in- 
creasing stack displacement, which is 
shown for a particular regulator in Fig- 
ure 4, appears as an increase in the value of 
Cm in equation 30, Appendix III. This 
equation also shows that the value ¢, 
(= M/R,) is the determining factor in the 
design of the damping transformer. 
Additional factors in the design of a 
damping transformer are discussed in 
another AIEE paper.! 


Results of Calculations and 
Regulator Tests 


Curves of stack displacement versus 
the value of M/R, necessary to maintain 
stable operation for several generator and 
regulator combinations are shown in 
Figures 5, 6, and 7. 

In Figure 5 curves are shown for a 
regulator of manufacturer C in combina- 
tion with a P-1 generator of manufac- 


_ Table |. Generator Characteristics 
; : Field Ti 
Revolutions Field Resistance Coneaat. 
Generator Manu- Per in Ohms Ly,* La,* Le/rt, ; 
Type facturer Minute Re(gen.) _r¢(tot.) Henrys Millihenrys Seconds 
Pt SPs Re A ee 4,500. . ineids 1450) oF ea O23 te eee 0.14 0.020 
1 Ree Fae A Setnwseah. ASSO. Maveaeees Pet Vee Aneee 1 eis RP ev ON 20ers an Origy ee 2@ 013 
dS b. Apa ae cae TSAO cohen 4,500. . 2. B.xis avis MOO RINE ORSCIA Wise OF22T0EF RG 0.018 
(calc. 0.28) : 
Te Rea Ae BB tea) A Teg AB DOO me cider e ici 2 soa eas «ak Oe eae ae OLS 5 serene x O22 epic deus 0.018 
f 223 le eee { Cette 5 ALSOO.. 3 taertas PAS Mier Porte 16,653.28 OPSLTS oe OOPS. F eae 0.031 
1 ga Nia area d Dr rrsrasteeen 6 S000s ete DAR heen Chart 4 Oe ens O22 Mise 5 econs OF} LO is vancereneee 0.016 
153 Ss a ey VOR, Re LOSOOO a eee 2 Oram. e 20:0 Serer aern ck O20. toed ats DR08'. chase 0.013 
IRel apes. Fe SRA LOOOO Te sears eSios whe A Oe eee teen OAS Yao ic ce DOW ss ce eee 0.021 
a EP a a age Geri, caper 2,000 Aon ere Be Guat. aa PSUR UES 47 anes QeOS teats: goo eee ee 0.026 
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* Inductance values obtained from oscillographic measurements, 
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Figure 5. Distance stack screw can be moved 

out before instability occurs versus M/R, of 

damping transformer (regulator manufacturer C, 
P-1 generator manufacturer C) 


A—Test 
B—Calculated (mechanical damping =0) 
C—Present transformer 
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Figure 6. Distance stack screw can be moved 

out before instability occurs versus M/R, of 

damping transformer (regulator manufacturer C, 
P-1 generator manufacturer A) 


A—Test 

B—Calculated (mechanical damping=0.14 
pound-inch per second) 

C—Calculated (mechanical damping =0) 

D—Present transformer. 


turer C. This regulator was the earlier 
model containing no antihunt. resistor. 
The test curve is plotted from points 
where stability was just maintained with 
the regulator at operating temperature. 
The calculated curve shows the value for 
critical* damping using the following con- 
stants in equation 30, Appendix III: 


R,.=80 ohms 

L,.=0.0875 henry 

Rm=0 and 0.1 pound-inch per second 
1/C,=value obtained from Figure 4 
AR,=200 : 


The curves shown in Figure 6 are for 
the same regulator, manufacturer C, with 
a P-1 generator of manufacturer A. 

The curves shown in Figure 7 are test 
curves taken with a regulator of manu- 
facturer B in combination with a P-1 


_ generator of manufacturer A. This regu- 


lator contained an antihunt resistor, and 
curves were taken with and without this 
resistor to illustrate its effect. 

There can be noted a discrepancy of 
about two to one in the calculated and — 
* For definition see Appendix Il. _* 
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Figure 7. Distance stack screw can be moved 

out before instability occurs versus M/R, of 

damping transformer (regulator manufacturer B, 
P-1 generator manufacturer A) 


A—500 damping resistor 
B—No damping resistor 
C—Present transformer 
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Figure 8. Representation of system with 
three time delays and one damping transformer 


test values for the amount of damping 
required for a given stack displacement. 
This can be attributed to several factors. 
The measurement of the spring constant 
of the regulator was a tedious procedure, 
requiring observations of armature dis- 
placement in the order of 1/10,000 inch 
where a small error would be greatly 
magnified. Also the values of M/R, for 
the test curve might be in small error be- 
cause of interpolation from the inductance 
curves. The value of mechanical damp- 
ing of 0.1 pound-inch per second was ob- 
tained from equation 30, Appendix III, 
using the spring constant for the stack 
position from the observed critical damp- 
ing of the regulator with no damping 
transformer or antihunt resistor. The 
mechanical damping may be greater than 
this, which would make the calculated 
and test curves in closer agreement. 
There is no direct method of measuring 
the mechanical damping of this type 
regulator. It is also likely that the 
assumed amplification of 200 is higher 
than the actual value. 

Test curves show that for a given trans- 
former there is an upper limit to the value 
of M/R (obtained by decreasing Rp) 
which will provide stable operation. Al- 
though the feedback voltage (propor- 
tional to M/R,) can be further increased 
by reducing Rp, the self-inductance in the 
primary winding (neglected in Appendix 


_ TI) becomes appreciable and causes the 


feedback correction to lag the error volt- 
age, so that the resultant damping is re- 
duced. A lower limit for the value of Ry 


to give maximum feedback for effective 


+ 


— a ees fe 


‘ 


damping with a given transformer, gener- 
ator, and regulator combination could be 
obtained by solving a fifth-order equation. 
The practical way to obtain this limiting 
value is from test curves. 


Conclusions 


FACTORS AFFECTING STABILITY 


Mutual Coupling in Generator. It is 
theoretically possible for an oscillatory 
condition to occur following a switching 
transient in a system composed of a 
generator (without voltage regulator), a 
battery, and a resistance load. The 
condition necessary to produce oscillation 
is large mutual coupling between the 
armature and shunt field windings. This 
coupling must be in the direction to pro- 
duce cumulative compounding. 

Cumulative Compounding in Generator. 
Generators having compensating and 
interpole windings and having the brushes 
shifted against rotation (in order to give 
maximum output) most nearly approach 
this condition. However, the measured 
constants of present P-1, P-2, and R-1 
generators fall so far short of the values 
necessary to produce oscillatory instabil- 
ity (without a regulator) that the com- 
pounding tendency was concluded to be a 
secondary factor in the creation of an 
oscillatory condition. 

Generators having rising volt-ampere 
characteristics may become unstable 
when operating with other generators or a 
battery. This is a nonoscillatory type of 
instability. This phenomenon was fre- 
produced in the laboratory with a P-1 
generator having compensating windings 
and a film on the commutator such as to 


give maximum compounding. However,. 


this transient was so slow that the addi- 
tion of a voltage regulator prevented 
occurrence of the phenomenon. This 
characteristic may tend to make the task 
of the voltage regulator more difficult but 
is again a’secondary factor in the creation 
of system oscillations. 

Time Constant of Generator Shunt Field. 
The aircraft generators investigated have 
high amplification and very small field 
time constants, particularly at maximum 
rated speed. Both of these factors are 
contrary to the usual case with large in- 
dustrial machines and make the regu- 
lating problem more difficult, The fact 
that a compensated generator is less 
stable than an uncompensated machine 
can be linked directly with their field time 
constants. A compensated machine 
needs less main-pole flux to maintain a 
given voltage and for the same field cur- 
rent requirements will have a weaker 
shunt field winding with less inductance. 
This difference in inductance between 
machines is greater than the difference in 
total field resistance of the machines for 
no-load and light-load operating condi- 


tions, so that the compensated machine 


will have a smaller field time constant. 
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The test and calculated curves in Figures 
4 and 5 bear out this relationship. Both 
curves were made with the same regulator, 
but in Figure 5 the P-1 generator having 
the largest field time constant was used, 
whereas in Figure 6 the generator having 
the smallest field time constant was used. 
The use of interpole or series windings 
will have a similar effect. 

Regulator Mechanical Construction and 
Assembly. The original assembly and 
adjustment of the regulator has a bearing 
on the amount of wear necessary to cause 
system instability. No two springs are 
identical, but the differences in individual 
springs should be maintained as small as 
possible by checking before assembly. 
This spring discrepancy and a noncritical 
final adjustment of the regulator can 
affect the amount of allowable stack wear 
by athousandth of aninchormore. This 
is illustrated by comparison of the test 
curve in Figure 6 and the test curve 
without the antihunt resistor in Figure 7 
at M/R,=0. 


REGULATOR ANTIHUNT RESISTOR 


The effect ofthe antihunt resistor is 
shown in Figure 7. This resistance al- 
lows an additional wear of about 0.0015 
inch without any damping transformer 
and about 0.002 inch with the present 
Westinghouse damping transformer. Al- 
though this antihunt resistor has a damp- 
ing effect, its full benefit will not always 
be obtained, because part of the addi- 
tional wear may be lost in the final 
adjustment and the regulator still satisfy 
all regulation and stability requirements. 

From the above it can be seen that, if 
any electrical damping is to be used on 
this type regulator, the total damping 
should be in the form of a transformer 
which can be inserted after final stack 
and core adjustments have been made. 


OPpTimMUM DAMPING TRANSFORMER 


It can be seen from the curves of stack 

wear versus amount of feedback necessary 
for stability that one damping trans- 
former will not compensate for infinite 
stack wear for all combinations of regu- 
lators and generators. Allowance for in- 
finite stack wear is not necessary to main- 
tain stable operation for all operating 
conditions. 
_ The amount of wear a regulator can 
allow and still operate satisfactorily as a 
regulator is limited by the range of its 
variable resistance. After the stack has 
worn about 0.012 inch, the regulator can- 
not be adjusted for 28.5 volts or less, and 
the operator will see that the regulator 
should be returned for readjustment. 

With this fact in mind, if a damping 
transformer is designed to allow about 
0.012-inch stack wear before instability 
occurs, the only possibility of unstable 
operation is the failure of an operator to _ 
replace a regulator which obviously 
should be replaced. A regulator set for 
28.5 volts on a 28-volt system still may 
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share load because of its equalizing coil, 
but the operator can see that it needs re- 
placing from its no-load voltage. 

To obtain the correct value of damping 
transformer, curves similar to the ones 
shown in Figures 5, 6, and 7 are necessary 
for each combination of generator and 
regulator. From these curves it can be 
seen that an M/R, of about 0.0003 second 
would allow a maximum stack wear of 
0.013 inch or greater with all combina- 
tions shown in these figures. If the 
regulators of manufacturer B without 
antihunt resistor, Figure 7, were omitted 
from this analysis (none of this type is in 
use) an M/R, of 0.00022 second would 
allow a maximum stack wear of 0.0245 
inch or greater with the other combina- 
tions. 

A well-designed transformer with the 
foregoing amounts of damping could be 
made weighing five ounces or less. Pres- 
ent carbon-pile regulators are 2.5 pounds. 


RATE OF RESPONSE 


Damping transformers reduce over- 
shoot but do not materially reduce the 
speed of response. 


PARALLEL OPERATION 


In laboratory tests covered in a previ- 
ous report to the Army Air Forces it was 
shown that, if one regulator is poorly ad- 
justed and does not have a damping trans- 
former, this regulator will affect the whole 
system and cause instability. Damping 
transformers on the other regulators in 
the system have little effect upon the 
poorly adjusted regulator. Therefore, 
for stable system operation, each indi- 
vidual regulator must have a damping 
transformer, and, if each regulator is 
stable in itself, the system will be stable. 


Appendix |. Symbols 

Generator : 

Ry=resistance of shunt field 

R;=control or stack resistance in series with 
shunt field 

rr=total resistance of shunt field circuit 


_ (Ry + Rs) 


Rg=resistance of armature, interpole, and _ 


compensating windings 

L,;=self-inductance of shunt field 

Lq=self-inductance of armature, interpole, 
and compensating windings 

M=nmutual inductance between shunt field 
and armature circuit windings, in- 
cluding mutual inductance of any 
demagnetizing or magnetizing arma- 
ture, interpole, or compensating turns 

T;=(=Ly/ry) time constant of shunt field 
circuit 

€g=generated armature voltage 

Kkys=volts generated in the armature per 
ampere in the shunt field. Deter- 
mined from the no-load saturation 
curve at maximum rated generator 
revolutions per minute, Kky is the 
slope of a line tangent to the satura- 
tion curve at the operating voltage 
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€9= fictitious residual voltage determined by 
intersection of straight line assumed 
for Kk, with voltage axis at zero field 
current; é includes brush drop 

Kk,=volts generated in the armature per 
ampere in the armature. Kk, in- 
cludes any cumulative or differential 
effect of brush shift or interpole and 
compensating windings 


Load: 


R,=resistance of load 
R,=internal resistance of battery 
E,=open-circuit battery voltage 


Regulator: 


R,=resistance of regulator coil 

L,=inductance of regulator coil 

T,=(=L,/R,) time constant of regulator 
coil 

Rm=mechanical damping of regulator in 
dyne centimeters per second 

1/Cn=S, spring constant of regulator in 
dynes per centimeter. This includes 
the combination of both spring and 
carbon stack and is assumed to be a 
constant for small deviations from a 
given position 

Lm=mass of moving portion of regulator in 
grams. (Valuetaken equal to weight 
of armature plus one third of carbon 
stack) 

tz=M/R, feed-back ratio of transformer 
which has the dimensions of a time 
constant (=transformer mutual in- 
ductance/primary resistance) 

A =amplification factor of regulator. (The 
total amplification of the system can 
be expressed as AR, which is in the 
order of 200 for this system) 


Appendix Il. Operational Equa- 
tions for Generator and Load 
Circuits 


Figure 4 shows the arrangement of the 
system analyzed to determine the effect of 
generator, characteristics on the oscillatory 
instability condition which had been ob- 
served in service. From preliminary tests 
and field reports it was observed that in- 
stability occurred in a system composed of a 
single generator and resistance load just as 
readily as in more complicated systems. For 
this reason it was not considered necessary 
to analyze the more general (and more 
complicated) system with inductive or over- 
hauling loads and more than one generator. 
Lead resistance between the generator and 
battery was ignored for the sake of simplicity. 

The operational equations for the voltage 
in the different circuits are as follows: 


Load circuits 


(1) 


e=Fyt+i3Ry 

e=ieRe (2) 
Generator shunt field circuit 

e= (RetRyt+Lyp)ict Mpia (3) 
Generator armature circuit 
e=eg—(RatLah)ia— Mi, (4) 
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Other relations 


ig = ty th (5) 
iy =tntis (6) 
Cg =Cot K (kyis+Rata) (7) 
re=RstRy (8) 


If the generator is assumed to be oper- 
ating at low flux density (on the straight-line 
portion of the saturation curve), the equa- 
tion for the generated voltage is 


Cg =o t+ Ko 


where 


(9) 


¢=flux per pole (megalines) 


K =total generated armature volts per mega~ 
line of flux per pole 


The flux, ¢, is a function of both the shunt 
field current and the armature current. 


b=hkyizt+Raia (megalines) (10) 


ky=megalines per pole per shunt field 
ampere 

ka=megalines per pole per ampere in the 
armature circuit ~ 


If the. foregoing simultaneous equations 
are solved for the relationship between 7% 
and ¢, the following well-known operational 
equation is obtained: 


(p?+ap+6)i1=C (amperes per second?) 


(11) 
where 
(Ro+ Rp) [(Ly+ M) (Kka— Ra) — 
rpg — (Kky+Kka— Ro) M] — 
RpRx(2M+L,+Ly) 
a= (12) 


(Ro+Ro) (M?—LyLa) 


(Ry-} Ry) (KBa—Ra)ty+ 
= RypR2(Kky+ Kka—1rz— Ro) 
6 (Ret Ry) (M2 —LyLa) (13) 


—e0(Ro+ Ry) ry— EpRo(Kky+Kkg—rr—Ra) 
(Ro+ Ry) (M?2—LyLq) 


(14) 


Equation 11 is a second-order linear opera- 
tional equation whose solution is 


iy =e 8/2 oeM! oe"! Hig (15) 
where 

y=V a2/4—8 (16) 
and 

to= C/B 


The integration constants ¢ and c. can 
be determined as follows from the boundary 
conditions of switch S having been opened 
previously and then closed at t=0: 


Ci +C2+ts3= 1 (17) 
where 

weG Ein xi 

to= Be R2= & initial condition (18) 
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Capacitors for High-Frequency 


Induction-Heating Circuits 


F. M. CLARK 
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Synopsis: Increased military production 
has accelerated the application of high-fre- 
quency heating where accurate control of 
temperature for short intervals is funda- 
mentally important. The heating of metals 
by induction has been widely applied. The 
present paper describes the development of 
a new type of dielectric liquid called Lectro- 
nol. Capacitors containing this liquid are 
particularly well adapted for use in the tank 
circuit of electronic heaters used in induc- 
tion heating. The capacitor is water-cooled 
and is housed in a hermetically sealed com- 
pletely filled nonmagnetic container so con- 
structed as to provide sufficient flexibility 
to take care of the liquid expansion due to 
thermal changes. The capacitor is note- 
worthy because of the absence of cellulose 
sheet insulation, satisfactory operation 
being entirely dependent on the superior 
insulating properties of the Lectronol. 
Capacitors containing this liquid are charac- 
terized by low dielectric loss and high 
dielectric strength over the frequency range 
utilized in power oscillators. The capacity 
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per unit volume is approximately twice 
that. obtained with mineral oil. The elec- 
trical characteristics of the capacitor are 
stable under severe conditions of use. 


The Need for a New Capacitor 


IGH-FREQUENCY ELECTRIC 

power has been applied to prac- 
tical industrial uses for more than 20 
years. The use of high-frequency gen- 
erating equipment has increased steadily 
during that time. Not only has such 
equipment been familiar to many in the 
communication, radio, medical, and scien- 
tific-investigation fields, but in recent 
years it has come to be recognized as an 
economic industrial machine. Particu- 
larly since the start of industrial produc- 
tion for military use, there has been a 
tremendous increase in the application of 
powerful high-frequency generators for 
concentrated heating applications. The 
use of high-frequency currents and volt- 
age industrially is largely for heating 
where speed in attaining a localized tem- 
perature for a very short interval is funda- 
mentally important. The heating of 
metals by induction and heating of non- 
conductive materials by dielectric absorp- 
tion has been widely described in recent 
technical literature.!—®, 


tag= 2 R2=Rz final condition (19) 

aerial?) 
2y- 

pot Corte) (y—a@/2) (21) 
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Appendix Ill. Application of 
Damping Transformer 


The present system is idealized in Figure 
8.2 The regulator is represented by two 
time constants, one electrical and one me- 
chanical which is shown by an electrical 
equivalent. The circuit equations for volt- 
age changes can be written as follows: 


ec= (Re+Lef) ig=(14+T)tcRe 
Reic= m= (Rm+1/Cmb+Lmb)im 


(22) 
(23) 


This circuit represents the mechanical — 


part of the regulator, where the resistance is 
dependent upon the spring position for any 


: one condition or, in electrical terms, the 
voltage output of the regulator is equal to 
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the voltage across the condenser times the 
amplification of the regulator. In this 
analysis the amplification of the regulator is 
represented by a separate amplifier. 


bm | Cmb = er = (re +Lyb)is= (1+T yb)isry (24) 
(25) 
(26) 


Urs= ea 
ec= —Alegt tap (es—tyRs)] 


(The negative sign is used because correc- 
tions must be opposite to deviations.) 


From equations 22, 23, and 24 
ec=(1+Tp) (1/Cm+Rmbt+Lmb?) 


(14+Typ)Cmea (27) 
From equations 24 and 25 
eg=(1+T yh) ea (28) 
Substituting 25 and 28 into 26 gives 
ec=A[1+tap(1—Rs/rs+Tyb)] ea (29) 


Combining equations 27 and 29 yields 


—Aea/Cm{L+tab(Ry/ty+ Tb) _ 


“GET b)A+T 7p) 1/Cn+Rmb+Lmb?) 
(30) 


a 


The generation of high-frequency cur- 
rent, whether by rotating generators, by 
spark gaps, or by electronic-tube oscilla- 
tors, involves tuned circuits of inductance 
and capacitance. Since large amounts of 
heat energy are most readily transferred 
from the power source to the part heated 
by the use of high voltage, high current, 
or both combined, we must deal with coils 
and capacitors as well as other compo- 
nents of the oscillating circuit which will 
stand the high-voltage stresses and carry 
large currents. Such a circuit is com- 
monly referred to as a “‘tank”’ circuit be- 
cause of its energy-storage properties. 

Capacitors for tuning such circuits are 
a fundamental part of the high-frequency 
generating set, in fact, representing up to 
one third of the cost of a complete equip- 
ment in some representative designs in 
use. In the past, capacitors used in tank 
circuits operating at frequencies above 
15,000 cycles have been mostly mica-di- 
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80 100 

Figure 1. The dielectric-strength—-thickness 

relation for mineral insulating oil and poly- 
styrene films 


Test temperature—25 degrees centigrade 
Test frequency—500 kilocycles 


Upon using the constants for any partic- 
ular regulator and generator combination 
in equation 30, a value of tz can be obtained 
to give critical damping. The value neces- 
sary for critical damping can be obtained by 
the use of Routh’s criterion without the 
labor of solving a fourth-order equation. 

For a fourth-order equation, such as 


ap'+bp?+cp?+dpt+e=0 


the necessary condition for critical damping 
is that 


bcd = b?e+d*a 


where critical damping is defined that the 
system will be stable and nonoscillatory in 
the steady state. 
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characteristics of mineral insulating oil and 
castor oil 
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Figure 3. The effect of temperature on the 
power factor of commercial insulating liquids 
when tested at 500 kilocycles 


electric types. However, the tremendous 
requirements for mica capacitors by the 
military services for communication and 
radar applications, along with difficulty 
in importing the higher grades of mica, 
was expected to restrict its use to those 
applications for which another dielectric 
could not be readily used. Fortunately 
other dielectric materials have been found 
possessing both better operating charac- 
teristics and economic advantages for use 
in induction-heating tank circuits. 


What Are the Requirements of a 
Suitable Capacitor? 


Basically, the characteristics required 
of capacitors for use in industrial high- 
frequency heaters are not widely different 
from those required for the familiar use in 
broadcast transmitters. However, the 
following requirements should be noted: 


1. The current and voltage rating must be 
high to allow handling more energy. Thus 
it becomes desirable and economical to 
build higher kilovolt-ampere (kilovoltsX 
amperes) ratings into single units to avoid a 
multiplicity of series and parallel connec- 


_ tions of smaller ratings. 


2. Dissipation of capacitor losses with the 
continuous operation necessary to meet 
high-production requirements in industrial 
plants requires adequate consideration. 
Although capacitor losses may be very small 
as compared to the total losses in a complete 
heater equipment, the effective dissipation 
of these losses with low-temperature rise is 
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Figure 5. ‘Comparing the temperature effect 
on the power factor of capacitor mica and 
Lectronol tested at 1,000 kilocycles 
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Figure 6. The dielectric-constant-tempera- 
ture relation for Lectronol in the range of 100- 
1,000 kilocycles 


essential. Since cooling water is necessary 
for quenching of the heated parts, for load 
coils, spark gaps, vacuum tubes, or other 
circuit components, water-cooled capacitors 
are also practical. Forced-air cooling is a 
practical solution for the lower range of 
kilowatt ratings where water-cooling is un- 
desirable. 


3. Variation in operating frequency is not 
so critical as for radio transmitters. There- 
fore, the allowable variation of capacitance 
with temperature is not so critical in capaci- 
tors for induction heaters. This makes it 
possible to use a number of different dielec- 
tric materials. 


4, Industrial usage requires much longer 
periods of operation without shutdown for 
maintenance or repair than has been ac- 
cepted as satisfactory for earlier high-fre- 
quency radio and laboratory equipment. 
Reliability is, therefore, an important con- 
sideration. 


5. The physical size, mounting features, 
means for both electric and water connec- 
tions to other circuit components, and 
accessibility must be suitable for industrial 
use. 


Since electronic heaters use circuits de- 
veloped first for radio transmitters, the 
natural course was to use the same circuit 
components. However, as new develop- 
ment will permit, circuit components 
more adapted for industrial heating are to 
be desired. For example, most manufac- 
turers recognize that economics dictates a 
policy of building equipment for indus- 
trial use having operating features and 
factors of safety which allow operation 
for very long periods without mainte- 
nance or inspection by technical personnel. 
Such has not often been true with radio 
equipment or laboratory equipment where 
constant technical supervision and fre- 
quent replacement of parts have been the 
practice. 


The Capacitor Dielectric Material 


A rather exhaustive search of the entire 
field of dielectric materials suitable for 
high-frequency operation has been made, 

Liquid dielectrics have been tradition- 
ally accepted as adaptable for high-voltage 
use only when used in conjunction with a 
solid insulation. In capacitors and cables, 
the solid used has invariably been paper 
sheets or tapes. These alone have not 
been satisfactory for high-voltage use be- 
cause of their low-dielectric-strength 
value. When carefully dried and impreg- 
nated with a liquid dielectric, however, 
the replacement of the air normally pres- 
ent in the fibrous structure of the cellulose 
sheet by the liquid dielectric has produced 
a combination which has proved to be 
highly efficient as a dielectric for high- 
voltage use. In the low-frequency-capaci- 
ter application, a noninflammable syn- 
thetic liquid is particularly well adapted 


because of its high dielectric constant. 


With the advent of the power oscillator, 
however, the traditional interdependency 
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of the liquid and solid insulation for high- 
voltage use has been subjected to critical 
review. The presence of the cellulose sheet 
insulation in capacitors operating at high 
voltage in the range of frequencies above 
100 kilocycles has not been found to be en- 
tirely practicable. The result has been 
the development of a capacitor which is 
noteworthy because of the entire absence 
of cellulose sheet insulation between the 
electrode plates. The satisfactory opera- 
tion of the capacitor is entirely dependent 
on the insulating liquid used. Such ca- 
pacitors have been designated as ‘“‘liquid- 
filled high-frequency parallel-plate capaci- 
tors” or more simple ‘‘class-HFP capaci- 
tors; 


The Effect of Frequency on the 
Dielectric Strength 


Montsinger’ has suggested that the di- 
electric strength of solid insulation varies 
with frequency and the duration of volt- 
age application in accordance with the 
relation: 


0.525 x f-0-187 


E=1.225+ 
yf 


where 


E=dielectric strength (volts) 

T =duration of voltage application (seconds) 

f=frequency of test voltage (cycles per 
second) 


Although the effect of frequency on the 
breakdown of solid insulation is dependent 
to some extent on the thickness of insula- 
tion tested, the relationship suggested by 
Montsinger for frequencies up to 90 kilo- 
cycles has been found to be approximately 
true at frequencies in the range of 100 to 


1,000 kilocycles. Thus, Montsinger’s re- 
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lation would predict that the dielectric 
strength of solid insulation at 500 kilo- 
cycles would equal 30 per cent of the cor- 
responding 60-cycle value. By actual 
test using dielectric pads made up of 
styrene films, a material of good dielectric 
properties at both low and high fre- 


quencies, the dielectric strength at 500. 


kilocycles averages 21 per cent of the 60- 
cycle breakdown value. 
In contrast with this severe loss in di- 


electric strength which is exhibited by _ 


solid insulation, liquid dielectrics show 
marked stability. When tested at 60- 


_.cycle voltages the dielectric strength of 


insulating liquids in good condition aver- 


ages about 30 kv, using one-inch-diameter - 


square-edge brass electrodes, in accord- 
ance with the procedures prescribed by 
the American Society for Testing Ma- 
terials. The’ dielectric strength tested 
under the same conditions at a frequency 
of 500 kilocycles average about 60 per 
cent of the 60-cycle value. The greater 
dielectric-stability characteristic of in- 
sulating liquids when tested at the higher 
frequencies renders this type of dielectric 
well suited coe capplication in high-fre- 
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quency high-voltage capacitors. This is 
illustrated in Figure 1, which compares 
the dielectric strength of polystyrene and 
mineral oil tested at 500 kilocycles 25 
degrees centigrade. It is only for the 
lower dielectric thickness that the solid 
dielectrics are possessed of dielectric 
strengths comparable to the liquids. It 
is in this manner that they have hereto- 
fore been widely used. For high-voltage 
use at high frequency, the liquid dielec- 
trics have marked superiority. 


Commercial Dielectric Liquids 


Mineral transformer oil and castor oil 
heretofore have been considered to possess 
characteristics suitable for use under high- 
frequency voltage. In the range from 100 
to 1,000 kilocycles, mineral transformer 
oil has low electrical loss. As illustrated 
in Figure 2, the power factor is less than 
0.0005 at 30 degrees centigrade. Castor 
oil, however, has excessively high losses at 
room temperature. A capacitor using 
castor oil as a dielectric therefore would 
be expected to operate at temperatures 
well above room temperature. As illus- 
trated in Figure 3, an increase in tem- 
perature results in a continuously decreas- 
ing electrical loss. At 100 degrees centi- 
grade, the electrical losses in castor oil 
are reduced to values equally as low as 
those characteristic of mineral oil. 

In  high-frequency-capacitor use, 
neither of these insulating liquids is satis- 
factory. Mineral transformer oil, al- 
though possessing excellent high-fre- 
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Figure 7. Illustrating the electrical stability of 
high-frequency parallel-plate capacitors filled 
with Lectronol heated at 70 degrees centi- 
grade in contact with air 


Test frequency—500 kilocycles 
Temperature of electrical measurement—25 
degrees centigrade 


quency loss values, has a dielectric 
constant of such low value (2.18) that 
capacitors using this liquid possess large 
physical volume per microfarad. Castor 
oil possesses a suitably high dielectric 
constant (4.2 at 30 degrees centigrade). 
Its high electrical losses, however, coupled 
with its recognized chemical instability 
at elevated temperature, greatly restrict 
its application in high-frequency electric 
capacitors. 


Electrical and Chemical 
Requirements 


A liquid dielectric suitable for use in 
high-frequency plate capacitors must 
meet exacting electrical and chemical re- 
quirements. It must possess low elec- 
trical losses over the whole range of 
possible operating temperatures and fre- 
quencies. It must possess high dielectric 
strength. It must be chemically stable 
under high-voltage stress at the electrical 
frequencies to which it will be subjected. 
If subject to oxidation, the products 
formed must be of a type which do not - 
affect its electrical losses, dielectric 
strength, or other properties which would 
prevent its continued successful opera- 
tion under high-frequency electrical 
stresses. Lectronolis such aliquid. This 
synthetic oil is a thin, colorless, mobile, 
synthetic, organic liquid possessing the 
following characteristics: 


Flash point—180 degrees centigrade 

Reaction—Neutral 

Pour point——8 degrees centigrade 

Dielectric constant (25 degrees centigrade) 
—4,4 

Dielectric strength (25 degrees centigrade)— 

_ 40 kv (average for 0.1-inch gap) 


POWER FACTOR OR LOSSES 


Over the frequency range utilized in 
power oscillators the synthetic oil de- 
scribed is characterized by low dielectric 
loss, as shown in Figure 4. As illustrated 
in Figure 5, the losses are even lower than 
those obtained with mica over the tem- 
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Figure 8. The dielectric strength of Lectronol 
is maintained at a high value even in the 
presence of moisture of sufficient amount to 
produce a marked drop in the dielectric 
strength of mineral oil 
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Test temperature—25 degrees centigrade 
Test, frequency—60 cycles 
Test gap—100 mils 
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perature range from 380 to 100 degrees 
centigrade. 

Most liquids characterized by low di- 
electric loss at high frequency are also 
characterized by a low dielectric constant. 
Lectronol is an exception. Although hav- 
ing a loss even lower than that of mica, 
its dielectric constant is approximately 
twice that of mineral oil. In Figure 6 is 
illustrated the dielectric constant as 
affected by temperature over the range 
from 25 to 125 degrees centigrade. The 
dielectric constant falls in a linear rela- 
tion to the increase in temperature. 

A liquid to be satisfactory for capacitor 
use must not only possess a suitably low 
dielectric loss but also be able to main- 
tain this favorable characteristic under 
the most adverse operating conditions. 
Parallel-plate capacitors having Lectronol 
as the sole high-frequency dielectric show 
substantially no electrical deterioration 
even when heated for 200 days at 70 
degrees centigrade (Figure 7). 

Repeated studies with Lectronol sub- 
stantiate its remarkable suitability for 
use in high-frequency capacitors. Those 
factors which normally would be expected 
to result in increased power factor have 
been found to have but little effect. Oxi- 
dation produces neither sludge nor di- 
electric deterioration. Neither power fac- 
tor nor dielectric strength are affected 
measurably by arcing a hundred or more 
times when the current in the arc is of 
low value and not many cycles duration. 
Accidental arcing between capacitor 
plates through the liquid does not cause 
measurable deterioration, if the arc cur- 
rents are limited to low values of a few 
amperes which avoids melting of the plates. 


DIELECTRIC STRENGTH 


Lectronol is characterized by a high and 
’ stable dielectric strength. Most insulat- 
ing liquids, such as mineral oil, show a 
rapid drop in dielectric strength with in- 
creasing water content. Such liquids 
have but little capacity for holding water 
in solution. This insulating liquid, on the 
other hand, has substantially greater 
solvency for moisture. Its saturation 
value is approximately ten times that of 
mineral oil. Substantial increases in its 
water content have only minor effect on 
its dielectric strength. This is illustrated 
in Figure 8, the data of which have been 
obtained in accordance with the American 
Society for Testing Materials, testing 
method D117, using one-inch-diameter 
square-edge brass electrodes spaced 0.100 
inch apart. The marked ability of the 
liquid to resist the deteriorating effects 
of contaminants, such as moisture, is re- 
flected in its excellent dielectric strength 
on high-frequency voltage under condi- 
tions of practical use. 

In Figure 9 are illustrated the compara- 
tive dielectric-strength values of dry 
liquid-filled class-HFP capacitors, plotted 
as a function of the gap distance under 
550-kilocycle voltage. Even under the 


condition of low water content, most fav- 
orably adapted to produce the highest 
dielectric-strength values for mineral oil, 
it shows no superiority to the synthetic 
insulating liquid under high-frequency 
voltage. The excellent dielectric strength 
of the latter is not materially affected by 
temperature increase from 25 to 100 de- 
grees centigrade (Figure 10). 


Capacitor Construction 


After the selection of the liquid with 
suitable characteristics, the plate as- 
sembly, insulators, supports, and termi- 
nal bushings are next important. The 
two sets of parallel plates must be spaced 
accurately and permanently, for which 
heavy-gauge aluminum stock is most de- 
sirable. The two plate assemblies must 
be rigidly supported and yet allow for 
thermal expansion, which is accomplished 
with Mycalex plates. -This insulating 
material has very good high-frequency 
voltage strength as well as low loss under 
high-frequency stress and also high me- 
chanical strength. More than ample 
voltage-creepage surfaces are obtained 
readily with the large sheet used. 

Very effective water cooling of the as- 
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Figure 9. A comparison of the dielectric- 
strength characteristics of high-frequency paral- 
lel-plate capacitors filled with dry mineral oil 
and Lectronol measured at 25 degrees centi- 
grade under 500-kilocycle test voltages 
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Figure 10. The effect of temperature on the 
dielectric strength of high-frequency parallel- 
plate capacitors filled with Lectronol 


Test frequency—500 kilocycles 
Gap distance—36 mils 
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Figure 11. Variation of capacitance with 
temperature in degrees centigrade measured 
at 60 cycles 


sembly is obtained by connecting the 
cooling coil to the grounded set of plates, 
thus giving direct heat flow from the 
plates through the connectors into the 
tubing and into the water. Also the water 
tubing serves as a current conductor, 
making possible small-size high-current 
connections going directly to the load 
transformer or tank coil. Current-carry- 
ing connections between series or parallel 
connected units may be combined with 
cooling water tubing connections. 

The container is nonmagnetic of double- 
lock seam construction, providing suffi- 
cient flexibility in side walls to take care 
of liquid expansion due to thermal 
changes. The case is completely filled 
with liquid and hermetically sealed. Re- 
movable footed-type mounting brackets 
are provided for supporting the capacitor 
in any desired position, protecting the 
ends from damage and yet not interfering 
with flexibility of the capacitor sides. 

Terminal bushings require particular 
design consideration to obtain sufficiently 
low-voltage stress distribution to avoid 
dielectric heating in the insulating ma- 
terial and yet have high current-carrying 
capacity. When a hollow shell type of 
ceramic bushing is used and the interior 
is filled with the low-loss, high-strength 
liquid, the dielectric loss in the bushing 
assembly is held to a minimum, and liquid 
cooling about the current-carrying parts is 
effective in dissipating losses. Two or 
more such bushings, connected in parallel 
to split the current and having water- 
cooling tube connections at the top, al- 
low high-current operation of a single . 
capacitor. For voltage ratings of six 
kilovolts and above, corona shields added 
at the base of the bushing are an ad- 
vantage, making it possible to use a 
smaller bushing and less creepage surface 
and at the same time providing a definite 
flashover voltage value at a point away 
from the ceramic surface. 


Electrical Characteristics 


It is comparatively easy to maintain a 
close tolerance in capacitance of + 5 
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Figure 12. Typical dielectric-liquid tempera- 
ture rise in degrees centigrade above outlet 
water temperature variation with time in opera- 
tion for high-frequency parallel-plate capaci- 
tor rated 0.0056 microfarad, 500 kilocycles, 
and one-half-gallon-per-minute water flow 


per cent in production of such capacitors, 
as capacitance variation between units is 
almost entirely a result of variation in 
physical dimensions. 

Change in capacitance with tempera- 
ture is dependent on both change in di- 
electric constant of liquid temperature 
and change in physical spacing of plates 
with linear metallic expansion. Capaci- 
tance variation with temperature is be- 
tween one fourth and one third of 1 per 
cent per degree centigrade as shown by 
Figure 11. This change in capacity is 
recognized as being too great for use 
where the frequency of the tank circuit 
must be held within narrow limits, such 
as for radiobroadcasting. However, a 
slight change in frequency of three to four 
per cent which is typical of changes from 
no-load to full-load operating tempera- 
ture is not objectionable for induction 
heating. The use of cooling water aids 
appreciably in holding a constant operat- 
ing temperature in capacitors, as the full- 
load continuous temperature rise is held 
to a reasonably low value. 

The internal inductanee of such capaci- 
tors is low with only a small variation due 
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Figure 13. Typical dielectric-liquid tem- 
perature rise in degrees centigrade above out- 
let water-temperature variation with operating 
kilovolt-amperes for capacitor rated 0.0056 
microfarad, nine kilovolts, 540 kilocycles with 


to change in physical dimensions such as 
height of terminal bushings above the 
case. Since internal inductance varies 
only between 0.075 and 0.13 micro- 
henrys, the resonant frequency varies 
with the microfarad rating as shown by 
Table I. 

Though individual capacitors with min- 
imum length of bus connections are suit- 
able for operation at several megacycles, 
particular consideration must be given 
to keeping the length of the tank circuit 
and loop area of the circuit connections at 
a minimum, if the higher-frequency range 
of the capacitors is to be utilized. 

An outstanding characteristic is the 
low loss of these capacitors at high fre- 
quency. Losses are a combination of 
I?R or metallic-conductor loss and the 
dielectric loss in the liquid. Metallic 
losses are low, because design features 
include parallel-current paths, good elec- 
tric conductors, and well-made joints 
between conductors. In fact in the prac- 
tical application losses in the tank coil 
and the two capacitor terminals are a 
much larger factor than the internal losses 
of the capacitor. For example, a capaci- 
tor rated 0.0056 microfarad operating at 
540 kilocycles, 9,000 volts rms, and 171 
amperes, on continuous operation will 
show 3.3 degrees rise in cooling water with 
a flow rate of one-half gallon per minute. 
Using the constant of 31.6 watts per 
pound of water per minute per degree 
centigrade, we calculate a total loss of 
448 watts. 

Thus, the calculated power factor with 
full-load operation at 1,539 kva is 0.00029. 
With reference to Figure 5, the liquid di- 
electric power factor is 0.0001, leaving a 
power factor of 0.00019 assignable to 
I?R or metallic losses. 

Some designers prefer the use of Q fac- 
tor for comparison of circuit component 
losses. As the Q factor of a capacitor is 
equal to the reciprocal of the per cent 
power factor times 100, we get a factor of 
approximately 3,450 for this rating and 
operating load. 

The use of water cooling tends to 
stabilize operating temperatures with 
constant temperature rise reached in 
about 1!/, hours continuous operation. 
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WATER PRESSURE (LBS. PER SQ. IN.) 
Figure 14. Water-flow variation with pressure 


applied to cooling coil of high-frequency 
parallel-plate capacitors 


Typical temperature-rise curves are 
shown in Figure 12. The outlet water 
temperature controls the operating tem- 
perature of the capacitor. In order that 
the temperature of the dielectric liquid 
does not exceed 68 degree centigrade, the 
outlet water temperature is limited to 35 
degrees centigrade at 1,500 kva and 
above. With a limit on operating tem- 
perature of liquid, it is reasonable that 
outlet temperature may be higher when 
kilovolt-ampere loading is lower, as 
shown by Figure 13. For economy in 
use of cooling water, several capacitors 
may be connected in series for water flow, 
depending on the pressure available. 
Figure 14 shows the pressure drop per 
capacitor for a range of different water- 
flow rates. The temperature rise in the 
cooling water is low and dependent on the 
operating kilovolt-amperes as shown by 
Figure 15. 


Basis of Rating 


The voltage rating is fixed by two fac- 
tors: 


1. The maximum peak transient voltage 
which the capacitor is expected to withstand. 


2. The continuous rms operating voltage 
which contributes to the temperature rise or 
heating load on a capacitor. 


Consistent with dielectric strength of 
the liquid and plate spacing, all capacitors 
are designed for operation with transient 
voltage peaks not to exceed 200 per cent 
of the rms high-frequency rating. 

The usual practice of listing test-volt- 
age ratings on mica capacitors in place of 
maximum continuous rms rating has not 
proved to be satisfactory for industrial 
application. Having only the ultimate 
short-time voltage strength: listed as a 
rating makes it necessary for each de- 
signer of equipment in which mica ca- 
pacitors are used to decide for himself the 
factor of safety to be allowed on operating 
voltage as against test voltage. In too 
many cases the pressure of space require- 
ments and economics, along with inex- 
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Figure 15. Variation in cooling-water tem- 

perature rise in degrees centigrade with operat- 

ing kilovolt-amperes for high-frequency paral- 

lel-plate capacitor rated 0.0056 microfarad, 
nine kilovolts, 540 kilocycles 
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Figure 16. General Electric high-frequency 
parallel-plate capacitor unit for electronic- 
heater resonant-circuit applications 


High-frequency, parallel-plate, water-cooled, 
rated 0.0056 microfarad, 9,000 volts, 171 
amperes, at 540 kilocycles 


perience on life statistics if at all available, 
all lead to the result that mica capacitors 
are used with insufficient factor of safety 
for continuous operation. 

It is essential that adequate considera- 
tion be given to the effective dissipation of 
losses for continuous operation of all ca- 
pacitors and that operation is in accord- 
ance with predetermined ratings under 
which the capacitor is designed to operate. 
For a safe economical industrial installa- 
tion, a capacitor designer must establish 
the operating rating. 

For class-HFP capacitors both voltage 
and current ratings are based on a fre- 
quency of 540 kilocycles which has been 
selected as -being in the most popular 
range for electronic induction-heater 
operation. As the capacitor is rated for a 
maximum voltage at 540 kilocycles, the 
current rating at lower frequencies must 
be reduced in direct proportion to the fre- 
quency change, while the voltage rating 
remains unchanged. For frequencies 


796 TRANSACTIONS 


above 540 kilocycles, the current rating 
can be increased to limits allowed by 
operating temperatures of the dielectric 
liquid and terminal conductors. Water 
cooling of terminal conductors has been 
found practical because of much higher 
current rating allowed. For example, a 
typical pair of terminals as shown by 
Figure 16 will carry 95 amperes at 540 
kilocycles with 45 degrees rise when con- 
nected with conductors having natural air 
cooling but will carry 171 amperes when 
connected to water-cooled tubing with ap- 
proximately the same rise. 


Conclusions 


1. A much improved and more economical 
high-voltage high-current tank circuit 
capacitor has been developed for induction- 
heating and dielectric-heating oscillators. 


2. A new high-dielectric-strength liquid 
with high dielectric constant and very low 
loss.over a wide frequency range has been 
applied in a practical fixed-plate capacitor 
design. Having the container, including 
terminal bushings, completely filled with 
liquid and hermetically sealed insures that 
the capacitor will keep its original electrical 
characteristics. 


3. Installation of capacitors with larger 
sizes required for electronic heaters has been 
simplified. Maintenance cost has been re- 
duced because of larger factor of safety from 
overheating on continuous operation in high 
ambient temperatures. 


4. Large amounts of mica previously used 
for capacitors in electronic heating oscil- 
lators have been saved for military radio 
and radar applications requiring capacitors 
with minimum change in capacitance with 
temperature and requiring physical dimen- 
sions interchangeable with standard mica 
capacitor sizes previously available. 
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AIEE TRANSFORMER SUBCOMMITTEE 


Guide for Loading Oil-Immersed 
Distribution and Power 
Transformers 


SCOPE 


HIS guide covers general recom- 

mendations for loading all types of oil- 
immersed transformers with class-A in- 
sulation except water-cooled transformers 
built before 1929, self-cooled transformers 
rated at 200 kva or less, and transformers 
having a rated full-load current less than 
ten amperes. They include transformers 
immersed in synthetic or noninflammable 
liquids. 

The manufacturer should be asked for 
recommendations relating to water-cooled 
transformers built before 1929 and for 
more specific recommendations for large 
and important transformers if required. 


CAUTION 


It must be recognized that loads above 
rating should not be applied without a 
thorough study of the various limitations 
involved. Among these limitations are 
oil expansion, pressure in sealed-type 
units, bushings, leads, soldered connec- 
tions, tap changers, and the thermal capa- 
bility of associated equipment such as 
cables, reactors, circuit breakers, discon- 
necting switches and current transform- 
ers. These may constitute the practical 
limit in load-carrying ability. 

Before loading apparatus above rating 
to the full extent covered in these guides, 
jt is recommended that load capabilities 
be checked with the manufacturer. 


(GENERAL 


Recommendations in this guide are 
based on life expectancy of transformer 
insulation as affected by operating tem- 
‘perature and time. Transformer life ex- 
‘pectancy at various operating tempera- 
tures is not accurately known, but the 
information given regarding loss of life of 
jnsulation is considered to be conservative 
and the best that can be produced from 
present knowledge of the subject. The 
effects of temperature on insulation life 
are being investigated continuously by 
Le 
Paper 45-130, recommended by the AIEE com- 
mittee on electric machinery for publication in 
AIEE ‘TRANSACTIONS. Manuscript subniitted 


February 26, 1945; made available for printing 
May 23, 1945. 


This paper is a complete revision of AMERICAN 
RECOMMENDED PrRacTICE—GUIDES FOR OPERATION 
oF TRANSFORMERS AND REGULATORS, American 
Standard C57.3—1942. It will be presented to the 
American Standards Association sectional com- 


mittee on transformers C57 for inclusion in proposed ; 


revision of transformer Standards. 
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the transformer subcommittee, and new 
findings may affect future revision of the 
guides. The word ‘‘conservative’’ is used 
in the sense that the expected loss of 
insulation life for a single recommended 
overload will not be greater than the 
amount stated. 

The rated kilovolt-ampere output of a 
transformer is that load which it can 
deliver continuously at rated secondary 
voltage without exceeding a given tem- 
perature rise measured under prescribed 
test conditions. The temperature rise on 
which the rating is based takes into con- 
sideration the experience of the industry 
regarding 
1. Insulation life as affected by operating 
temperature. 


2. The ambient temperatures assumed to 
exist throughout the life of the transformer. 


The actual output which a transformer 
can deliver at any time in service without 
undue deterioration of the insulation may 
be more or less than the rated output, de- 
pending upon the ambient temperature 
and other attendant operating conditions. 

Practically all of the data in reference 
to the aging of insulation at different 
temperatures has been obtained in 
laboratory tests in which the decrease in 
mechanical strength has been measured. 
The relation between the life expectancy 
of insulation as indicated by laboratory 
tests and the actual life of a transformer 
is largely theoretical, so that loading 
based on such information must be tem- 
pered by sound judgment based on ex- 
perience. ~ 

As the evaluation of the cumulative 
effects of temperature and time in causing 
deterioration of transformer insulation is 
not thoroughly established, it is not possi- 
ble to predict with any great degree of 
accuracy the length of life of a trans- 

e 


former even under constant or closely 
controlled conditions, much less under 
widely varying service conditions. 

The change in rate of deterioration 
with change in temperature has received 
much study, but the actual values for 
different operating temperatures are not 
completely agreed’on. An average value 
which has been used for a number of years 
is that the rate of deterioration doubles 
with each eight degrees centigrade that 
the temperature of the insulation in- 
creases. This value is not accurate for 
all temperatures nor for all points in the 
life of a transformer. It is given here to 
show the importance of controlling ambi- 
ent temperatures in indoor installations 
by means of ventilation, thus controlling 
the insulation temperature and life. 

Owing to the many variables men- 
tioned and particularly to the many vary- 
ing conditions of load and ambient to 
which a transformer can be subjected in 
service, it is not possible to give definite 
rules for the loading of transformers. It 
is only possible to give suggested loadings 
under specified conditions and look to the 
user to make the best use of this informa- 
tion for his particular problem. 


AMBIENT TEMPERATURES AND LOADING 
FOR NORMAL LIFE EXPECTANCY 


The basic loading condition of a trans- 
former for normal life expectancy is con- 
tinuous loading at rated kilovolt-amperes 
and rated delivered voltage with the 
temperature of the cooling air at no time 
exceeding 40 degrees centigrade and with 
the average temperature of the cooling air 
during any 24-hour period equal to 30 
degrees centigrade. For water-cooled 
transformers comparable temperatures 
are 30 and 25 degrees centigrade, the five- 
degree-centigrade lower average tem- 
perature of the cooling medium being to 
allow for possible less efficient cooling due 
to coils that are not clean. (It is as- 
sumed that operation under the foregoing 
conditions is equivalent to operation at a 
continuous ambient temperature of 30 
degrees centigrade for cooling air and 25 
degrees centigrade for cooling water.) 

The hottest-spot copper temperature 
is the sum of the temperature of the cool- 
ing medium, the average temperature rise 


2.0 
Figure 1. Permissible loading é 1.8 
for normal life expectancy 
based on top-oil temperature B 1.6 
A—Water-cooled, self-cooled, e 
and forced-air-cooled trans- D 1.4 
formers rated 133 per centor 5S 
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less of self-cooled rating 


B—Forced-oil-cooled _trans- 

formers or forced-air-cooled 

transformers rated over 133 per 1.0"——=—0 
cent of self-cooled rating 
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of the copper and the hottest-spot allow- 
ance. For oil-immersed transformers 
operating continuously under the fore- 
going conditions with normal life expec- 
tancy this temperature has been assumed 
to be 95 degrees centigrade. 

Other usual service conditions, as given 
in American Standard (C657.1, section 
2.000, must be complied with. 

Years of experience have indicated that 
a transformer rated in accordance with 
the Standard and operated under the 
foregoing conditions will have a reason- 
ably long life. 


AMBIENT TEMPERATURES 


Ambient temperature is an important 
factor in determining the load capability 
of a transformer. Whenever the actual 
ambient temperature can be determined 
from readings taken at the time of the 
load being considered, such temperatures 
should be used. 

It is often necessary to predict the load 
that a transformer can carry ‘safely at 
some future time when the actual ambient 
temperature is unknown. A method of 
approximating the ambient temperature 
for the month in which the expected load 
is anticipated is as follows (Temperatures 
referred to are contained in reports pre- 
pared by the Weather Bureau of the 
United States Department of Commerce 
and are available for various sections of 
the country) : 


1. For loads with normal life expectancy: 


Use the average temperature over a period 
of years for the month involved. Some be- 
lieve that this temperature should be in- 
creased by as much as five degrees centi- 
grade because 


(a). The average temperature for a given month 
may be above the average temperature of the same 
month for a period of years. 


(b). Increased aging at higher than average tem- 
perature is not offset by decreased aging at lower 
than average. 

2. For short-time loads with moderate 
sacrifice of life expectancy: 

Use the average of the daily maximum tem- 
peratures for the month involved averaged 
with similar values for the same month over 
a period of years. 

During any one day there is an even chance 
that the maximum temperature will exceed 
this value. Some feel that five degrees 
centigrade should be added to the average of 
the daily maximum temperatures. If this 
is done, the assumed temperature will not be 
exceeded on more than a few days of the 
month, and, where it is exceeded, the loss of 
life will not be more than twice that for the 
temperature assumed. 


LOADING UNDER SPECIFIED CONDITIONS 
WitTH NorMAL LirfE EXPECTANCY 


Loading Determined by Measured Tem- 
perature. Transformers may be loaded 
above rating for any period of time pro- 
vided the hottest-spot temperature is not 
greater than 95 degrees centigrade. Hot- 
test-spot temperature indicators are avail- 
able by which this temperature may be 
measured. 
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Figure 2. Short-time loading with moderate 
sacrifice of life expectancy, self-cooled and 
water-cooled transformers 


Following 50 per cent or less of rated kilovolt- 
amperes or top-oil temperature rise of 25 
degrees centigrade 
Ambient temperature 30 degrees centigrade 
for air, 25 degrees centigrade for water 
Subtract hottest-spot gradient from hottest- 
spot temperature to obtain top-oil temperature 


A—Assumed temperature limitation for top oil 
(protected) 
A'—Assumed temperature limitation for top 
oil (unprotected) 
B—Assumed temperature limitation for hot- 
test-spot copper 
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Figure 3. Short-time loading with moderate 
sacrifice of life expectancy, self-cooled and 
water-cooled transformers 


Following 100 per cent of rated kilovolt- 
amperes or top-oil temperature rise of 45 
degrees centigrade 
Ambient temperature 30 degrees centigrade 
for air, 25 degrees centigrade for water 
Subtract hottest-spot gradient from hottest- 
spot temperature to obtain top-oil temperature 


A—Assumed temperature limitation for top oil 
(protected) 
A'’—Assumed temperature limitation for top 
oil (unprotected) 
B—Assumed temperature limitation for hot- 
test-spot copper 


Times Rated Kilovolt-Amperes 
to Use not More Than Following Life 


Times Rated Kilovolt-Amperes 
to Use not More Than Following Life 
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For explanation of degree of accuracy, see Appendix II. 


On account of large variations in the - 


difference betwee the hottest-spot cop- 
per and the top-oil temperatures of vari- 
ous designs under full load, oil tempera- 
ture alone should not be used as a guide in 
loading transformers. 


However, by taking the temperature 
rise of the hottest-spot copper over top 
oil (hottest-spot copper gradient) into 
account, oil temperatures may be used as 
an approximate guide in loading: When 
so operated for any period of time, the 
measured top-oil temperature should not 
exceed the values given in Figure 1 for 
the load being carried. These loads can 
be applied to any transformer covered by 
these guides as they are conservative. 


Oil temperatures may be used as a more 
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For explanation of degree of accuracy, see Appendix II. 


accurate guide, by using the hottest-spot 
copper gradient of any particular trans- 
former for the load it is carrying at the 
time. Ifthe hottest-spot copper gradient 
at full load is known, the gradient at 
other loads may be determined easily by 
using Figure 10 in Appendix II. The 
limiting oil temperature for normal life 
expectancy for any load, regardless of the 
time carried, can be determined by sub- 
tracting the hottest-spot copper gradient 
for*that load from 95 degrees centi- 
grade. 


- Loading on Basis of Test Temperature 
Rise. For each degree centigrade in excess 
of two degrees that the test temperature 
rise is below the standard temperature rise 
specified in the Standard, the transformer 
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load may be increased above rated kilo- 
volt-amperes by the percentages shown 
in second column of Table I. Making 
use of this factor gives the kilovolt- 
amperes that the transformer can deliver 
with 55 degrees centigrade temperature 
rise. The leeway of two degrees is to 
provide for a negative tolerance in the 
measurement of temperature rise. 

Some transformers are designed to have 
the difference between hottest-spot and 
average copper temperatures greater than 
the nominal allowance of ten degrees 
centigrade. This will result in a tem- 
perature rise for average copper of less 
than 55 degrees centigrade, but the hot- 
test-spot copper temperature rise may be 
at the limiting value of 65 degrees centi- 
grade. 

Such transformers should not be loaded 
above rating as outlined under this head- 
ing. The manufacturer should be con- 
sulted to give information as to design 
hottest-spot allowances. 


Loading on Basis of Ambient Tempera- 
ture. For each degree centigrade that 
the average temperature of the cooling 
medium is above or below 30 degrees 
centigrade for air or 25 degrees centigrade 
for water, a transformer may be loaded 
for any period of time below or above its 
kilovolt-ampere rating as specified in 
Table I. Average temperature should be 
for periods of time not exceeding 24 hours 
with maximum temperatures not more 
than ten degrees centigrade greater than 
average temperatures for air and five de- 
grees centigrade for water. On the basis 
used in this guide for calculating loss of 
life, life expectancy will be approximately 
the same as if it had been operated at 
rated kilovolt-amperes and standard ambi- 
ent temperatures over that period. 

The use of transformers in cooling air 
above 50 degrees centigrade, or below 0 
degrees centigrade, or with cooling water 
above 35 degrees centigrade is not covered 
by Table I and should be taken up with 
the manufacturer. 


Loading on Basis of Load Factor. 
When the load factor for a period of time 
not exceeding 24 hours is below 100 per 
cent, the maximum loading of a trans- 
former during that period may be in- 
creased above rated kilovolt-amperes by 
the percentages shown in Table II for 
each per cent that the load factor is be- 
low 100 per cent. On the basis used in 
this guide for calculating loss of life, life 
expectancy will be approximately the 
same as if it had been operated at rated 
kilovolt-amperes during that period. 


Loading on Basis of Short-Time Loads 
Above Rating. | When short-time loads 
above rating occur not more than once in 
any 24-hour period, the maximum loading 
of a transformer during that period may 
be increased conservatively above rated 
kilovolt-amperes, as given in Table III. 


- On the basis used in this guide for calcu- 


lating loss of life, life expectancy will be 
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approximately the same as if it had been 
operated at rated kilovolt-amperes during 
that period. 


Effect of Various Factors Existing at 
One Time. When two or more of the 
following factors affecting loading for 
normal life expectancy exist at one time, 
the effects are cumulative and the increase 
in loads due to each may be added to se- 
cure the maximum suggested load (each 
increase must be based on rated kilovolt- 
amperes) : 


1. Loading on basis of test temperature 
rise. 


2. Loading on basis of ambient tempera- 
ture. 
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Figure 4. Short-time loading with moderate 

sacrifice of life expectancy, forced-air-cooled 

transformers rated 133 per cent or less of self- 
cooled rating 


Following 50per cent or less of rated kilo- 
volt-amperes or top-oil temperature rise of 25 
degrees centigrade 
Ambient temperature 30 degrees centigrade 
for air 
Subtract hottest-spot gradient from hottest-spot 
temperature to obtain top-oil temperature 


‘A—Assumed temperature limitation for top oil 


(protected) 
A'—Assumed temperature limitation for top 
oil (unprotected) 
B—Assumed temperature limitation for hot- 
test-spot copper 


Times Rated Kilovolt-Amperes 
to Use not More Than Following Life 
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3. Either loading on basis of load factor or 
loading on basis of short-time overloads. 
Do not use both. 


SHORT-TIME LOADING WitH MODERATE 
SACRIFICE OF LIFE EXPECTANCY 


To be able to give an idea of the rela- 
tive loss-of life due to loads above rating 
under various conditions, we have as- 
sumed a conservative aging rate of insula- 
tion based on tests and operating experi- 
ence. The information is not intended 
to furnish a basis for calculating the nor- 
mal life expectancy of transformer insula- 
tion. 

Transformers may be loaded above 
rated kilovolt-amperes following various 
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Figure 5. Short-time loading with moderate 

sacrifice of life expectancy, forced-air-cooled 

transformers rated 133 per cent or less of self- 
cooled rating 


Following 100 per cent of rated kilovolt- 
amperes or top-oil temperature rise of 45 
degrees centigrade 
Ambient temperature 30 degrees centigrade 

for air : 
Subtract hottest-spot gradient from hottest- 
spot temperature to obtain top-oil temperature 


A—Assumed temperature limitation for top 
oil (protected) 

A'—Assumed temperature limitation for top 
oil (unprotected) 

B—Assumed temperature limitation for hot- 
test-spot copper 


$$ 


Times Rated Kilovolt-Amperes 
to Use not More Than Following Life 


Time, (Per Cent) 

Hours 0.1 0.25 0.50 1.0 
WoG oetdo As OLicwoteparene BOs, iets MOA se yore 2.00 
Nar tcsiter WeATcccetertele AeOOlnetehente | A a ee Sc 1.81 
Is ousoipit'g Te 2D ecoretetant Mar iforoolos 6 PbO Pocht 1.58 
Ae ereeaes WAGs crenata i fea Ts Bien ica eS Siaiereteuet 1.43 
Bl ire Sete FALL O} etatatreits Aaa Gut eeererells AE QS thet ASS 
DA rsini’s teas AOS Ei, cecil AOD atta lied Sire wre-are 41,21 


For explanation of degree of accuracy, see Appendix II. 
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Figure 6. Short-time loading with moderate 
sacrifice of life expectancy, forced-oil-cooled 
transformers or forced-air-cooled transformers 
rated over 133 per cent of self-cooled rating 


Following 50 per cent or less of rated kilovolt- 
amperes or top-oil temperature rise of 29 
degrees centigrade 


Ambient temperature 30 degrees centigrade 
for air 

Subtract hottest-spot gradient from hottest- 

spot temperature to obtain top-oil temperature 


A—Assumed temperature limitation for top oil 
(protected) 
A’—Assumed temperature limitation for top 
oil (unprotected) 
B—Assumed temperature limitation for hot- 
test-spot copper 
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Figure 7. Short-time loading with moderate 
sacrifice of life expectancy, forced-oil-cooled 
transformers or forced-air-cooled transformers 
rated over 133 per cent of self-cooled rating 


Following 100 per cent of rated kilovolt- 
amperes or top-oil temperature rise of 40 
degrees centigrade 


Ambient temperature 30 degrees centigrade 
forsair 

Subtract hottest-spot gradient from hottest- 

spot temperature to obtain top-oil temperature 


A—Assumed temperature limitation for top oil 
(protected) 
A'—Assumed temperature limitation for top 
oil (unprotected) 
B—Assumed temperature limitation for hottest- 
spot copper 


Times Rated Kilovolt-Amperes 
to Use not More Than Following Life 


Times Rated Kilovolt-Amperes 
to Use not More Than Following Life 


Time, (Per Cent) Time, (Per Cent) 

Hours 0.1 0.25 0.50 1.0 Hours 0.1 O725 0.50 1.0 
USERS MDG STATE Ga it ROD: Lees a DOO ante are 2.00 Wir eae ARS Ge Perec A OReeee ASSOM eae 1.90 
iP Sige digg H halsys Hi Ae: Dicey. ea ao LG Bieieea ee 1.82 Ants, .qaae ate MNSOSRaI: Ae BL Ge ai mt REED Han WS 1.69 
OE Mees tik Palo Dev vyatesys a ASE epeere ih AO snares 1 SW oS Sande tr AN Neen ae Meson. Bee ToS) spaneks A541 
Cet ate A ABS citctens APO ORs Ali SSivaneere 1.40 fe Nagai es MR sl Ost xe enaks plait ote tees Le aua tal sienots 1.39 
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For explanation of degree of accuracy, see Appendix II. 


loads by various amounts for various 
times, and the approximate relative loss 
of life may be estimated. 

The load capability of transformers 
varies widely and is affected by the 
following characteristics: 


_1. Top-oil rise over ambient temperature. 


2. Hottest-spot rise over top-oil tempera- 
ture (hottest-spot copper gradient). 


3. Ratio of load losses to no-load loss. 
4. Time constant.* 
5. Ambient temperature. 


It is not possible to give a single set of 
loads which will apply to all transformers 
for a given set of operating conditions. 
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For explanation of degree of accuracy, see Appendix II. 


Therefore, such values are given for a 
transformer having specified character- 
istics, and these characteristics have been 
selected so that allowable loads for practi- 
cally all other combinations of character- 
istics will be at least as great as those 
given. 

As the operating conditions under 
which transformers may be loaded are so 
extremely variable, particularly with re- 
gard to frequency of load, data are given 
so that the approximate relative loss of 
insulation life for various loads for various 
times may be determined. The user can 
then determine the allowable load for his 
conditions by taking into account the 
probable number of such loads during the 
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life of the transformer and the approx- 
imate percentage of life which he is willing 
to sacrifice. 

Appendix I gives a method by which 
the user can produce similar data for 
transformers having other characteristics, 
and the loads for a given hottest-spot 
temperature may be somewhat greater 
than those given hereafter. 

In the curves and tables that follow, 
the following limitations have been used: 


Maximum oil temperature (unprotected) * 
bah ess Deas £ 90 degrees centigrade{ 

Maximum oil temperature (protected)*.... 
ee ene ae ees 100 degrees centigradet 

Maximum hottest-spot copper temperature 
sesecsesseeeeee «160 degrees centigrade 

Maximum short-time loading (one-half hour 
or more). .200 per cent** 


Short-Time Loads Above Rating for 
Transformer With Specified Characteristics 


Assumed Transformer Characteristics. 
(See Table IV.) By the use of the data in 
the Table V the user may determine hot- 
test-spot copper temperature for various 
loads and times following 50-per-cent load 
or less and 100-per-cent load and from 
this determine the approximate loss of 
life for such loading. Or he may deter- 
mine loading for any selected loss of life. 
The user can select loadings and losses of 
life most suitable to his conditions. An 
average loss of life of one per cent per year 
incurred during emergency operations is 
considered reasonable. 

Top-oil temperature, when known, is a 
better criterion of conditions at the start 
of a given load than the previous condi- 
tions of load, because the oil may not 
have reached its ultimate temperature for 
the previous load. 

On each of the afore-mentioned figures 
ultimate top-oil temperature rise for the 
preceding load is given. This value may 
be used to determine the curve to use and 
as a guide in interpolation. 

Hottest-spot copper temperatures ver- 
sus loss of life assumed in making up 
figures are given in Figure 11. 


Additional. Short-Time Loading Avail- 
able. In addition to the short-time 
loads outlined, the transformer may be 
loaded above or below kilovolt-ampere 
rating in accordance with directions given 
under ‘‘Loading for Normal Life Expec- 
tancy.”” (Each increase must be based 


-on rated kilovolt-amperes.) 


1. Loading on basis of test temperature 
rise. 


*See Appendix II for explanation. 


tOil is considered to be protected, or unprotected, — 
depending on whether the transformer is or is not 
eyes with conservator or inert gas above the 
oil. - 3 

fAt high oil temperatures precautionary measures, 
such as draining oil, may be necessary to prevent 
overflow or excessive pressures. 


**Current-carrying Parts, other than windings, may 
impose a lower limit. 
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- Ag the loads may be applied once every 24 hours, 
with less than 8 degrees centigrade increase in insulat: 


2. Loading on basis of ambient tempera- 
ture. 


THERMAL RELAYS 


Thermal relays designed for application 
to individual transformers are available. 
They make use of hottest-spot tempera- 
ture in their operation and automatically 
take into account ambient temperature 
and previous conditions of loading, since 
the actuating element is influenced by the 
hottest oil and the load current. Higher 
loads are permitted for short times than 
are permitted for long times. These re- 
lays can be designed, at the option of the 
user, to permit loads which will produce 
practically no sacrifice of life expectancy 
or some predetermined moderate sacrifice 
of such expectancy. Contacts may be 
wired to cause sounding an alarm, starting 
of fans, or disconnecting of the trans- 
former. Application of such _ relays 
should be discussed with the manufac- 
turer. 


SUPPLEMENTAL COOLING OF EXISTING 
SELF-COOLED TRANSFORMERS 


The load that can be carried on existing 
self-cooled transformers can be increased 
by as much as 66 per cent by adding 
auxiliary cooling equipment such as fans, 
external forced-oil coolers, or water-spray 
equipment. The amount of additional 
loading varies widely, depending on: 


(a). Design characteristics of the trans- 
former. 

(6). Type of cooling equipment. 

(c). 


tion. 


Permissible increase in voltage regula- 


(d). Limitations of associated equipment. 


Table |. Loading on Basis of Ambient 


Temperature 


—> 


Per Cent of Rated Kva 


Decrease Increase 

Load for Load for 
Type of Cooling — Higher Temp Lower Temp 
Self-cooled...... A is seeds Le Birpizietedos Seis 1.0 
Water-cooled.......-+-++- i ade let ee ee 1.0 
Forced-air-cooled......... EE tang Set Oe 0.75 
Forced-oil-cooled........- DIO She scles 0.75 


No general guides can be given for such 
supplemental cooling, and each trans- 
former should be considered individually. 


Guide for Loading Pole-Type 
Constant-Current Transformers 


INCREASED PERIODS OF OPERATION 
OF PoLE-TyPE CONSTANT-CURRENT 
TRANSFORMERS FOR AMBIENT 
TEMPERATURES LOWER THAN NORMAL 


Since pole-type constant-current trans- 
formers operate outdoors at night when 
the ambient temperature is compara- 
tively low, it is often desirable to take ad- 
vantage of the longer period of opera- 
tion within the limiting temperature rise 
which is made possible by an ambient 
temperature lower than normal. The 
time of operation of a pole-type constant- 
current transformer may be increased as 
the average ambient temperature de- 
creases, as shown in Table VI. 


Guide for Loading Step-Voltage and 
Induction-Voltage Regulators 


A voltage regulator has a short-time 
load capability greater than the name- 
plate rating, the magnitude depending on 
the initial load and ambient temperature, 
as in the case of a transformer. How- 
ever, there are some additional factors 
that must be considered in this type of 
equipment. The fact that the induction 
machine has a winding in slots on a rotat- 
ing member mounted in bearings necessi- 
tates a limit to the load to prevent exces- 
sive hottest-spot temperatures and undue 


vibration. Also, a regulator must be 
Table Il. Loading on Basis of Load Factor 
mcrease in Maximum 
Per Cent of Per Cent 
Type of Cooling” Rated Kva Increase* 
Self-cooled........---«+- (NOE earn ONO cae 25 
Water-cooled..........-- Oe Deer eater share ates 25 
Forced-air-cooled.......-. OAM cteienaass tele iere 20 
Forced-oil-cooled........- Uist ieien auto tS Did 20 


* Corresponds to 50 per cent load factor. 
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Figure 8. Ultimate top-oil temperature rise 


capable of operating or holding against 
the torque produced by load. In the case 
of a step-voltage regulator, the burning of 
contacts is the limiting feature. 

A working group of the AIEE trans- 
former subcommittee is now reviewing 
the loading of regulators to determine if 
the loads given here can be increased 
safely. 


Loaps ABOvE RATING 
SELF-COOLED 


SHORT-TIME — 
FOR O1L-IMMERSED 
REGULATORS 


Short-time loads above rated kilovolt- 
amperes may be applied to oil-immersed 
self-cooled regulators with daily average 
cooling air at 30 degrees centigrade in 
accordance with the limits given in Table 
Vil. 

Loads with normal life expectancy may 
be carried once every 24 hours, whereas 
those with moderate sacrifice of life ex- 


_ pectancy should be carried infrequently. 


With cooling-air temperatures other 
than 30 degrees centigrade the short-time 
loads may be increased by one per cent of 


Table Ill. Loading on Basis of Short-Time Loads Above Rating 


Times Rated Kilovolt-Amperes 


Forced-Air-Cooled 


Forced-Air-Cooled 
Transformers Rated More than 


Transformers Rated 133 Per 133 Per Cent of Self-Cooled 

Time, Cent or Less of Self-Cooled Rating and All Forced-Oil- 
Hours Self-Cooled and Water-Cooled Transformers Rating Cooled 

ee See es Wes he MD hose WETO car ccorsse c's BO a a vereeese's QO SuO). se 70) 4. eee ie Rae SOwiekesake ik 2 eae 50 

1 a eiienahicoekns aoe ae ats es ge, WOT wax ier: eer ee 16st een: ie aaa Vatican 1.50 

eee ire AAO ete aie Oa’ ct at eet oe [saree es 1-38; 5. ene it 30, eee oe MEY ere AS Sly ene oe 1.34 

tk we ae IE Ss a, «2: ecr Seesas 9 ae ei eat re ee en 1 Beker jhi4ae. ew PS eet tec 1.21 

AREER. MK IF BRO eee "a Cae eee LAG ee aee VAM, cae eC eee oe We eee Ta ee 6. Ae 1.10 

SSS eS Raa Settee? AR MOTE fis.2o2 a ee oe ae 06st a 107-0 hee PE Ce tae Osan. ae C06 2.>. 1.06 


*Percentages fix the load which is assumed to 


Ambient temperature assumed for this table is 


peti ae ae os 
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grade for water. 
f insulation deterioration at about 100 degrees centigrade doubles 
d on 4 degrees centigrade rather than on 8 degrees centigrade. 


exist before the short-time load is applied. Use either average load for two hours previous to load above rating or 
average load for 24 hours (less overload period), whichever is greater. f 
30 degrees centigrade for air and 25 degrees centi 


and as there is some evidence that the rate o' 
ion temperature the values have been base: 
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rated kilovolt-amperes for each degree 
centigrade that the average temperature 
is below 30 degrees centigrade, except 
that no further increases are recom- 
mended beyond the 25-per-cent limit cited 
in the table. Average temperature 
should be for periods of time not exceeding 
24 hours with maximum temperatures 
not more than ten degrees centigrade 
greater than average temperatures. 
Short-time loads should be reduced two 


Table IV. Assumed Transformer Characteristics 


— 


Self- Forced- 
Cooled Forced- Air-Cooledt 
Water- Air- or Forced- 
Cooled Cooled* Oil-Cooled 
Hottest-spot rise 
(degrees centi- 
SEAS) Sotelo eee 65 5 O5ie~ © cake. 65 
Top-oil rise (de- 
grees centi- 
grade)... ... ween 45 et yer hic oie 40 
Time constant 
at full load 
(hours)eee Ae 320 cic) ek eee latebe ty 1.5 
Ratio of copper ; 
to iron losses...2.5to1.23.5tol..... 5tol 
Ambient tem- 
perature (de- 
grees centi- 
grade) camer. 30 5} Urea 30 


*Forced-air-cooled rating is 133 per cent or less of 
self-cooled rating. 


}Forced-air-cooled rating is over 133 per cent of 
self-cooled rating. 


Table V. Reference to Figures 


Self- Forced 
Cooled Forced- Air-Cooled{ 
Water- Air- or Forced- 
Cooled Cooled*  Oil-Cooled 
Following  50- 
per-cent load 
OF hessihistees Figure 2.. Figure 4... .Figure 6 


Following 100- 


per-cent load. . Figure 3..Figure 5....Figure 7 


Values between 50 and 100-per-cent load may be 
interpolated with sufficient accuracy. 


*Forced-air-cooled rating is 133 per cent or less of 
self-cooled rating. 


tForced-air-cooled rating is over 133 per cent of 
self-cooled rating. 


Table Vill. 


per cent of the continuous self-cooled 
rating below the recommended load for 
each degree centigrade that the daily 
average temperature of the cooling air 
exceeds 30 degrees centigrade. 


Guide for Loading Current-Limiting 
Reactors 


See Interim Report on Overloading 
Current-Limiting Reactors, by trans- 
former subcommittee of the AIEE com- 
mittee on electric machinery.’ 


Application at Altitudes Greater 
Than 3,300 Feet (1,000 Meters) 


OPERATION AT LESS THAN STANDARD 
AMBIENT TEMPERATURES 


It is recognized as good practice to use 
apparatus of standard temperature rise at 
rated kilovolt-amperes at altitudes greater 
than 3,300 feet (1,000 meters), provided 
the temperature of the cooling air does 


Table VI. Loading Pole-Type Constant- 
Current Transformers 
Average Ambient Period of 
Temperature, Operation, 
Degrees Centigrade Hours 
BORAT ARTA e hs ached ct eerae Sie ae 8 
DD cuthoe tte de<.0 har ca eek ee ee 10 
DO ie 5 creveta, seer eaetethigie co se eee (otis aes ohare 12 
EBs hed ERE Bate oe latenes Be cote, «aan tone 14 
BO ERG fet cho cert talons Cnet cae 16 


Table VII. Loading Regulators 
Moderate 
Starting at an Oil Normal Sacrifice of 
Temperature Life Life Expec- 
Corresponding Expectancy, tancy, Per 
to Continuous Per Cent Cent 
Operation at Lire 2s 1 Hr 2) 
Rualiload esi Oz ceases Ove aparece 35. 30 
S/loaden ais «avers DAD! coer 5 ete 50*. 45 
Wie load 5 thesis che PAT gan ran UY etree ac 50* .50* 


*This load is the maximum that can be allowed, ow- 
ing to hottest-spot temperature, vibration, torque, 
or contact-burning considerations on this class of 
equipment. ' 


Application at Altitudes Greater Than 3,300 Feet (1,000 Meters) 


Maximum Allowable Average Temperature of Cooling Air for 
Carrying Rated Kilovolt-Amperes, Degrees Centigrade 


p 3,300 Ft 6,600 Ft 9,900 Ft 13,200 Ft 
Method of Cooling Apparatus (1,000 M) (2,000 M) (3,000 M) (4,000 M) 
Oil-immersed self-cooled.................0005 BO* Sn ancee neice 28 cuanto eters rere 258 23 
Oil-immersed forced-air-cooled................ 30* PATIOS 5. ROTO eMC $5002 tee a 20 
Oilimmersed foread-oil-cooled withioill \seimyn. Nal 0) telah ul aie: Onis seit Ger num gens 
to air cooler............... | epee. ec SOM) OST re 56) Miata St weet 20 
Dry-type self-cooled 
Class-Abinsilation®s. 5 +.tv aceeeeews.0 Pe sudicon eRe «ee 80> 5 icnsehiueeac HERE te CoO 24 21 
aes i duailation a. 4..:.0 eee es cena ce 50, ee eee Neg Moe oie 2 ee 18 
Dry-type forced-air-cooled 
Classe Aransulation:. att ah «ccs os tee oee es 30% ccidsntaenees 24. 
Eieeidsie. cs lok ee BO okie Dain aeaiah del ane ache 6 


*See section 2.000 of American Standard C57.1 for explanation of average ambient temperature. 
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not exceed the values for the respective 
altitudes given in Table VIII. Standard 
temperature limits will not be exceeded. 

Obviously when advantage is taken of 
lower ambient temperatures at the higher 
altitudes to offset the increased tempera- 
ture rise caused by decreased air density, 
the output cannot be increased to the full 
extent covered under “Loading on Basis 
of Ambient Temperature.” For such 
loading the temperature base should be in 
accordance with Table VIII. 


OPERATION AT STANDARD AMBIENT 


TEMPERATURES 


It is recognized as good practice to use 
apparatus of standard temperature rise at 
altitudes greater than 3,300 feet (1,000 
meters), provided the load to be carried is 
reduced below rating by the percentages 
given in Table IX for each 330 feet (100 
meters) that the altitude is above 3,300 
feet (1,000 meters). Standard tempera- 
ture rise will not be exceeded. 


INSULATION 


The dielectric strength of equipment 
which depends upon air for its insulation 
decréases as the altitude increases. The 
dielectric strength at 3,300 feet or less for 
a given insulation class should be multi- 
plied by the proper altitude correction 
factor to obtain the dielectric strength at 
the required altitude (see Table X). 


Appendix |. Calculations of 
Temperature and Loss of Life for 
Short-Time Loading of Transformers 


Short-time loads above rating that use up 
different amounts of life expectancy for 
transformers having definite characteristics 
have been given in Figures 2 through 7. 
Generally, transformers included in these 
guides which have other characteristics 
will have greater load capabilities. This 
appendix gives information by which similar 
curves may be derived for such transformers. 

In explaining the use of Figures 8 and 9 
through 11, a self-cooled transformer having 
the same characteristics as those selected in 
the main portion of the guides, and having a 
load of 160 per cent for two hours following 
50 per-cent load, is used as an example. 
The figures also apply to forced-air-cooled 
and forced-oil-cooled transformers. 


Characteristics at Rated Kilovolt- 


Amperes Required to Be Known Example 
im Hottest-spot-rise: 0, ay ee eee 65 C 

2.0 EOP*Oill TiSe Mrs ahctue Misa eye te 45C 

3. Time constant at full load........... 3.0 hr 

4. Ratio of copper to iron losses,........ 2.5 tol 
5. Ambient temperature..........;.... 30 C 


Top-Oil Rise 


1. Determine ultimate top-oil rise for 
initial load (50 per cent). On Figure 8 start 
at per cent ‘or initial load (50) and go up to 
curve for ratio of losses (R=2.5). Go to 
left to line for full-load oil rise (45 degrees 
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centigrade). Go vertically and read ulti- 
mate oil rise (25 degrees centigrade). 


2. Determine ultimate top-oil rise for 
short-time load in question. Repeat pro- 
cedure in paragraph 1, starting at per-cent 
load in question (160) and read ultimate oil 
rise (82 degrees centigrade). 


3. On Figure 9 set a straightedge at the 
initial oil temperature rise on the left scale 
(25 degrees centigrade) and at the ultimate 
oil temperature rise on the right scale (82 
degrees centigrade). At the intersection of 
the line so determined and the vertical line 
through the intersection of lines for the de- 
sired time (two hours) and time constant 
(three hours), determine the oil temperature 
rise (52 degrees centigrade) at the end of the 
assumed time (two hours). 


Hottest-Spot Copper Rise Over Top- 
Oil Temperature (Copper Gradient) 


On Figure 10 start at per-cent load (160) 
on horizontal scale and go up to the curve 
for full-load hottest-spot rise (20 degrees 
centigrade). Go to left and read copper 
gradient (42 degrees centigrade) for the per- 
cent load in question (160 . 


Hottest-Spot Copper Temperature 


Obtain hottest-spot copper temperature 
by adding ambient temperature (30 degrees 
centigrade), top-oil rise (52 degrees centi- 
grade), and hottest-spot rise (42 degrees 
centigrade), giving 124 degrees centigrade. 


Per Cent Loss of Life 


From Figure 11 obtain the loss of life 
(0.2 per cent).for the hottest-spot copper 
temperature (125 degrees centigrade) and 
the duration of the load (two hours). In 
calculating these curves it has been assumed 
that hottest-spot temperature is constant at 
its final value during the overload period. 
When this assumption is made, the elevated 
temperature during the cooling period need 
not be considered. 

Table XI is’ suggested as a convenient 
method of tabulating values obtained by the 
foregoing procedure and covers values for 
the example assumed. 


« 


Appendix Il. Formulas for 
Calculating Transient Heating of 
Oil-Immersed Transformers 


List of Symbols 


@,=ambient temperature (degrees centi- 
grade) 

6,=hottest-spot rise over top-oil tempera- 
ture (degrees centigrade) 

(71) =hottest-spot rise over top-oil tem- 
perature at full load 

$,3;=hottest-spot temperature 
centigrade) . 

9,=top-oil rise over ambient temperature 
(degrees centigrade) 

67, =full-load top-oil rise (degrees centi- 


(degrees 


grade) 
§;=initial oil rise for +=0 (degrees centi- 
grade) bong Been 
6, =ultimate oil rise for load P (degrees 
centigrade) a ag: 


 Novemper 1945, Votume 64 


= Ou-a)I—e ) +6, 


99 =, (P oor 


Table IX. Application at Altitudes Greater 
Than 3,300 Feet (1,000 Meters) 


Table X. Application at Altitudes Greater 
Than 3,300 Feet (1,000 Meters) 


= 


Correction Altitude Correction 
' Factor, Factor A for Insula- 
Types of Cooling Per Cent Altitude tion Class 

Oil-immersed self-cooled apparatus......... 0.4 3,300 feet (1,000 meters)............1.00 
Oil-immersed water-cooled apparatus...... 0.0 4,000 feet (1,200 meters)............ 0.98 
Oil-immersed forced-air-cooled appa- 5,000 feet (1,500 meters)............ 0.95 
PAUUS Se srcte. as 4 sistas, a eenaeoveteve wiesePagsrey he siete se 0.5 6,000 feet (1,800 meters)............ 0.92 
Oil-immersed forced-oil-cooled appa- 7,000 feet (2,100 meters)............0.89 
ratus with oil to air cooler.............. 0.5 8,000 feet (2,400 meters)............ 0.86 
Oil-immersed forced-oil-cooled appa- 9,000 feet (2,700 meters)............ 0.83 
ratus with oil to water cooler............ 0.0 10,000 feet (3,000 meters)............ 0.80 
Dry-type self-cooled apparatus............ 0.3 12,000 feet (3,600 meters)............0.75 
Dry-type forced-air-cooled apparatus 0.5 14,000 feet (4,200 meters)............ 0.70 
SS eS a ee 15,000 feet (4,500 meters)............ 0.67 


P=ratio of load to full load 

P;=ratio of equivalent initial load to full 
load (load which results in an ulti- 
mate rise of 6,) 

R=ratio of load loss to no-load loss 

e=2.71828 

t=time load is applied in hours 

B=thermal time constant of transformer for 
any load or any ratio of initial to ulti- 
mate oil temperature (hours) 

B,=time constant for full load beginning 
with initial temperature rise of 0 
degrees (hours) 

Wy,= total loss at full load (watts) 

C=thermal capacity of transformer (watt- 
hours per pound per degree centi- 
grade) 


Hottest-Spot Temperature 
The hottest-spot temperature 


Ons =9at Pot (1) 


Transient heating and cooling equation 
for top-oil rise over ambient temperature 


t 


Ultimate top-oil rise for load P 
64 =O [(P2?R+1)/(R+1)1]°°8 (3) 


Hottest-spot rise over top oil 


average copper rise over top oil*+ 
10 degrees centigrade 


Altitude of 15,000 feet is considered a maximum for 
standard apparatus. 


Ch 
Wh 


C=0.06 (weight of core and coils)+0.04 
(weight of tank)-+1.33 (gallons of oil) 


B;= (6) 


Theoretical Corrections for Preceding 
Formulas 


Theoretically. several corrections should 
be made in the foregoing formulas when one 
is calculating transient oil rises, such as 
corrections for change in: 


1. Time constant for loads above rating. 
2. Ultimate copper loss at end of load period. 
3. Oil viscosity. 


Practical A pplication of Formulas for 
Calculation of Oil Rises 


In making general calculations based on 
a sumptions of transformer characteristics 
and maximum hot-spot temperatures which 
generally have a large factor of safety, re- 
sults close enough for all practical purposes 
are obtained if all of these corrections are 
omitted and the simpler formulas are used. 

The overload values given in Figures 2 to 
7 were calculated by the formulas without 
corrections. : 


1. Time Constant. The time constant 
is the length of time which would be required 
for the temperature of the oil to change from 
the initial value to the ultimate value if the 
initial rate of change were continued until 
the ultimate temperature was reached. 


*At rated kilovolt-amperes from manufacturer’s 
test. 


So = Time constant at rated kilovolt- (5) The time constant is usually the length of 
amperes time required for a specified percentage of 
Figure 9. Top-oil 200 [ il TT ——] Tyree 
temperature rise at + | H—tIHRit5 ierSSZ/’ a 
| ce a AA 
end of specified load A 80 Feds (—— te ee ewer e ied 180 ” 
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HOTTEST-SPOT RISE OVER 


. 220 


0 20 40 60 80 100120140 160 180 
PER CENT RATED KVA. 


rise. If the initial temperature is approx- 
imately equal to the final temperature, 
whether just above or just below it, the per- 
centage is approximately 63. If the initial 
temperature is greater than the ultimate 
temperature, the percentage is less than 63. 

Since evaluation of the exact percentage 
for cases where is not unity and the initial 
temperature rise is not zero becomes very 
laborious, it is frequently advisable to use 
the value of 63 per cent as an approximation. 
In the more frequently encountered cases 
where ” is approximately 0.8, the error 
resulting from this procedure is not large 
compared to the expected error in transient 
thermal calculations. 

If »=1.0, equation 6 is correct for any 
load and any starting temperature. If 1 is 
less than 1.0, equation 6 holds only for full- 
rating starting cold. If »=0.8, the time 
constant for any load and for any starting 
temperature for either a heating cycle or 
cooling cycle is given by equations 7 and 8. 
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LOSS OF LIFE—NOT MORE THAN 
PER CENT 
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Hottest-spot copper temperature 
versus loss of life 


Figure 11. 
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Temperatures in Degrees Centigrade 
to Use not More Than Following Life 


i iz H [| B=B, (7) Time, (Per Cent) 
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If 2* equals unity, 63 per cent of the tem- 
perature change occurs in a length of time 
equal to the time constant, regardless of the 
relationship of initial temperature and ulti- 
mate temperature. If ” is not unity, the 
percentage varies and is a function of both 
initial temperature rise and _ ultimate 
temperature rise. In particular, if 7 equals 
0.8, the percentage is 67 if the initial tem- 
perature rise is zero. 

If the initial temperature rise is greater 
than zero, the percentage is lower than 67 
and decreases as the initial temperature rise 
increases for a given ultimate temperature 


0. 25 
p=p,(2*) (8) 
Oy 

2. Copper Loss. As the resistance of 
the copper for ultimate conditions is greater 
when the temperature is greater for loads 
above rating than for rated load conditions, 
a resistance correction factor should be 
added to equations 3 and 4. 

3. Viscosity of Oil. The ultimate 
temperature rise of oil for a constant loss de- 
creases slightly as the temperature of the oil 
increases, owing to a decrease in the vis- 


*Exponential power of temperature rise versus loss. 


For explanation of degree of accuracy, see Appendix II. 


cosity of the oil. For hot-spot rise over oil 
the viscosity correction tends to offset the 
effect of increased resistance. 


Explanation of Degree of Accuracy of 
Figures 2 to 7 and Figure 11 


The percentage loss-of-life values which 
will not be exceeded, shown on these figures, 
of necessity have been made quite conserva- 
tive, as they depend on the rate of insulation 


Table XI. Summary of Values Used in Plotting Figure 2 

Per Cent Ultimate Hours Duration 

Rated Kva Oil Rise 0.5 1.0 ES 2.0 3.0 4.0 6.0 8.0 12.0 16.0 24.0 

Top Oil Rise—Degrees Centigrade (90), From Figure 9 
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Hottest-Spot Copper Temperature—Degrees Centigrade 
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Loss of Life—Not More Than—Per Cent, From Figure 11 
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The above values contain numbers to the second de cimal place to give figures used in plotting curves. 


See Appendix II for explanation of symbols. 
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The Self-Inductance of a Toroidal 
Coil Without lron 


H. B. DWIGHT 


FELLOW AIEE 


F A NONMAGNETIC BAR is bent 
into the shape of a ring and a single 
layer of wire is wound around the bar, the 
self-inductance of the ‘‘toroidal coil” 
formed in this way is given by well-known 
short expressions. 

Tf the cross section of the nonmagnetic 
bar, that is, the cross section of the to- 
roidal coil, is rectangular, the self-induct- 
ance is 


r 
L=2hN? logn & abhenrys (1) 
1 


where 


h=axial length of the coil 

7,=radius to inner face of the coil, centi- 
meters 

’.= maximum radius of the coil, centimeters 

N=number of turns in the coil 

logn denotes natural logarithm 


Tf the cross section of the toroidal coil 
is round, that is, if each turn is a circle, 
the self-inductance is 


L=47N? tr vV R?—a?) abhenrys (2) 
where 


R=mean radius of the complete ring 
a=radius of a single turn, centimeters! 


It was suggested to the writer by R. F. 
Field of the engineering department of 
the General Radio Company that a com- 
putation for inductance of a toroidal coil 
with a rectangular section and a com- 
paratively thick winding would be useful. 


Paper 45-159, recommended by the AIEE com- 
mittee on basic sciences for publication in AIEE 
TRANSACTIONS. Manuscript submitted July 24, 
1945; made available for printing August 27, 1945. 


H. B. Dwicnt is professor of electric machinery, 
Massachusetts Institute of Technology, Cambridge, 
Mass. 


In this paper is derived a formula for such 
a coil. 

If, when the current in the wire is taken 
to be one abampere, the number of lines 
in each portion of magnetic flux is multi- 
plied by the number of turns which it 
surrounds or links, the sum of such 
products or linkages is equal to the self- 
inductance of the coil in abhenrys. 

Let the thickness of the winding on the 
inner side of the coil be ¢, (see Figure 1). 

Then 


r3=N— bh 


Length of element dx =h-+ (i — yn 
1 


Lat 
ig) 
ty 
Geir 
h 


Let it be assumed that the wire follows 
along dx and has a sharp corner when it 
goes to the right, instead of a rounded 
corner. 

Let the density of turns per square 
centimeter be , a constant depending on 
the size of wire and the amount of insula- 
tion. 


3 
ar? a 15°) ( ) 
Also 
N 
“a aE 2Qarin ; = ) 
9 


since the wires cross the axial line tf, prac- 
tically at right angles. Similarly, 


N 


3 = 
2a Ton 


(5) 


deterioration occuring at various tempera- 
tures. 

Transformer life expectancy with con- 
tinuous operation at 95 degrees centigrade is 
not known, but past experience indicates 
that the life is satisfactory. As a basis for 
these tables, operation at 115 degrees centi- 
grade for 24 hours has been assumed to give 
not over one-per-cent loss of insulation life, 
as determined by tensile strength. 

Information given is considered to be the 
best that can be produced from the present 


approximate nature, it is believed that it 
will be of much value to the industry as a 
guide. 


The subject of insulation life is receiving 


a 


2, ae 


In spite of its” 


the continuous attention of the transformer 
subcommittee. New findings may make 
future revision and modification of these 
guides necessary. 

The transformer subcommittee does not 
recommend that any particular transformer 
life expectancy be assumed. It specifically 
points out that more than approximate 
accuracy in loss of life values is not implied. 
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The dimension /,, Figure 1, is found by 
drawing a straight line through the ends 
of ¢2 and 23. 


in =h+ 2} ot 


+h) (t—ts 
(w+h)( 2 6) 
WwW 


Turns linking element dx are 
T(z) =TN (x? — 13”) 


4rT (x) _2T() 


Flux density at dx = 
27x x 


Linkages for flux in element dx are 
Flux density X T(z) X h+(h—h) a 
1 


x 
(h—h) bax 
h 


Q7?n? 


= (x4 —2Qxr5?-+13*) (h+- pn — px) dx 


i) 


12 


oo — px5+ (h+ pri)xt+2prs?x8 — 


2(h+ pri) 1rs°x? — prs*x + (h+pri)rs4 dx 
where 


hy — h 
p= =e (7) 
hy 
Integrate from x=73 to 7. 
Linkages due to flux in the inner trapezoid 
of base /, (Figure 1) are 


5 4 3 
arin] PE (hor), +2 prs! = 
1a 


(h+ pri) r32x? — pretx+ (h-+ pri)rs* logn «| 


c=T 


(8) 


The triangle ABC, Figure 1, is filled 
with wires that are nearly horizontal. 
The linkages of the magnetic flux in ABC 
are about one per cent of the total for the 
coil in the example given. To simplify 
the computation of this part, the triangle 
ABC can be replaced by the triangle 
ADC. These triangles have the same 


= 


Section of toroidal coil 


Figure 1. 
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area, as they have the same height ¢,, and 
equal bases AD=BC=t. In both tri- 
angles the flux density is 0 along the side 
AD or AB and increases toward the ver- 
tex C and so the triangle ADC, treated as 
an extension of the trapezoid of base M1, 
gives a close approximation to the link- 
ages of triangle ABC, 

Therefore, instead of computing equa- 
tions 7 and 8, take 


hy =h + 2ty (9) 


hy—h 


Gah ee 


; (10) 


and linkages due to flux in the enlarged 
trapezoid of base hy» are 


27? | ht eae ae 
n>) —— n)— += 9r3?x3 — 
5 oe 4 32 : 
TL 
(h+qni)732x? — qrstx+ (h+qri)rs* logn «| 


io = 73 


= arin] (h+qn) (n! logn ahs r3°ty + 
13 


ire ae — gh} 2 a 
Ole 341 Fe 1 on 


i 
t3h += i) (11) 
5 
since 7;=73-+1j. 


Consider a vertical elementary strip 
LM of width dx, at a distance x from the 
axis. 

(72—x) _ Wh (t2—t3) (12x) 
w 


LM =t;+ (tg—ts) 


The turns which link the flux in dxdy are 


y ie wyN 
LM wts+(te—ts)(r2—*) 


2T 
Flux density at dxdy=— 
i 


Linkages of the flux in dxdy are 


SRO 6 wy? N? 
— dxdy=- 
ae oo { wts + (t.—ts) (r2—x) } 


, axdy 


Integrate from y=0 to 


wi;t+ (to—ts) (%2—x) 
WwW 


Linkages for the element of width dx are 


2 { ws + (tg—ts) (t2—%) } N? 
ee ee 
3x w 
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Integrate from x=7 to 7, and multiply 
byes 


Linkages for the trapezoids at the ends of 
the coil 


4N? 
= UY fetta m)} x 
3w 


T2 


logn x—x(te -19 | 


cry 


2 ‘2 (Lo — Us 2 : 
pag f nae By) bogn ae ot) | (12) 
Yr lal 


3 Tomenital 


For the outer trapezoid of the coil sec- 
tion, Figure 1, 


N 
= Ss (13) 
(14? — 12) 
from which 7, and ¢; may be found. 

Note that measured values of fs, t3, and 
ts may be used instead of values computed 
on the basis of constant density of turns. 

The length of a vertical element at 
radius x in the outer trapezoid is 


ree 
ty 


PERREAT NEE sae eh ays Fhe 
ta ta 


where 


i= h+2} 4-2 1) | (14) 
Ww 


Turns linking the element at radius x are 
T (q) =n (142 — x?) 


2T 
Flux density at dx aa 


Linkages for flux in element of width dx 
are 


Flux density X T(z) X | h—(hs—h) + 
4 
Gone bax 
ty 


Qr?n? 


eae («4 — 2077 4?-+ 144) (h— pitet+ pix)dx 


2Q7?n? 
{ pix + (h— prre)xt — 2px — 


2(h— pire) rex? + pirate + (h— pire) rat} dx 


where 
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Integrate from x=r2 to 7s. Linkages for 
flux in trapezoid of base h3 are 


5 x4 2 
arin] PE (h— pita) Tea pirex8 — (h— 
4 


T 
pita) rex? + pirat t (h— pir2)ra‘ logn i 


=72 


In order to include the effect of the two 
outer triangles, change /3 to 


hig =h3+2ts (15) 
Then 
hi—h 
qa= (16) 
by 


Linkages for flux in the enlarged trapezoid 
of base /4 are 


On? j (h ) 4 poe a 
ae (2 ile See FF 


4 1 
aue(s TA oe ) (17) 


since r2=74—ts, and ty is small compared 
with 14. ; 

The self-inductance of the coil in ab- 
henrys is given by the sum of formulas 1, 
iI ander 


Example. The following coil was 
constructed and measured by R. F. Field. 
If centimeter dimensions are used, 


11 = 2.54, T= LODs 73 =0.698 
r,=8.23, =1.178, t3=0.635 
h=12.7, N=1,680 


According to these dimensions, the 
density of the turns in the inner and outer 
parts is different. 


W=fe—TN1 = 5.08 

h=n—-r3= 1.842 

hy =15.44, ho =17.78, g=2.76, h4+-qrn=19.71 

Linkages for the rectangle wh =78.8 X 108 

Linkages for enlarged inner trapezoid of 
Figure 1=17.0X108 

Linkages for the two end trapezoids= 
3.9X108 

Linkages for enlarged outer trapezoid = 
2.0.X 108 

Inductance of coil = (78.8+17.1+3.9+ 
2.0)10® abhenrys =0.1018 henry 


The measured value agreed with this 
within less than one per cent. 
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Resonant-Circuit Constant-Current 


Regulators 


G. M. KEVERN 


ASSOCIATE AIEE 


Synopsis: Airport-approach and runway- 
marker light circuits are quite similar to the 
usual street-lighting circuits, except that 
the important additional feature of bright- 
ness control is required. Standard moving- 
coil regulators were found to be unsatis- 
factory for this purpose, and so the develop- 
ment of resonant-circuit constant-current 
regulators with built-in brightness control 
was fostered by the Army Air Forces. Four 
years of service have proved regulators of 
this type to be entirely satisfactory, and 
they have been adopted as standard by the 
Army, Navy, and Civil Aeronautics Ad- 
ministration. 

Resonant-circuit regulators have no mov- 
ing parts and operate at high efficiencies 
and power factors, even at light loads. De- 
tailed performance data, together with a 
comparison of resonant-circuit and moving- 
coil regulators, are presented in this paper. 


LTHOUGH the theoretical aspects 

of resonant-circuit constant-current 
regulators were published by Steinmetz 
as early as 1900, the lack of satisfactory 
capacitors prevented their use until 
comparatively recently. Moving-coil 
regulators were universally adopted for 
street-lighting circuits and were found so 
satisfactory that only a very few experi- 
mental resonant regulators were built 
prior to 1940, even though satisfactory 
capacitors were then available. 
' In 1940, the Army Air Forces were con- 
fronted with the problem of providing 
brightness control for airport-approach 
and runway lighting circuits, for the 
following reasons: 


1. The high-candle-power lamp assemblies 
being installed in an attempt to permit land- 
ings under adverse weather conditions were 
sometimes blinding under clear weather con- 
ditions. 

2. Black-out operations necessitated a 
great reduction in candle power in addition 
to providing hoods for the lamp assemblies. 


Paper 45-165, recommended by the AIEE com- 
mittees on air transportation and electric machinery 
for publication in AIEE Transactions. Manu- 
script submitted August 1, 1945; made available 
for printing August 17, 1945. 


G. M. KEVERN is ehsic? of the Tansings unit, equip- 


ment laboratory, Air Technical Service Command, 


Miniete Field, Deon Ohio. 
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The brightnesses found to be necessary, 
together with the average currents which 
most nearly produce those brightnesses 
on all the lamp assemblies used, are as 
enumerated in Table I. 

Runway and approach lighting circuits 
in use in 1940 were nearly identical with 
conventional street-lighting circuits, ex- 
cept, of course, that a different type of 
lamp assembly was used. The circuit 
consisted of a moving-coil regulator, 
together with a series circuit from two to 
six miles in length. A series—multiple or 
series-series transformer frequently was 
provided for each lamp assembly in order 
to isolate the assembly from the high- 
voltage circuit, and to prevent service 
interruptions in the event that a lamp 
assembly was damaged by an airplane 
or other vehicle. 


Moving-Coil Regulators 


- The first method of brightness control 
considered was the installation of a tapped 
autotransformer in the output circuit of a 
moving-coil regulator. Although the de- 
sired current values were obtained in this 
manner, the scheme was found to be un- 
satisfactory for the following reasons: 


1. When connected to a rated lamp load, 
the regulator operates at only 20.5 per cent 
of its rated kilowatt output, when the one- 
per-cent brightness tap is selected. 


2. Conventional moving-coil regulators 
overheat when operated at less than 50 per 


- cent load. This permits only intermittent 


use of the ten-, three-, and one-per-cent 


brightness taps. 

3. On the one-per-cent brightness tap, 
primary power factor and efficiency are ex- 
cessively low, being only 22 per cent and 66 
per cent, respectively, for the three-kilowatt 
combination tested. 

4. Voltage encountered on open circuit is 
increased by approximately the same ratio 
as the current was decreased. 


For comparison with resonant-regula- 
tor performance, curves showing results 
of tests conducted upon a conventional 
three-kilowatt 220-volt-input 6.6-am- 
pere-output moving-coil regulator con- 
nected to a variable lamp load are in- 
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cluded in Figure 1. Within the region of 
short circuit to rated load, it can be seen 
that the input current is approximately 
constant, and the primary power factor is 
nearly proportional to the load. 


Resonant-Regulator Development 


The first experimental resonant-circuit 
regulator was received by the Army Air 
Forces and installed in the early part of 
1941. Test results and service experience 
proved satisfactory, and so it was decided 
to use resonant regulators for all future 
installations. The first regulator to be 
produced in quantity was an oil-im- 
mersed self-cooled _five-kilovolt-ampere 
230/115-volt 6.6-ampere unit which in- 
cluded five  brightness-selector relays, 
four runway-selector relays, a power- 
supply relay, and an open-circuit protec- 
tor relay. The brightness- and runway- 
selector relays were interlocked with the 
power relay in such a manner as to insure 
that the regulator would be de-energized 
when they were operated. This regulator 
was adopted as standard by the Army 
Air Forces (type .A-1, specification 
32360), and later standardized by the 
Army, Navy, and Civil Aeronautics Ad- 
ministration (specification AN-R-3a). A 
monocyclic square, and later a resonant T 
circuit, were used to obtain the constant- 
potential-constant-current  transforma- 
tion in this regulator. 

In 1943 a 7.5-kw 2,300-volt regulator 
was developed in order to meet increased 
power demands, and to fit into the com- 
plete airport lighting system then being 
standardized. This regulator (specifica- 
tion AN-R-17) is the present Army, 
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Figure 1. Moving-coil regulator, three- 
kilowatt, 220-volt primary winding, 6.6-am- 
pere secondary winding 


A—Primary current 
B—Efficiency 
C—Primary power factor 
D—Secondary current 
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Navy, and Civil Aeronautics Administra- 
tion standard, and several hundred have 
been procured from two separate sources. 


It is illustrated in Figure 2. The 7.5-kw 
regulator is oil-immersed,  self-cooled, 
weighs approximately 1,000 pounds, and 
includes five brightness-selector relays 
and one open-circuit protective relay. 
It is designed for use with a separate re- 
mote-controlled oil switch, and a control 
panel (specification AN-P-59) which is 
installed in the airport control tower. 
Shortly afterwards, a requirement arose 
for a 230-volt manually controlled regu- 
lator for overseas installations of high- 
intensity runway and approach lights. 
This resulted in the development of the 
six-kilowatt regulator known as the type- 
_B-1 (Army Air Forces specification 
32470) which is illustrated in Figure 3. 
This type of regulator is similar to the 
7.5-kw unit, except for the lower primary 
voltage, and the use of a manually oper- 
ated brightness tap changer in lieu of the 
brightness-selector relays. . 


Description—Typical Resonant 
Regulator 


The type-B-1 regulator illustrated in 
Figure’ 3 has been selected for detailed 
- discussion, because it is a typical resonant- 
circuit regulator with performance char- 
acteristics similar to the majority of 
units tested. This regulator consisted of 
the major items shown on the wiring dia- 
gram of Figure 4, inclosed in or mounted 
on the front of a sheet-steel tank contain- 
ing 28 gallons of oil. The complete as- 
sembly weighs 965 pounds and is approxi- 
mately 24 by 29 by 31 inches high. 
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Figure 2 (left). 


The essential portion of the regulator is 
the resonant circuit, sometimes called 
“monocyclic square,’ which consists of 
two five-microfarad, 1,400-volt mineral- 
oil capacitors (items F, Figure 4), and 
two 530-ohm 60-cycle reactors (items £, 
Figure 4). The constant-potential-con- 
stant-current transformation is performed 
by this circuit. It has been demonstrated 
mathematically that the following rela- 
tion exists, assuming that there are no 
losses, and that all four reactances are 
equal in magnitude:! 


LS 


where 


J,=output current 
E,=input voltage 
X =reactance of one side of square 
j=operator denoting 90 degrees counter- 
clockwise rotation 


Inspection of this relation reveals that 
output current is independent of the 
load, but that it is directly proportional 
to and 90 degrees out of phase with the 
input voltage. Experience with actual 
regulators indicates that the relation 
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Resonant-circuit regulator, 7.5 kw, 2,300 volts, 6.6/5.5/- 
4.8/4.2/3.8 amperes, remote brightness control 


Figure 3. Resonant-circuit regulator, type-B-1, six kilowatts, 230 volts, 
6.6/5.5/4.8/4.2/3.8 amperes, manual brightness control 


may be used with negligible error over the 
normal operating range. Losses in well- 
designed reactors and capacitors have 
little effect on the output current, but 
the reactances should be held within one 
per cent of the desired value (or com- 
pensated for by means of factory adjust- 
ment taps on the input or output trans- 
former). 

The functions of the two coil 200-210- 
220-230/1,900-1,580-1,380-1,210-1,090- 
volt 6.5-kw-input transformer (item C) 
are to provide the correct voltage for the 
monocyclic square and to isolate the 
high-voltage from the low-voltage-input 
circuit. The tap changer (item D) is 
used to compensate for sustained varia- 
tions in voltage impressed upon the mono- 
cyclic square; the five values of lamp 
brightness are easily obtained by means 
of the brightness tap changer (item B) 
which may be operated without de- 
energizing the regulator. 

The manually operated 35-ampere cir- 
cuit breaker (item A) provides on-off 
control, and open-circuit protection by 
means of the shunt trip which is energized 
through the normally closed contacts of 
the series relay (item H) when open cir- 
cuit occurs. The resistor (item J) pro- 
vides a slight time delay, thereby pre- 
venting undesirable tripping during 
switching. 

The purpose of the two-coil 3.5/6.6- 
ampere, six-kilowatt-output transformer 
(item G) is to limit the open-circuit volt- 
age. Theoretically the open-circuit output 
voltage of the monocyclic square would be 
infinite; in an actual regulator (without 
output transformer), it would rise danger- 
ously high, and might cause immediate 
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failure of the capacitors. When the 
secondary winding of the regulator under 
discussion is opened, the monocyclic 
square maintains the current in the 
primary winding of the output trans- 
former, the core becomes saturated, and 
the output voltage is limited to approxi- 


mately 175 per cent of the full-load 
voltage. 


Performance Data— 
Typical Resonant Regulator 


The regulator il ustrated in Figure 3 
was subjected to extensive laboratory 
tests, and the results obtained are shown 
in Figures 5 to 9, inclusive. 

The data shown in Figures 5, 6, and 7 
were taken by operating the regulator on 
a 230-volt 60-cycle power supply with a 
variable lamp load, and making direct 
measurements of input and output cur- 
rent, voltage, and power. The current- 
regulation curves for all five brightness 
taps, shown in Figure 5, indicate a maxi- 
mum drop in current of 3.5 per cent from 
short circuit to full load. Figure 6, 
when compared with Figure 1, illustrates 
the basic difference in performance be- 
tween resonant and conventional moving- 
coil regulators. The moving-coil unit has 
a constant input current and a power fac- 
tor which is nearly proportional to the 
load, while the resonant circuit unit has 
an input current which is nearly propor- 
tional to the load, and a power factor of 
unity from 25-per-cent load to full load. 
Figure 7 shows that the resonant regulator 
has excellent power factors and efficiencies 
even at the lowest brightness tap (3.8 
amperes) whereas the moving-coil regu- 
lator would have a power factor of less 
than 25 per cent lagging. 

The data shown in Figure 8 were taken 
with two regulators placed in a large cold 
room, connected to a 230-volt 60-cycle 
power supply and to a six-kilowatt lamp 
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Figure 4. Wiring diagram, type-B-1 resonant- 
circuit regulator 


A—Manual circuit breaker with shunt trip 
B—Brightness tap changer 

C—Input transformer 

D—Primary-voltage tap changer 


. E—Reactor 

{ F—Capacitor 

q G—Output transformer 
4 H—Series relay + 
SE Resistor - 
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Figure 5. Current-regulation, type-B-1 reso- 
nant-circuit regulator 


load. Meters were placed outside the 
cold room, with provision made for 
switching from one regulator to another. 
Test runs were made at several tempera- 
tures, with each temperature held con- 
stant during the test and for at least 24 
hours before the test run was started. 
Readings were taken immediately after 
energizing the regulator, and the time 
required for the output current to reach 
normal room-temperature values was 
recorded. The two regulators, although 
made by different manufacturers, were 
quite similar in performance at room 
temperature. The curves of Figure 8 
show very plainly that chlorinated- 
diphenyl capacitors are not satisfactory, 
unless the regulator is to be installed in a 
heated room. 

The vector diagrams shown in Figure 
9 were plotted from data taken with the 
regulator connected to a 60-cycle power 
supply held constant at 230 volts and a 
lamp load which was varied from short 
circuit to open circuit. The two diagrams 
are oriented so that the correct relation 
between corresponding currents and volt- 
ages exists. The values of currents and 
voltages existing in the monocyclic 
square under rated load conditions are 
shown by the solid lines, while the dotted 
lines show the loci of the corners of the 
diagrams, so that the vector diagrams for 
any load may be visualized. The change 
in voltage applied to the square due to 
voltage drop in the input transformer as 
the load is increased from short circuit 
to rated load is too small to be shown, 
but the increase in voltage due to the 
large leading current flowing in the input 
transformer at overloads is illustrated. 


Resonant-Regulator Characteristics 


The current regulation of the resonant- 
circuit regulator depends primarily upon 
the accuracy of tuning of the resonant cir- 
cuit, and upon the regulation of the input 
and output transformers. Since the out- 
put current of existing regulators varies 
in proportion to variations in a supply 
voltage, it has been considered uneco- 
nomical to specify better than four-per- 
cent regulation (+2 per cent of the 


‘ 
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specified current), although it could be 
obtained without difficulty. The impor- 
tance of current regulation is minimized 
by the fact that, after installation, the 
normal load current may be corrected 
by means of taps on the regulator input 
transformer, and/or adjustment of the 
supply voltage. 

Efficiency of a resonant regulator is 
determined by the losses in reactors, 
capacitors, and transformers, and is main- 
tained at a comparatively high value, 
even at light loads. Power consumed by 
built-in relays ordinarily is included in the 
regulator losses, unless supplied from 
separate control circuits. 

Except at extremely light loads, a 
properly designed resonant regulator has 
a primary power factor which is approxi- 
mately equal in magnitude but opposite 
in sign to the secondary power factor. 
For example, the input power factor of a 
regulator feeding a 90-per-cent-lagging 
series load would be approximately 90 per 
cent leading. The actual input power fac- 
tor is determined by the following factors: 


1. Manufacturing tolerance in monocyclic 
square. 


2. Exciting current of input transformer. 
3. Exciting current of output transformer. 
4. Series coil of protector relay. 


Inductive reactance of series load. 


or 


Factors 3, 4, and 5 cause leading power 
factors, factor 2 has a lagging effect, and 
the first factor may have either a lagging 
or leading effect. 

The effect of frequency variations upon 
resonant-circuit regulators is much less 
than one would expect at first thought. 
The regulator illustrated in Figure 3 has 
been used satisfactorily on 50-cycle power 
supplies without modification. ‘The out- 
put current at full load is approxi- 
mately three per cent less on 50 cycles 
than it is on 60 cycles. 

Oscillographic studies indicate that the 
output current from a resonant regulator 
operating near full load has no switching - 
surges. This is in direct contrast to the 
effective value of the output current from 
a moving-coil regulator, which surges to 
a high value and then oscillates about the 
steady-state value, immediately after the 
unit is energized. Observations made on a 
monocyclic square regulator operating at 
rated lamp load also indicate that the 
input and output current waves approxi- 
mate sine waves. Although time limita- 
tions have prevented a complete study of 
harmonics under all load conditions, no 
trouble due to harmonics has been re- 
ported during four years operating experi- 
ence with loads consisting of lamps, and ~ 
lamps connected to well-designed isolat- 
ing transformers. 


Summary 


The satisfactory service obtained from 
over 1,500 resonant regulators procured 
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A—Primary power factor 
B—HEfficiency 
C—Primary current 
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Figure 7. Performance data, brightness tap 1, 
type-B-1 resonant-circuit regulator 


A—Primary power factor 
B—Efficiency 
C—Primary current 


AMPERES 
MINUTES 


=80 5601.40) -20. 0 920 740 60 
TEMPERATURE, IN DEGREES FAHRENHEIT 


80 


Low-temperature performance, 


Figure 8. 
resonant-circuit regulators 


A—tnitial output current, resonant regulator 
with mineral-oil capacitors 
B—Initial output current, resonant regulator 
with chlorinated-diphenyl capacitors 
C—Time required for output current of regu- 
lator with chlorinated-diphenyl capacitors to 
reach rated value 


since 1940 is evidence that this type of 
regulator has moved out of the experi- 
mental category. Resonant regulators 
are the most satisfactory means of pro- 
viding power for airport runway and 
approach lighting circuits, which must be 
operated at reduced intensities on clear 
nights, and they have been standardized 
by the Army, Navy, and Civil Aeronau- 
tics Administration. Moving-coil regu- 
lators still are used for applications where 
operation at reduced intensities is not re- 
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Figure 9. Wector 

diagram, type-B-1 

resonant-circuit reg- 
ulator 


VOLTS 


Voltages: 


As load is increased from short cir- 


cuit to rated load: 


Point L moves from M to L 
Point N moves from M to N 
As load is increased from rated 


load to open circuit: 


Point L moves from L to K 
Point N moves from Nto O 
Point R moves from Rto $ 
Point Q moves from @ to P 


quired, such as street lighting and airport 
boundary lighting. 

Existing resonant-circuit regulators 
have the following- definite advantages 
and disadvantages: 


A. Advantages: 
1. No moving parts (except relays). 


2. Unity power factor with resistance 
loads, leading power factor with inductive 
loads. 

3. High power factor and efficiency main- 
tained with loads as low as 20 per cent. 
This permits satisfactory operation of light- 
ing circuits at one-per-cent brightness. 


4. Brightness control easily obtained by 
varying input voltage to resonant circuit. 


5. No switching surges of sufficient dura- 
tion to affect lamp life. 


B. Disadvantages: 


1. Output current varies with input volt- 
age. 

2. Not familiar to most operating and 
maintenance personnel. 


In contrast to the foregoing, moving- 
coil regulators have the following charac- 
teristics: ; 

A. Advantages: 


1. Output current constant regardless of 
primary voltage. : 


2. Conventional equipment, familiar to 
most electrical personnel. 


B. Disadvantages: 


1. Moving parts which require accurate ad- 
justment. 


2. Power factors of 75 to 85 per cent lag- 
ging at fullload, unless supplied with capaci- 
tors for power-factor correction. 
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2 
AMPERES 

Currents: 

As load is increased from short cir- 

cuit to rated load: 

Point B moves from A to B 

Point D moves from A to D 

As load is increased from rated 

load to open circuit: 

Point B moves from B to C 

Point D moves from D to E 

Point J moves from J to F 

Point H moves from Hto G 


3. May not be used at less than 50-per- 
cent load, owing to overheating. 


4. Unsatisfactory for brightness control, 
owing to overheating, and extremely low 
power factors and efficiencies at low bright- 
nesses. 


5. Current surges immediately after ener- 


_ gizing shorten lamp life, especially for air- 


port use where frequent switching may be 
required. 


Sufficient data for an accurate cost 
comparison of the two types of regulators 
are not available, owing to the fact that all 
resonant regulators procured to date in- 
cluded an input transformer and bright- 
ness tap-changing equipment. Elimina- 
tion of these items, however, should make 
the cost of a resonant regulator equal to or 
less than the cost of a moving-coil regu- 
lator. 

In conclusion, the author predicts that 
resonant regulators will continue to be 
used for all airport runway and approach 
lighting circuits, and that they will 
gradually come into use for other applica- 
tions, such as street lighting. The suc- 
cessful conclusion of the following two de- 
velopments, now being actively en- 
couraged by the Army Air Forces, will 
do much to further the postwar use of 
resonant regulators: 


A lightweight air-cooled design. 


2. A method of compensating for primary- 
voltage variations. 
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Parallel Operation of Main-Engine- 
Driven 400-Cycle Aircraft Generators 


L. G. LEVOY, JR. 
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Synopsis: This paper reports progress in 
the development of variable-ratio drives 
and governors for parallel operation of air- 
craft alternators driven from the main 
engines. Preliminary tests have been made 
demonstrating successful parallel operation 
of such drives under various conditions of 
acceleration and loading. The general sys- 
tem of operation and results of some of the 
first tests are described in this paper. 


OTENTIAL military requirements 

may create a demand for very large 
aircraft. Four-hundred-cycle three-phase 
208Y—120-volt a-c power appears to be 
quite suitable for most of the electrically 
operated devices. The electrical manu- 
facturers in this country have been asked 
by the Army Air Forces to develop an 
electric system to generate, distribute, 
and utilize this power to perform various 
required functions on such aircraft. 

For reasons of space, weight, economy, 
and reliability, it was decided to drive 
these generators from the main engines. 
Several other means of driving such gen- 
erators were considered, but because of 
the very limited time available for the de- 
velopment this method was selected, as it 
appeared to hold most promise for a 
quick solution. Among the other means 
considered were: 


Auxiliary engines or gas turbines. 
Exhaust-gas turbines. 
Waste-heat boilers and steam turbines. 


Hydraulic torque converters. 
Mechanical transmissions of various 
types. 

6. Rotating electric machines in various 
combinations. 


or 


7. Electronic means. 


Some of these now are being perfected, ° 


and much of the experience gained with 
the present system will be applicable to 
these other systems. 

Parallel operation of the generators on 
a multiengine airplane is desired for mili- 


Paper 45-158, recommended by the AIEE com- 
mittee on air transportation for publication in ALEE 
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tary service, because it provides the fol- 
lowing benefits :! : 


1. Greater motor-starting capacity. 


2. Reduction of time and magnitude of 
voltage disturbance from fault, motor start- 
ing, or loss of generation. 

3. More effective use of spare capacity, so 
that smaller or fewer generators can be used 
without excessive load-transfer switching. 


4. Greater ability to withstand fault with- 
out disruption of service and greater ability 
to burn faults clear. 


5. Continued operation of load equipment 
following engine or generator failure; does 
not require any automatic-transfer equip- 
ment nor any immediate attention from the 
operator. 


Statement of the Problem 


The aircraft engines are relatively large 
compared with the generators, as they 
are used for main-propulsion power. Con- 
sequently, their rating may be from 50 to 
100 times the rating of the generators 
which are used for auxiliary electric power 
on the airplane. In addition the main- 
engine speed may vary over a wide range 
(three to one or more), depending upon 
the conditions of flight. Furthermore, all 
engines are not always operated at equal 
speeds at all times. These factors pre- 
sented several new problems to the elec- 
trical industry. 

Parallel operation of a-c generators is 
common in industrial or central-station 
practice. However, usually most of the 
following conditions prevail for constant- 
frequency a-c systems with generators 
operated in parallel: 


1. The prime mover is comparable in rat- 
ing with the generator. 


2. The prime mover usually is operated at 
constant speed. 


PROPELLER 
ACCESSORY 
POWER TAKE-OFF 


SHAFT WITH 
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SLIDING SPLINE 
CENTER SECTION 


ENGINE 


Figure 1. 


Levoy—Parallel Operation of Aircraft Generators 


3. The prime mover is governed to operate 
in accordance with the requirements of the 
generator. 


4. All prime movers on the system are 
operated at a speed exactly proportional to 
the system frequency. 


5. ‘Transient speed changes of the prime 
movers are relatively small. 


In contrast with this, in the proposed 
aircralt system: 


1. The prime mover is large, frequently 
being 50 to 100 times the rating of the gen- 
erator. 


2. The prime movers are operated over a 
wide speed range to meet changing condi- 
tions of flight. 


3. The prime mover is governed to operate 
in accordance with the propeller and pro- 
pulsion requirements of the airplane. 


4. Different engines on the same airplane 
may be operated at different speeds at the 
same time. 


5. Transient speed changes of the prime 
movers may be very rapid. 


The problem is, with this combination 
of conditions, to provide a means of driv- 
ing the alternators from the main engines, 
maintaining frequency and voltage at all 
times, and keeping all the machines 
operating in synchronism and sharing 
the load. Of course, in addition to these 
fundamental requirements the system 
must be suitable for use in aircraft, which 
conditions bring in a host of additional re- 
quirements which have been listed else- 
where.! 

The alternators now in use have eight 
poles and operate at 6,000 rpm to deliver 
400 cycles. This means that one me- 
chanical degree is equivalent to four elec- 
trical degrees. Thus to maintain syn- 
chronism it is necessary that the me- 
chanical displacement among generators 
does not exceed about 20 mechanical de- 
grees, and to divide load properly they — 
should be within one or two mechanical 
degrees of each other. This close rela- 
tionship should be maintained, even 
though the individual engine speeds vary 
widely and are subject to high rates of 
acceleration. To the uninitiated, it 
looks like an impossible job, except with 
some type of slip device such as a fluid 
coupling. A slip device is out of the 
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Schematic mechanical diagram of aircraft alternator 
driven at constant speed through continuously variable-ratio 
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Figure 2. Schematic 
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tinuously _ variable- 
ratio-drive unit 


Figure 3 (below). 
Schematic mechani- 
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question, however, because of the wide 
speed range involved, which makes it too 
inefficient to be applicable. The use of a 
positive-displacement type of drive to 
improve efficiency requires the develop- 
ment of a high-speed governor. 

For constant frequency to be obtained 
from conventional generators the latter 
must be operated at constant speed. This 
means that, if the prime mover has a 
variable speed, some type of variable 
ratio transmission must be interposed 
between the prime mover and the gener- 
ator and governed to provide the desired 
result. 


Procedure 


An analytical approach? provided speci- 
fications for governor design and indi- 
cated that the characteristics required for 
parallel operation were well within prac- 
tical design values and that parallel oper- 
ation could be achieved. 

It was necessary to overcome many ob- 
stacles, and some are yet to be mastered. 
Nevertheless, the fundamental principles 
of accomplishing this job have been es- 
tablished and demonstrated. 

Because the solution of this problem 
required the development of a governing 
system with a very high speed of response, 
it was thought that many engineers would 
be interested in a description of the gen- 
eral method of accomplishing this result. 
The purpose of this paper is to give a 
brief description of the governor and what 
is believed to be the first 400-cycle a-c 
system of this type which has been suc- 
cessfully demonstrated. 


Description of the System 


Figure 1 shows a schematic mechanical 
diagram of the system arrangement of 
one main-engine-driven generator unit 
which is part of a proposed system for use 
on large aircraft. Note that this plan 
contemplates mounting of the continu- 
ously variable-ratio drive and generator 
separate from the engine to avoid exces- 
sive overhung weight on the engine. The 
unit is driven from an accessory drive 
shaft on the engine through a shaft de- 
signed to permit the engine to move in its 
resilient mounting without injury to the 
driven unit. A free-wheeling device is 
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located between the variable-ratio drive 
and alternator, which permits driving the 
alternator but never permits the alter- 
nator to try to drive the engine. The 
governor adjusts the ratio of the variable- 
ratio drive to maintain frequency and 
load division, as explained later, in spite 
of variations in engine speed. 

The setup used in test differs from 
Figure 1 in that the driving power was 
taken from the main output shaft of the 
engine through a suitable gear box, as the 
accessory drive shafts on these engines 
were not large enough to provide the re- 
quired power. 

Figure 2 is a schematic mechanical dia- 
gram of one form of continuously vari- 
able-ratio drive unit. This unit is a dif- 


ferential type of hydraulic drive using oil | 


as the working medium. A simple valve 
arrangement (not shown) is located be- 
tween the pump and motor end of the 
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Figure 4. Schematic 
electrical diagram of 
governor control 


unit, providing a properly valved path 
for the flow of the working fluid between 
the pump and motor. 

The input end of the unit has a variable 
stroke. This stroke is varied by the angle 
of the wobble plate, which in turn is posi- 
tioned by the governor. The output end 
of the unit has a fixed stroke. Thus the 
angle of the adjustable wobble plate on 
the input end of the unit establishes the 
relative speed of the fixed stroke element 
with respect to the variable displacement 
element. When the stroke of the latter is 
zero, both elements are locked hy- 
draulically and rotate as a unit. This is 
the straight-through drive ratio. At this 
ratio hydraulic losses in the unit are at a 
minimum. The variable-ratio drive unit 
should be designed to have maximum 
efficiency at engine speeds corresponding 
to the cruising speed of the airplane. 

Figure 3 is a schematic mechanical dia- 
gram of the governor and servo mecha- 
nism which operates to position the wobble 
plate and thereby adjusts the drive ratio 
to provide the desired output speed. 

Oil at a moderate pressure is supplied 
to an electromagnetically operated pilot 
valve, which is balanced against a spring. 
A valve movement of a few thousandths 
of an inch permits oil to enter one side of 
the piston and leave from the other side, 
thus causing the piston to move. The 
piston is linked mechanically to the 
wobble plate of the variable-ratio drive. 
As a result of the very small valve move- 
ment required, and by proper design of 
the ports, a very high speed of response is 
achieved. The pilot valve position is 
governed by the electrical signal intro- 
duced into its actuating coil. The gover- 
nor uses a constant-current balanced- 
valve system. The pilot valve always 
returns to its neutral position after the 
speed correction is made. The transient 
position of the valve is determined by 
the change in signal above or below the 
balance-position signal. 

Figure 4 is a schematic electrical dia- 
gram of the governor control circuit show- 
ing the principle of operation. For 
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Figure 5. Vector relations in load-frequency 
droop circuit 


simplicity certain other circuits including 
stabilizing and emergency overspeed cir- 
cuits are not shown. 

The operation is as follows: A small a-c 
tachometer generator using a permanent- 
magnet field is driven from the output of 
the variable-ratio drive. The output of 
this tachometer is rectified by rectifier G 
and applies a signal, which is directly pro- 
portional to speed on the operating coil H. 

Another signal, which is proportional 
to load, is placed on droop-circuit coil J, 
which is wound on the same core as H. 
This provides a five-per-cent frequency 
droop at full load. This load-frequency 
droop causes the generators to share the 
kilowatt load when operating in parallel. 

The load—frequency-droop signal is de- 


Figure 7. Gyielionizing disturbance with 
incoming machine at full voltage with no load 
on system 


Figure 8. Synchronizing disturbance with 
incoming machine at full voltage and both 
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Figure 6. Typical star bus arrangement 
showing current-transformer connections for 
differential cross-current compensation for 
division of reactive load among generators 


rived from a circuit which is sensitive to 
the inphase component of current. This 
provides a signal approximately propor- 
tional to power load on the alternator and 
is accomplished in the following manner. 
Terminal voltage of the alternator is fed 
into a midtapped autotransformer A. 
Another signal, which is proportional to 
current, is obtained from a current trans- 
former and fed into the resistor at B. 
This latter signal is added and subtracted 
vectorially from the voltage signal, the 
results of the addition and substraction 
appearing in transformers C and D re- 
spectively. The outputs of these trans- 
formers are rectified by full-wave dry- 
type rectifiers HE and F. The resulting 
two d-c signals are subtracted, and their 


Figure 9. Synchronizing disturbance with 
incoming machine at full voltage and both 
incoming and running machines carrying load 


Incoming machine purposely synchronized 180 
electrical degrees out of phase with running 
machine 


difference placed on the droop-circuit 
coil J. 

Figure 5 shows the vector relations in- 
volved in the load-frequency-droop cir- 
cuit. 

Figure 5a shows the condition with a 
lagging power-factor load. Note that 
there is a substantial difference between 
the voltage vectors E + J and E — J, 
which provides a signal to the droop coil. 

Figure 5b shows the condition with a 
zero power-factor load. Here E + J and 
E — J are equal, hence their difference is 
zero, and no signal is introduced into the 
droop coil. 

The droop circuit is responsive to real 
power and not to reactive power. 

The division of reactive kilovolt-am- 
peres among several generators connected 
in parallel can be achieved by means of 
differential cross-current compensation 
in the voltage-regulator circuits. This 
provides for reactive division without 
voltage droop. Schematically this con- 
nection is shown in Figure 6. A normally 
closed interlock is provided on each gen- 
erator circuit breaker to short-circuit its 
reactive division current transformer 
when the circuit breaker is open and the 
generator is taken out of service. 

This differential reactive-division cir- 
cuit is ideal for parallel operation, provid- 
ing the units are to operate in parallel at 


Figure 10 (below). Synchronizing disturb- “4 


ance with incoming machine running un- 
excited 


Arrow indicates time of closure of exciter 
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all times. If, however, nonparallel opera- 
tion is desired, or operation with the sys- 
tem split into various combinations other 
than all machines operating in parallel, a 
rather complicated switching of the re- 
active-division control circuits is involved. 
To avoid this, individual cross-current 
compensation can be used. For this 
method there is no interconnection be- 
tween reactive-division circuits for dif- 
ferent generators. Instead, each individ- 
ual voltage regulator is biased by reac- 
tive current output of its corresponding 
generator to give a regulated-voltage 
characteristic which droops slightly with 
increasing reactive load. To avoid ex- 
cessive droop of voltage with increasing 
load, compensation can be added to give 
a rising voltage characteristic with re- 
sistive load and the combination designed 
to hold. substantially flat voltage at the 
average load power factor. 


Operating Experience 


Tests have been made with a labora- 
tory setup using two 450-horsepower air- 
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Figure 11. Voltage 
disturbance and re- 
covery caused by 
simultaneous starting 
of two 750-watt 
Amplidyne motor- 
generator sets driven 
by squirrel-cage in- 
duction motor: 
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Figure 12. First section of oscillogram shows 
normal parallel operation with smooth engine, 
and second section shows effect of making 
engine rough by short-circuiting spark plugs 
on two cylinders in consecutive firing order 


cooled radial aircraft type engines, each 
driving a 30-kw 40-kva 400-cycle alter- 
nator through a step-up gear and variable- 
ratio drive. Reciprocating gasoline en- 
gines were selected for tests to simulate 
appropriately acceleration rates and 
torque pulsation effects which will be ob- 
tained in actual installations. Torque 
measurements were made with an elec- 
tric-strain-gauge-type torque meter lo- 
cated in the input shaft to one variable- 
ratio drive unit. 

The presence of the free-wheeling be- 
tween the alternator and drive was found 
to make synchronization very easy even 
with purely random synchronization. 
The machines have been synchronized at 
random at full voltage with and without 
load at widely different speeds. They 
also have been synchronized with the in- 
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coming-machine exciter field circuit open, 
closing the field simultaneously with the 
generator circuit breaker and permitting 
the field to build up while synchronizing. 

Figure 7 is an oscillogram showing a 
typical synchronizing disturbance with 
full voltage on the incoming machine and 
no load on the system. The generator 
circuit breaker was closed at random, al- 
though in this case it happened to close 
nearly in synchronism. Note that there 
is very little disturbance to the system 
voltage. With automatic speed matching 
and synchronizing equipment, equal or 
better performance could be achieved con- 
sistently. 

Figure 8 is an oscillogram showing a 
synchronizing disturbance similar to Fig- 
ure 7, except that both machines had an 
initial load on them prior to synchroniza- 
tion. 

Figure 9 is an oscillogram showing a 
synchronizing disturbance on the two 
generator system with each generator 
carrying load at normal voltage, and with 
the synchronizing switch purposely closed 
when the generators-are 180 electrical 
degrees out of phase. At the instant of 
closure this corresponds to a three-phase 
short circuit on both machines with cor- 
respondingly high armature currents, 
The machines pull into step, and system 
voltage has recovered in 0.1 second. 

The lower trace on Figure 9, showing 
alternator field current on the incoming 
machine, is of special interest in this case. 
Note the high transient field current 
which is induced at the instant of closure 
of the synchronizing switch. This cur- 
rent flows through the exciter armature 
and depresses the exciter voltage. If 
severe enough, such a surge may cause a 
reversal of the exciter voltage, which in 
turn may reverse the stabilizing signal to 
the voltage regulator, causing it to oscil- 
late. To avoid this, the exciter should be 
designed so that it will not reverse polar- 
ity or lose its residual magnetism on such 
surges. These surges will be more severe 
on a system with more generators and 
with running loads. 

The power trace indicates that the 
generator is free-wheeling for a short in- 
terval as the machine is pulling into step. 
The drive input torque does not go nega- 
tive, however, as the generator is free- 
wheeling and the drive losses are supplied 


Figure 13. Oscillo- 
gram showing tran- 
sient division of load 
between generators 
by governor action 
during acceleration 
of one engine when 
operating in parallel 
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by the input shaft. The power and torque 
curves pulsate for a few cycles as the 
generators oscillate about their equilib- 
rium position, but no destructively large 
torques appear during the synchroniza- 
tion in this case. 

Figure 10 is an oscillogram showing the 
disturbance resulting from bringing the 
incoming machine on the bus running at 
approximately full speed but unexcited. 
In this case the exciter field switch was 
closed slightly later than the alternator 
armature switch at the time indicated by 
the arrow. There was no load on the sys- 
tem in this case. When the incoming 
generator switch is closed, the incoming 
machine operates as an induction motor 
running light, taking magnetizing current 
from the line, but practically no power. 
(See power trace.) When the exciter 
field switch is closed, the exciter of the in- 
coming machine builds up, pulling the 
machine into step and furnishing its own 
excitation so that the circulating current 
drops to practically zero. The bus- 
voltage disturbance would be substan- 


tially less with more generators on the — 


system. 

Figure 11 is an oscillogram showing 
voltage disturbance and recovery from a 
suddenly applied load. In this case two 
generators were running in parallel at no 
load, and two squirrel-cage induction 
motors, each driving a 750-watt Ampli- 
dyne generator were started simultane- 
ously. There is a momentary voltage 
dip of about four per cent and the voltage 
is restored to normal in about 0.05 sec- 
ond. The induction-motor Amplidyne 


sets accelerated to full speed in about 0.7 


second, and, as the Amplidynes were un- 
loaded, the induction-motor current 
dropped to exciting current only. The 
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Figure 14 (above). 
General view of test 


setu 
P GOVERNOR 


SERVO 


Driving engines are 
Mccann 


located behind wall 


Figure 15. Side 
view of combined 
variable-ratio _ drive 
and alternator used 

in tests ‘ 


tion purposes, and the portion between 
the two parts shown represents a time 
interval of 0.6 second. 

This oscillogram gives some idea of the 
nature of voltage disturbances resulting 
from switching loads an the system. With 
more generators on the system, the dis- 
turbance would be less for a given load 
increment. 

Figure 12 is an oscillogram showing 
two machines operating in parallel. The 
first part of the oscillogram shows normal 
operation with a normal engine. The 
second part of the oscillogram shows the 
effect of purposely making one engine 
rough by short-circuiting spark plugs on 


_ two cylinders in consecutive firing order. 


Note that the power division between 
generators pulsates but that, even in this 
severe case, the generator does not free- 


wheel. The system load current and volt- 


age are influenced only slightly. In a 
four-engine set the influence on the sys- 
tem would, of course, be less. 

Figure 13 is an oscillogram showing 
transient division of load during an 
acceleration of one engine, when the ma- 
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chines are operating in parallel. The 
accelerated engine was very rough during 
the accelerating interval in this case. 
Acceleration begins at the time indicated 
by the double-headed arrow. The os- 
cillogram was shortened for reproduction 
purposes, and the portion between the 
two parts shown represents a time inter- 
val of 1.4 seconds. The rate of accelera- 
tion is about 1,700 rpm per second at the 
input to the accelerated drive. Note 
that the machines remain in step and 
that, though theaccelerated machine picks 
up load initially, the governor reduces 
the load even before the acceleration is 
completed. 

The oscillograms presented here are 
typical of more than 100 oscillograms 
which have been taken under a great 
variety of conditions in exploring the 
effect of various factors and combinations 
of conditions. 

Figure 14 is a general view of the test 
setup. The engines are behind the wall 
and are coupled directly to the gear boxes 
which in turn are coupled to the variable- 
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ratio drives which drive the alternators. 
Figure 15 is a side view of an early de- 
sign of one of the variable-ratio drive units 
and alternators used for these tests. This 
particular unit is rated 50 horsepower 
continuous and has an input speed range 


of 2,700 to 7,000 rpm. The over-all 
length of the combined unit is 29 inches, 
and the weights are as follows: alter- 
nator and exciter, 78 pounds; variable- 
ratio drive, 55 pounds; governor and 
servo mechanism, nine pounds; tachom- 
eter, 2.9 pounds. 

Final designs have not been completed, 
and efficiency and life tests have not been 
run. However, these tests are planned 
for the near future. It is expected that 
these new variable-ratio drive units will 
weigh about 70 pounds and have a maxi- 
mum efficiency of about 85 per cent. The 
new units will cover a wider speed range 
and be rated to correspond with the con- 
tinuous and overload ratings of the gener- 
ator. 

This test program should contribute 
much data which will help to evaluate the 
a-c system for aircraft. 
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F ALL THE APPLICATIONS of 

electricity were listed, it would be 
found that this servant of man is used 
more extensively and in a greater variety 
of applications in the manufacture of 
steel than in any other industry. From 
the tiny photoelectric cell to the giant 
slow-speed reversing rolling-mill motor de- 
livering torques of 2,000,000 pounds at 
one-foot radius, the application of electric 
power with its ease of control in the 
manipulation of steel is amazing as well as 
fascinating to anyone. 

The use of electric power to replace 
hand labor and other less efficient 
methods of power supply has been most 
pronounced in the following applications 
in a steel plant: 


1. Material handling, as coal and ore un- 
loading. 

2. Plant water supply for cooling and other 
purposes. 

3. Overhead electric traveling cranes. 

4, Transportation facilities. 

5. Electric arc furnaces. 
6 


Rolling-mill drives. 


Electric-power requirements in the 
steel industry are more demanding than 
those in many other industries. The two 
outstanding requirements to be consid- 
ered are: 


1. Continuity of service. 


2. Methods and equipment to eliminate 
interruptions. 


It is well known, that, when large ton- 
nages of steel are in the process of pouring 
or rolling, an interruption of minutes and 
even seconds may in some instances make 


Paper 45-140, recommended by the AIEE com- 
mittee on industrial power applications for publica- 
tion. Manuscript submitted May 14, 1945; made 
available for printing July 6, 1945. 
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it necessary to scrap the entire mass of 
steel which is being processed. Because 
of the rapid drop in the working tem- 
perature of the steel there is always the 
question, after the restoration of a short 
power interruption, whether to attempt 
to roll the steel then in the mills or to 
take the loss in tonnage, as the bar of 
steel is then too long to be reheated in the 
soaking pits. 

For adequate protection against power 
interruptions there are generally two or 
more sources of current supply. The 
Bethlehem Steel Company plant in 
Lackawanna has two outdoor substations 
with a combined capacity of 70,000 kva 
receiving 60,000-volt 25-cycle power over 
two transmission lines from the Niagara 
system, which is located approximately 
eight miles from the plant. Supple- 
menting this is an auxiliary steamn-gener- 
ating station of 20,000-kw capacity. 
These stations feed into a tie network on 
opposite corners of a rectangular loop sys- 
tem. The steam station generates energy 
at 6,600 volts while the power purchased 
from the public utility system is stepped 
down from 60,000 to 6,600 volts, which 
gives a complete 6,600-volt distributing 
system for the main power supply to the 
larger consuming units and to the de- 
partmental substations. 

The normal operation of the Niagara 
60,000-volt system is for both incoming 
lines to be in service with oil circuit break- 
ers at both ends of the line and a tie cir- 
cuit breaker between them. These lines 
are tee-taped to the 20,000-kva trans- 
former station which feeds the strip and 
bar mills through selective switching, per- 
mitting either line to feed the mills. 

Because of the large number of syn- 
chronous motors on the Ward-Leonard- 
control motor generator sets and the syn- 
chronous motors on large mill drives, a 
leading power factor easily can be ob- 
tained on the system. 


Conclusions 


The operation of 400-cycle a-c alter- 
-nators for the supply of auxiliary power 
in large aircraft, driven from the main 
engines through variable ratio drives, is 
feasible, and parallel operation of these 
alternators is practical. No elaborate 
synchronizing equipment is required. 
Thus, the use of higher-voltage alternat- 
ing current now can be considered as an- 
other form of electric power supply for 
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large aircraft, and we can begin to evalu- 
ate its properties in a realistic manner. 
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The Bethlehem Company has 2,250- 
horsepower synchronous motors on motor 
generator sets starting directly across the 
line (6,600 volts) with an inrush of 9,500 
kva and with a voltage drop no more 
noticeable than starting through reactors 
of the 8,500-horsepower synchronous 
motors, which drive 6,000-kw motor 
generator sets. It also has a_ 1,000- 
horsepower squirrel-cage induction motor 
on a will-scale-breaker drive, start- 
ing directly across the line at 6,600 
volts. These machines have special 
bracing to withstand the heavy inrush of 
across-the-line starting. Elimination of 
reduced voltage starters simplifies the 
switchgear required for these units. 

The amount of energy back of this sys- 
tem together with the synchronous ma- 
chines operating in the plant, confined in 
such a congested area, allow short circuits 
of a high magnitude. These short-circuit 
currents require oil circuit breakers of 
500,000-kva rupturing capacity to clear 
faults when they occur. 

The outdoor substation transformers 
originally were water-cooled, but, on 
account of the excessive cost of filtered 
water, they have been changed to air- 
cooling and provided with blowers. This 
eliminates the danger of failure due to 
freezing or leakage in the water system, 
which might contaminate the transformer 
oil. The larger transformer installations 
comprise three single-phase units in delta. 
In case of trouble in any unit, operation 
can be continued on open delta at reduced 
capacity until such time as the trans- 
former giving trouble has been repaired. 

In addition to the split-up in the main 
Niagara power supply to the larger con- 
suming units, which probably represents 
75 per cent of the load, the steam-gener- 
ated power supply has been split into two 
branches, the regular load bus, B, and the 
emergency bus load, A. In case of 
Niagara power failure or trouble within 
the plant, the load bus B is dropped im- 
mediately by relaying, and bus A is kept 
alive from the steam-station source. 
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This emergency bus A furnishes power to 
steam-plant auxiliaries such as boiler in- 
duced-draft fans, forced-draft fans, and 
powdered-fuel drives. 

The steam station normally is supplied 
with surplus gas from the blast furnaces, 
fed to the boilers as fuel. This is supple- 
mented with an auxiliary powdered-coal 
and fuel-oil supply. The emergency bus 
A also takes care of boiler-room auxiliary 
drives, exciters, and plant water supply. 

The water supply in a steel plant is par- 
ticularly important. It must be main- 
tained constantly for cooling purposes, in 
the blast-furnace hearths, in the charging 
doors and valves of the open-hearth fur- 
naces, in the gas scrubbers, and in many 
other applications where high tempera- 
tures are encountered. 

The emergency bus A also supplies 


o—Phase-to-phase-fault protection 
GR—Ground-fault protection 


power to a few motor generator sets which 
furnish d-c power to open hearths and 
coke ovens. This d-c power must be a 
dependable supply, as the open-hearth 
cranes may be handling hot molten metal, 
and the coke oven machinery may be 
pushing hot coke, which cannot be inter- 
rupted without damage to the large 
pusher rams. 

An industrial plant with its large in- 
tegrated power system is quite similar to a 
public utility, except that the distances 
between consumers are very short. 

In general the transmission system con- 
sists of several three-phase 500,000-cir- 
cular-mil or 1,000,000-circular-mil copper 
cables supported on steel towers with wide 
spacing to prevent the conductors from 
whipping together under unfavorable 
wind and sleet conditions. Wide spacing 
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separation 
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is permissible with the heavy conductors, 
as both the supporting steel spans and the 
distances between the various mills are 
short, and with 25-cycle current line re- 
actances are not objectionable. 

Due to the proximity of the various 
mills and substations, it is rather difficult 
to set up any relaying scheme with the 
time elements necessary to give much 
selection in clearing the various lines in 
the system. Recent relay developments 
have been applied from time to time, but 
it is hard to keep up with advancements 
made in relay protection. 


Relays 


The original relay installation in our 
plant for line protection made use of CZ 
impedance-distance relays. These did 
not prove satisfactory, due to the rela- 
tively short lines and high currents in- 
volved, and they have been replaced with 
various other types, the purpose of which 
is to sectionalize the plant by clearing a 
section of the power system rather than 
an individual line. This is a simpler 
scheme and does not involve the co- 
ordination of as large a number of relays, 
and yet outages due to line troubles are 
kept relatively low. 

In order to provide still better protec- 
tion for the equipment, grounding trans- 
formers have been installed, as shown in 
Figure 1, to establish a definite ground 
neutral and provide adequate ground cur- 
rent for ground relaying. The relaying 
system thus is divided into two parts: 


1. Phase-to-phase fault relaying. 
2. Phase-to-ground fault relaying. 


With the normal power system setup, 
the system is sectionalized into zones by 
means of relays, as shown in Figure 2. 
In case of a fault in zone 1 it is separated 
from zone 2 by means of overcurrent 
phase relays, type IAC, and directional 
overcurrent ground relays, type CR, at 
D89 and D90. Within zone 1 further 
separation on lines 89 and 90 is obtained 
by means of directional overcurrent re- 
lays, type JBC, and directional ground re- 
lays, type JCC, at BB89 and A90. Lines 
98 and 99 between the hot-mill and the 
cold-mill busses are protected by typeZJD ~ 
pilot-wire relays, which function on either 
a phase or ground fault between the ends 
of the line while being inoperative on a 
through fault beyond the ends of the 
lines. 

Pilot-wire, type HCB, relays are in- 
stalled on lines 101 and 102 to the bar 
mill. The HCB relay takes the current 


jn each end of the line and passes it 


through a positive- and zero-sequence 


_ network in each relay. The voltages 


across these networks are compared and 
are equal and opposite for any through 
fault beyond the line terminals. For 
either a phase or a ground fault between 
line terminals, these voltages are not 
equal and opposite but add up to operate 
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relays at both ends of the line, thus clear- 
ing the faulted section. 

In the original installation the 6,600- 
volt strip-mill substation consisted of one 
solid line of 24 metal-clad oil circuit 
breakers. After a failure of an oil switch 
which ruptured its tank and started a fire 
which destroyed several units, the bus was 
split into three sections, with a reactor 
placed between two sections and a third 
section relocated closer to the apparatus 
which it served. 

All the 6,600-volt machines operating 
in this section of the plant are of recent 
design, with neutrals brought out with a 
double set of current transformers ar- 
ranged for differential-relay protection as 
well as for protection from overload, 
phase failure, or undervoltage. 

Surge protection equipment consisting 
of capacitors and Thyrite arresters is 
located in pockets in machine founda- 
tions as close as possible to the machine 
leads. 

When the station was rebuilt, a reactor 
of three-per-cent reactance on 10,000-kva 
base was installed to reduce the asym- 
metrical amperes on a short circuit from 
81,000 to 63,600 amperes under the worst 
conditions. Cross-differential protection 
was installed on both sections of the two 
hot-mill busses, and differential protec- 
tion was installed on the cold-mill bus 
at the time of this change-over. 

A92 and A93 circuit breakers are 
~ operated by straight overcurrent relays, 
type IAC on phase faults, and by ground 
directional relays, type ICC, for ground 
faults. This is a current-polarized relay 
obtaining its directional characteristic 
from a second current winding which is 
energized by the ground current flowing 


in the neutral of grounding transformer 30 
at power station 5. The same type of 
relay is used for ground protection at 
A90. These ground relays operate to 
clear faults away from the bus. 

Zones 2 and 3 separate from the rest 
of the system by means of directional 
overcurrent relays, acting as phase relays 
and ground relays and operating when the 
fault is within the zone. A typical case 
would be at F17 where there are three 
type-CR phase relays and a low-energy 
CR ground relay for protection. These 
relays consist of a directional element 
operated from phase current and voltage 
and an overcurrent element. The relays 
operate only: 


1. When the direction of the current is 
proper. 


2. When the amount of current exceeds the 
setting. 


The ground relay is similar, but the po- 
tential for the directional element is sup- 
plied from a set of star—delta-connected 
potential transformers with one corner 
of the delta secondary open (Figure 3) 
and the potential coil of the relay con- 
nected across the open corner. Normally 
there is no voltage across these terminals, 
but in case of a ground fault at any place 
of the system a zero-sequence or ground- 
fault voltage will occur across the termi- 
nals of the open corner of the delta. Simi- 
lar relays are installed at D62, F18, and 
F19. 

At the D388 end of zone 3 straight over- 
current relays with sufficient time and 
type CWC current-polarized ground re- 
lays are depended upon, with the current 
coils of the CWC connected in series to 
act similarly to plain overcurrent ground 
relays. 

Zone 4 normally is operated as a radial 
feeder out of D41, and G23 and G25 open. 
The only relays involved are overcurrent 
phase and ground relays, similar to those 
at D38, G23, and G25 circuit breakers are 
equipped with overcurrent relays set 
relatively low to operate on any abnormal 
current, and they completely sectionalize 
the fault, should G23 and G25 be closed. 
G23 and G25 have a ground overcurrent 
relay to operate on ground faults in 
either direction. 

Zone 5 covers four underground lead- 
cable circuits between power stations 1 
and 2. Each of these circuits is equipped 
with HCB pilot-wire relays, similar to 


the relays on lines 101 and 102 to the bar 
mill previously described. These relays 
have operated on two occasions to clear 
cable faults, performing satisfactorily 
without disturbing the rest of the system. 

Zone 6 is treated as a radial feeder out 
of power station 2 with [AC phase relays. 
At present there are no ground relays in 
this section, but it is planned to install 
ICC current-polarized directional ground 
relays, with the direction of operation 
away from power station 2. 

All transformer banks and 6,600-volt 
motors are protected with either differ- 
ential relays or phase and ground relays, 
the ground relays being set to operate 
almost instantaneously in order to clear 
any faulty machine from the line at once. 

A general over-all picture of our ground 
relaying scheme is shown in Figure 2. 
Not all lines but only the circuits con- 
trolled by the ground relays on lines are 
shown on this sketch. Ground relaying 
is particularly desirable, as the greater 
portion of all faults usually develop first 
as ground faults which may turn into 
phase-to-phase faults. Ground relays 
are also very desirable in the protection of 
motors and transformers, because ground- 
ing of windings to the frame is a common 
type of fault. By means of ground relays 
the machine with such a fault can be re- 
moved quickly from the line before any 
serious phase-to-phase fault can develop 
with the attendant damage due to short- 
circuit currents. This is an important 
point, as the short-circuit currents on our 
system are approximately 50,000 amperes 
while ground currents never can exceed 
5,000 amperes. Because ground relays 
on machines are set to operate very 
quickly, the damage to the machine due 
to a ground fault in the machine is thus 
kept at a minimum. 


Summary 


The electric load in a steel plant may be 
compared to a public utility feeding many 
consumers in a congested area. 

Continuity of service is guaranteed by 
obtaining power from more than one 
power supply. 

_ Interruptions may be held to a mini- 
mum by proper phase and ground-relay 


_ protection. 


Zones may be set up to isolate troubles 
and confine interruptions to the particu- 
lar zones in which they occur. 
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RUSHES used on electric equipment 

have three distinct functions to per- 
form. First, they must carry the load 
current into and away from the rotating 
element of the machine. Second, they 
must function as bearings on the surface 
of the commutator or slip ring, preferably 
without any applied lubrication, and at 
surface speeds sometimes in excess of 100 
miles per hour. Third, on commutating 
machines, the brushes must control within 
safe limits the short-circuit current result- 
ing from uncompensated voltages in the 
armature coils undergoing commutation 
and must resist the destructive action of 
the very high local current densities which 
are frequently characteristic of the com- 
mutation cycle. 

This is quite an assignment. In addi- 
tion to the need for good electrical con- 
ductivity, heavy demands are placed on 
the lubricating, thermal, and refractory 
properties of the brush material. The 
combination of these characteristics best 
adapted to one application obviously may 
not be best for another in which a different 
relationship of the three major brush func- 
tions is encountered. Before undertaking 
a discussion of the maintenance of good 
brush performance it is therefore advis- 
able to consider the criteria by which 
acceptable performance of these essential 
brush functions is judged. 


Criteria of Good Brush Performance 


1. Sparking, the most obvious indication 
of unsatisfactory brush performance, may 
result from a variety of causes. Among the 
numerous causes may be mentioned poor 
commutator surface; faulty commutation 
cycle, such as completion of current reversal 
too early or too late; faulty machine ad- 
justment; various mechanical or electrical 


faults in the machine; bad load conditions; , 


vibration; and incorrect brush grade. 
Freedom from sparking of injurious intensity 


may well be considered the first criterion of 


good brush performance. 
2. Operation with minimum commutator 


wear is another measure of satisfactory © 


brush performance. Commutator wear ac- 
companied by evidence of burning on the 
commutator surface is usually traceable to 
imperfect contact between brushes and com- 
oc a a a a 
Paper 45-164, recommended by the AIEE com- 
mittees on electric machinery and industrial power 
applications for publication in AIEE TRANSAC- 
tions. Manuscript submitted May 2, 1945; made 
available for printing August 8, 1945. 

Ww. C. Kas is manager, brush service engineering 
department, National Carbon Company, Inc., 


‘Cleveland, Ohio. 
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mutator. This, in turn, may be due to low 
spring pressure, tight brush holders, exces- 
sive vibration, high or feather-edge mica, or 
brush chattering. A bright surface on the 
worn commutator indicates actual abrasion, 


’ either from foreign material in the brush 


face, or from the use of an abrasive brush 
grade. 


3. The-nature of the surface film on the 
commutator is being given increasing recog- 
nition as a gatige of brush performance. 
Satisfactory operation requires that a smooth 
surface film of uniform character be main- 
tained. This subject will be discussed in 
greater detail later. 


4. Brush performance is also judged on the 
basis of associated losses or, conversely, 
machine efficiency. Energy losses from 
short-circuit currents during commutation, 
from the resistance of a glazed commutator 
surface to the passage of load current, from 
the unbalancing effects of selective action, 
and from brush friction may at times be 
enough to affect seriously the efficiency or 
the satisfactory performance of a motor or 
generator. However, with proper brush 
selection and operation, these losses can be 
kept to a small value. 


5. Quietness of operation is dependent, 
primarily, on the maintenance of uninter- 
rupted contact between brushes and com- 
mutator. On some applications an audible 
tone from the brushes in operation may be 
sufficient reason for condemning the grade. 
Even where freedom from noise is not an 
essential feature of performance, the firm 
contact on which quiet operation depends 


Figure 1. Undercut mica with U-shaped slots 


A—Rough edges may be raised by the under- 
cutting tool. These should be removed by 
beveling 

B—Slotting off center leaves mica fins 
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Undercut mica with V-shaped slots 


Figure 2. 


A—Mica fins are left in V slots that are too 
shallow or off center 
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has an important influence on satisfactory 
performance in other respects. 


6. Brush life is often given undue weight in 
judging brush performance. While long 
brush life is desirable, its attainment at the 
sacrifice of good performance in some other 
respects may prove far from economical. 
When satisfactory brush performance in 
respect to the criteria previously cited is 
achieved, reasonable brush life may well be 
expected to follow as a natural result. 


Good Commutator Surface Essential 
to Good Brush Performance 


Economical maintenance and satisfac- 
tory operation of electric equipment is 
dependent to a large degree upon the care 
used in preparing the surface of the com- 
mutator or slip rings and the attention 
given thereafter to keeping the surface 
in good condition. Systematic inspection 
and immediate correction of incipient 
faults greatly reduce liability to shut- 
down, as well as the cost of repairs in- 
curred when faults such as bar burning, 
high mica, and flat spots are allowed to 
develop to a serious stage. 


SURFACING 


The best way to produce a true cylin- 
drical surface on a commutator or slip 
ring is by turning or grinding. Before 
undertaking this operation on a com- 
mutator it should be carefully examined 
to make sure that all segments are firmly 
clamped by the V rings and, if necessary, 
it should be retightened. On large ma- 
chines the grinding or turning operation is 
usually performed with the armature in 
the machine but on small machines it is 
usually transferred to a lathe. In either 
case, rigid mounting of the turning tool or 
grinding equipment is essential to good 
results. Windings should be shielded 
from copper clips and dust during this 
operation. A diamond-shaped tool and 
fine-pitch feed are usually preferred for 
turning, finishing with a very light cut to 
minimize ‘‘threading.’”’ Some manufac- 
turers use an actual diamond tool on 
small high-speed commutators where a 
high degree of precision is essential. 
Mounting the armature and its bearings 
on V blocks, rather than on lathe centers, 
is also recommended practice for lathe 
finishing. ‘ Grinding fixtures are available 
carrying a revolving abrasive wheel and 
there are also other types using a station- 
ary stone held in a manner similar to a 
lathe tool. : 

The commutator stone is definitely 
superior to sandpaper for hand surfacing 
of commutator and rings. Such stones, of 
suitable grit and bond and with handles 
attached, are readily available. The stone 
should be formed or worn to the same cure 
vature as the surface being finished and 
should have a span in the direction of 
rotation greater than the broadest flat 
spot to be removed. Presenting a rigid 
suiface, the hand stone, properly applied, 
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will remove high mica, flat spots, burned 
bar edges and other surface defects with- 
out disturbing the cylindrical contour. 
By the use of a hand stone when such 
faults first appear, the need for turning or 
grinding can be postponed or entirely 
avoided. A hand stone should also be 
used after turning to-remove all traces of 
the thread-like ridges left by the lathe 
tool. The stone should be pressed firmly 
against the commutator or ring and moved 
very slowly from side to side to avoid diag- 
onal scratches. 

Sandpapering is an acceptable method 
of removing deposit from a commutator 
surface, correcting roughness, or reduc- 
ing high mica, provided the accurate con- 
tour of the surface has not been seriously 
disturbed. However, sandpaper cannot 
be depended on to remove flat spots. 
Because the paper is flexible it tends to 
broaden, rather than remove, the flat 
spot. The rigid face of the commutator 
stone, on the other hand, will cut down the 
high areas and remove the spot by resto- 
ration of a true cylindrical surface. Best 


results with sandpaper are obtained by . 


attaching it to a wooden block formed to 
the radius of the commutator or ring. 
Paper of relatively fine grain is usually 
preferable. 


UNDERCUTTING | 


The practice of undercutting the mica 
of commutators has now attained such 
general approval that there is no need to 
argue its merits. There are relatively few 
applications on which flush mica commu- 
tators have any advantage over undercut. 
The tools used for undercutting range 
from the hacksaw blade and triangular 
file for hand operation to a great variety 
of motor-driven tools, most of which use 
revolving disk-shaped cutters. Shape of 
slot is largely a matter of individual pref- 
erence. The square bottom or U-shaped 
slot shown in Figure 1 has the advantage 
of being effective until the commutator is 
worn down the full depth of the undercut. 
Accumulated dust, however, is not thrown 
out from the U-shaped slot as readily as 
it is from the V-shaped slot, Figure 2. 
Depth of U-shaped slots is generally made 
about 1/32 inch to 3/64 inch. Cutters 
for V-shaped slots are made with different 
angles between the cutting edges. Forty- 

_ degree cutters are generally preferred for 
thin mica, 50-degree for medium mica, and 
 60-degree for thick mica. The depth of 
cut should be sufficient to leave approxi- 
mately 1/32 inch of mica-free copper at 
each side of the slot. Before undercutting 
a commutator, it should be turned, 
ground, or stoned depending on its pre- 
vious condition, so that all surface faults, 
such as grooves, ridges, and flat spots, are 
eliminated. After undercutting, the com- 
mutator surface should be lightly polished 
with a fine-grain commutator stone or 
sandpaper to remove the small burrs 
raised at the edges of the slots by the 
undercutting tool. It is also good prac- 
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Figure 3. Removing mica fin and chamfering 
edge of commutator bar with home-made tool 


Dimensions of slots exaggerated for clarity 


tice to burnish the commutator surface 
with hardwood blocks applied under 
heavy pressure. Hard maple is an excel- 
lent wood for this purpose and should be 
applied with the end grain against the 
commutator. This produces a_ well 
polished surface and, since considerable 
heat is developed, tends to form an oxide 
film on the segments which has a favorable 
influence on brush performance. 


Mica FIns 


A frequent source of trouble on under- 
cut commutators is variously described as 
“‘feather-edge mica,”~‘‘side mica,’ or 
“‘mica fins.’”’ These terms refer to the 
thin edges of mica often left along the 
sides of the slots through failure to center 
the cutter accurately on the mica, devia- 
tion from a straight line parallel to the 
commutator segments, or insufficient 
depth of V-shaped slots. Commutator 
wear may also reach mica fins not in 
evidence immediately after undercutting. 
Troubles traceable to feather-edge mica 
are encountered with such frequency on 
commutating equipment, and the cause 
is so often overlooked in the search for 
less tangible faults, that the avoidance of 
this condition justifies special care. It 
results in difficulties of the same type as 
those encountered on nonundercut com- 
mutators when the mica becomes ‘‘high.’’ 
In fact, it may be even more troublesome 
than ordinary high mica due to the tend- 
ency for small particles of mica to break 
loose and become embedded in the brush 
faces. Sparking, bar burning, picking up 
of copper by the brush faces, and noisy 
operation are among the operating diffi- 


Figure 4. Canvas wiper of the type described 
in text 
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culties often traced to this fault. After 
undercutting the commutator, or when- 
ever faulty operation indicates the pos- 
sible presence of feather-edge mica, every 
slot on the commutator should be in- 
spected carefully. If mica fins are de- 
tected they should be removed with a 
knife blade or other suitable tool. An ef- 
fective tool for this purpose can be made 
by grinding a hook-shaped cutting edge 
at the end of a hacksaw blade and attach- 
ing a suitable handle. This type of tool 
can be drawn through the slot, as illus- 
trated in Figure 3, cutting at the root of 
the side mica on one side and slightly 
chamfering the opposite edge of the slot at 
the same time. Of course, frequent re- 
sharpening will be necessary to insure 
complete removal of the mica. After 
completing this operation the slots and 
armature windings should be blown out 
thoroughly to remove all loose particles 
of mica and copper. 


CANVAS WIPER 


Another home-made device which has 
proved effective in maintaining good brush 
performance is the canvas wiper, Figure 4. 
Several layers of six- or eight-ounce hard- 
woven canvas or duck are folded over the 
end of a strip of strong pliable wood of 
suitable dimensions and secured by rivets. 
Countersinking the strip at the points 
where the rivets are inserted reduces the 
danger of the rivet heads making contact 
with the commutator. The canvas is held 
against the commutator under heavy 
pressure and rubbed slowly back and 
forth. This remoyes oil, grease and 
smudge from the commutator surface 
without hazard of the hand coming in 
contact with live parts of the machine. 
Applied with sufficient frequency, it re- 
moves the oxidation at bar edges caused 
by sparking and may forestall the develop- 
ment of serious bar burning. However, it 
does not destroy the desirable oxide or 
electrographitic surface film on which 
good brush performance is largely de- 
pendent. Maintenance departments 
which have adopted the use of the canvas 
wiper as regular practice have found com- 
mutator maintenance greatly reduced. 
Frequency of application depends on the 
tendency for surface deposit to accumu- 
late. With moderate accumulation, daily 
application is recommended while more 
severe conditions may require application 
at shorter intervals. This has proved a 
very effective method of establishing and 
maintaining a good commutator surface 
with a minimum of major resurfacing 
operations. 


Installation and Setting of Brushes 


Users of electric equipment seldom 
have any choice in regard to the type of 
brush holders supplied on motors and 
generators but are not thereby relieved of 
the responsibility of keeping brush holders. 
in good condition, free from any accumu-_ 
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Figure 5. Brush held in trailing position 


lation which might interfere with normal 
movement of the brushes, accurately lo- 
cated and firmly secured, and correctly 
adjusted in respect to spring pressure. 


BrusH ANGLE 


The angle at which the brush is held 
against the commutator is a subject which 
might be discussed at great length. For 
the present, however, it is probably suffi- 
cient to make the following general recom- 
mendations. The radial position is usually 
preferred for reversing motors although 
there are numerous examples of successful 
operation with the brushes inclined at a 
substantial angle from the radial. For 
trailing operation, that is, with the com- 
mutator revolving toward the wider of 
the two angles at the brush face, as in 
Figure 5, an inclination of 15 degrees from 
the radial is representative of general 
practice. A certain amount of wedging 
action may be encountered when brushes 
having a relatively high coefficient of 
friction are operated at larger trailing 
angles. With leading operation, where 
the commutator revolves toward the acute 
angle at the brush face, as in Figure 6, 
an inclination of from 30 to 37'/2 degrees 
is preferred. This insures a reactive force 
against the leading side of the brush 
holder which gives stability to the brush 
position. The critical angle for leading 
operation is in the neighborhood of 20 de- 
grees. At this and smaller angles, dis- 
turbances to brush friction are liable to 
induce chattering of the brushes. In 
practice it is customary to bevel the top 
or free end of brushes operated at a lead- 
ing angle, as indicated by dotted line in 
Figure 6, thus giving increased stability 
to the brush position. ' 


STAGGERING 


Most brushes now used have very mild 
abrasive properties, or none at all, so that 
the need for staggering the position of the 
brushes around the commutator to pre- 
vent the brushes wearing deep grooves no 
longer exists. However, the practice is 
continued for the sake of uniformity in 
commutator-surface appearance. A rule 
which should be observed when setting the 


“prush holders in staggered relation is to. 


make this arrangement in positive and 
negative pairs, as shown in Figure 7. 
A brush of one polarity should be fol- 
Jowed, in the same path, by one of the op- 
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posite polarity. The next pair, in a cir- 
cumferential direction, should then be 
shifted in an axial direction from the first 
pair. The character of the surface film 
developed under the positive brushes 


‘differs from that under the negative 


brushes, but when the brushes are stag- 
gered in pairs as described, no part of the 
commutator is contacted by brushes of one 
polarity more than by those of the other. 


SYMMETRY 


Lack of symmetry, either electrical or 
mechanical, results in inequalities of volt- 
age between different pairs of brush- 
holder studs and may be the source of 
heavy circulating currents in the armature. 
Overheating of armature windings and 
more severe sparking on some brush studs 
than on others are operating faults often 
traceable to lack of electrical or mechani- 
cal symmetry.. When such indications 
are noted, check the spacing of the 
brushes from toe to toe, the alignment of 
brushes on each stud with the commutator 
segments, the spacing of field poles, the 
length of air gaps, and the security of cross 


connections. Any inequalities found 
should be corrected. 
SANDING FACES 

New brushes, when first installed, 


should be carefully sanded to the contour 
of the commutator. A coarse grade of 
sandpaper is suitable for removing most 
of the carbon, but the final surface should 
be formed with paper of fine grain or 
with a brush-seating stone. The latter is 
a fine-grain free-wearing stone of special 


‘composition sold by various manufac- 


turers of commutator-maintenance equip- 
ment. Sandpaper should be drawn only 


‘toward that side of the brush holder 


against which the brush rests when in 
operation and the brush should be lifted 
to return the sandpaper strip for succeed- 
ing strokes. This avoids forming a double 
face on the brush. The time required for 
facing inthe brushes will be reduced by 
using considerably heavier pressure than 
that used in operation. Keep the sand- 
paper in contact with the commutator 
during the cutting stroke to prevent round- 
ing the edges of the face. 


SpRING PRESSURE 


Careful attention should be given to the. 


adjustment of spring pressure on the 
brushes. Many instances of faulty brush 
operation have been traced to improper 
or unequal spring tension. Unequal 
spring tension is a frequent source of se- 
lective action, the brushes with heavy 
tension tending to take a proportionately 


larger share of the load current than those 


with less. The resulting higher tempefa- 
ture at the faces of the brushes under 
heavy pressure lowers their contact drop 
and causes them to take a still heavier 


- share of the load. It can readily be seen 


that this effect is cumulative and may re- 


sult in excessive overloading of individual | 
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brushes. Pressure on all brushes on a 
machine should, therefore, be kept as 
nearly equal as the adjustment provided 
on the brush holders will permit. For any 
grade of brush and type of service there 
is a certain range of pressure within which 
best performance is obtained. At higher 
pressures friction losses and brush wear are 
increased, while at lower pressures the 
brushes are not kept in intimate contact 
with the commutator. Sparking, mjury 
to the commutator surface, and rapid 
brush wear are likely to result from oper- 
ating brushes at too low a pressure. 
One pound below the optimum range of 
pressure will usually result in more rapid 
brush wear than one pound above the 
optimum range. In other words, the dis- 
integration of the brush face from elec- 
trical causes at low pressure is greater 
than the increased mechanical abrasion 
produced by pressure correspondingly 
higher than the normal range. That is 
why more brush complaints originate 
from low pressure than from high pres- 
sure. The relationship of brush pressure 
to rate of wear for a typical electrogra- 
phitic grade is shown in Figure 8. Brush 
pressures are recommended by the manu- 
facturer in terms of pounds per square 
inch. To determine this value, divide the 
pressure in pounds parallel to the length 
of the brush by its cross sectional area in 
square inches. As a rule no correction 1s 
made for the increased area of face result- 
ing from a face bevel. Manufacturers’ 
specific recommendations should be fol- 
lowed, but the following figures, in pounds 
per square inch, are indicative of repre- 
sentative practice. : 


Industrial service: 


Electrographitic grades......... 2-3 
Carbon and  carbon-graphite ‘ 
grades ate\siatelycn Jopret phytase ros 13/4-21/2 
Soft graphite grades...........- ey 
Metal-graphite grades (slip 
ris -45) Ieee tee ee RE BEPC Ok 23 /5-31/» 
Fractional-horsepower motors.....4-5 
TractiomServices. wh cs see ene os eel 


NEUTRAL POSITION 


The fact is generally understood that | 
brush position has a pronounced influence 
on commutation. On noninterpole ma- 
chines the neutral position, that is, the 


Figure 6. Brush held in leading position 
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position giving best commutation, shifts 
with the load. A permanent setting of 
brush position must, therefore, be a com- 
promise between no-load and heavy-load 
conditions and can only be determined by 
a consideration of load characteristics. 
Interpole machines, on the other hand, 
have a fixed neutral point, theoretically 
unaffected by change in load. There is 
accordingly one best brush position for all 
load conditions. Time will not be taken 
for a discussion of the several methods in 
use for locating the neutral point on inter- 
pole machines. It should be mentioned 
however, that there is little latitude in 
neutral position on most machines of 
interpole design. If the brushes are 
shifted appreciably from the correct posi- 
tion a compounding effect from the inter- 
pole field flux is introduced. 


Nature of Brush Contact and 
Commutator Surface Film 


It is now widely recognized that brush 
performance is influenced to a pronounced 
degree by the interface conditions be- 
tween the brush and the commutator on 
which it bears. A great deal of study has 
been and is still being given to this sub- 
ject. The commutator surface and the 
brush face, regardless of the high polish 
acquired, do not present to each other sur- 
faces of exactly identical curvature or pro- 
file. The play of the brush in its holder 
and the yielding of supporting members 
under stress may give the brush face a 
slightly longer radius of curvature than 
the commutator. The effective area of 
contact for a particular brush at a given 
instant may represent, therefore, a rela- 
tively short span of the brush face in the 
direction of rotation. Furthermore, with- 
in this area, actual contact between brush 
and commutator is limited to a few points, 

_ or very small areas, carrying the load cur- 
rent at an extremely high current density. 
Rotation of the commutator, mechanical 
abrasion, and the disintegrating effects of 
the high localized current densities cause 
constant shifting of these areas of contact 
so that contact at any given point of 
either brush face or commutator is prob- 
ably of extremely short duration, except 


for firmly embedded points which pro- | 


trude to a substantial degree from the 
surrounding areas. The paths through 
which current flows between brush and 
commutator are of three types: 


1. The points of solid contact just de- 
scribed. 


2. Adjacent areas in which free particles 
of carbon, graphite, or copper provide a 
conducting path. 


3. The minute gap, resulting from the dif- 
- ference in commutator and brush-face 
curvature, across which some current may 
pass in the form of an arc. 


These areas of current flow are constantly 
and rapidly shifting within the bound- 
aries of the brush face and in a very short 
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Table |. Indications of Unsatisfactory Performance and Their Source 


—_——= = —— SS 


Indications Immediate Causes Primary Faults (See Table II) 


Appearing at brushes 


Commutator surface condition.......1, 2, 3, 43, 44, 45, 46, 49, 58, 59 
Overcommutation...........++-+-:: 7, 12, 31, 33 
Undercommutation.........--+.05: 7,12, 30, 32 
Too rapid reversal of current.......- 7, 12, 30, 32 
Faulty machine adjustment......... 8,9, 11 ‘ ; 
Sparking , j Mechanical fault in machine........- 14, 15, 16, 17, 18, 19, 20, 21, 22 
a aS Electrical fault in machine,.........25, 27, 28, 29 
Bad load condition.........-.--+.: .38, 39, 40, 41, 42 
Poorly equalized parallel operation... 7, 13, 23, 34 
Vibrationittieoenscsch cnn ete OO Oe ’ A 
Chattering of brushes.........-..-- See ‘‘Chattering or noisy brushes 
Wrong brush grade.........-.----+ 54, 56, 58 
Etched or burned bands on ( Over commutation..........-.---+- 7, 12, 31, 33 
brush face......,-++-+--++5 ’ Undercommutation...........-.-++> 7, 12530,732 
Too rapid reversal of current......... 7, 12, 30, 32 
Pitti A (gs ok MU enh ptitay or Goes pe opoUmeacoonocatn See “Glowing at brush face” 
ae AGT of oni iene COPPEL wai waies eres eeMereyel ee See ‘‘Copper in brush face’ 
Commutator surface condition. ...... .See specific surface fault in evidence 
Rapid brush wear.........-.- Severe sparking......---.-+-+-++-+: See “Sparking” 
Imperfect contact with commutator. .11, 14, 15, 16, 50, 51 
Wrong brush grade.............---53, 57 
Embedded copper.........---..-++- See ‘‘Copper in brush face”’ 
, Faulty machine adjustment......... 7,12 
Glowing at brush face........< Severe load condition..........+..-- 38, 39, 41, 42 
Bad service condition............+-- 46, 47 
Wrong brush grade..............-- 56, 60, 61 
é Commutator-surface condition....... 2,3 
Copper in brush face......... Bad service condition...........--- 43, 46, 47, 48,49 
Wrong brush grade. ......-...-.-+ 58, 60 
Machine condition.......... eben 14, 35 
Flashover at brushes......... Bad load condition.........-..+-+++ 38, 39, 41, 52 
Lackof attention. 3...) 4 tee Ei pi i 
‘Commutator surface condition....... See specific surface fault in evidence 
4 c Looseness in machine.............-+ 15, 16, 17 
Chattering or noisy brushes... < Faulty machine adjustment......... 10, 11 
Io ha friction gontes ots ee tae 43, 45, 49, 51, 57, 58 
Wrong brush grade. ......5...66.+5 54, 57, 58 
Commutator surface condition....... See specific surface fault in evidence 
Me | J Looseness int machine ee craaste ete earns 15, 16, 17 
Brush chipping or breakage. : . { Vibration........-.0-+e000+++000--5L 
[chattering dae CMTE! Gs Sagamer eer ce) Sena auey Sere See ‘‘Chattering or noisy brushes” 


Sluggish brush movement........... 14 


space of time, possibly comparable to one 
full revolution of the commutator, cur- 
rent flow will have occurred through every 


of oxygen and water vapor is formed under — 
normal atmospheric conditions. This ad- 
sorbed water vapor and oxygen film, al- 


portion of the brush face, giving it an 
appearance indicating complete and uni- 
form contact. 


SURFACE FILM 


Increased recognition is also being 
given to the influence of the commutator 
surface film on brush performance. Em- 
phasis has been placed on the importance 
of this surface film by experiences en- 
countered on military aircraft at altitudes 
of 25,000 feet and higher. Ordinary 
grades of brushes which perform in an 


entirely satisfactory manner at normal 


altitudes, wearing at a rate of one inch 
in several thousand hours, may wear out 
completely in the course of one flight at 
high altitude. This failure has been shown 
to be due to the failure of the commutator 
surface film under the atmospheric condi- 
tions existing thousands of feet above the 
earth’s surface. This brings us to a con- 
sideration of the character of this surface 
film. It appears to be of complex struc- 
ture, including in its make-up a thin 


‘layer of copper oxide on the surface of the 


commutator bars and a thin deposition of 
graphite over this oxide. On this solid 
layer of protective film an adsorbed layer 
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though probably of submicroscopic thick- 
ness, provides boundary lubrication be- 
tween the brush face and the graphite— 
copper-oxide film beneath. Wear of the 
latter film is thereby reduced and oxygen 
released by electrolysis of the water vapor 
tends to maintain the copper-oxide film. 
The graphite film, of course, is deposited 
by the brushes. At high altitude there is 
much less oxygen in the atmosphere and 
practically no water vapor, so that the 
boundary film disappears and the brushes 
come into such close contact with the 
commutator that atomic cohesive forces 
become effective. The protective gra- 
phitic and copper-oxide film is then quickly 
stripped off and rapid brush and commu- 
tator wear follow. A similar effect has 
been observed on the slip rings of rotary 
converters and on some commutating 
equipment during winter periods of ex- 
tremely low humidity. Dusting and rapid 
brush wear has been stopped in such 
instances by humidifying the atmosphere 
of the substation or by adding some lubri- 
cating agent to the brush to take the 
place of the missing film of adsorbed 
water vapor. Such means of correction 
not being applicable to aircraft equipment, 
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Table I. 


Indications of Unsatisfactory Performance and Their Source (Continued) 


Indications 


Immediate Causes 


Primary Faults (See Table II) 


Appearing at commutator surface 


Rough or uneven surface 


uneven surface... 6... eee eee eee nent een ees Up 2578 ey 
MD storey. SUIT ACE. < wienayctk rune ic autre peretens Raat s «+ A eeert 5 te % 
Dre mcetiace:. 00 errr th es che ee 1, 19, 22), 51 
Guaitemntatetor barl!. Vibe. oc lose eee wy. 17 * Bi 
Low commutator bar........ Sparkingnsakoos ... cee ee 25 
Streaking or threading of SSP BL UITI e clay shower se os sovage) a snapapsaievevtis 43, 44, 45, 46, 49, 58 
SiirlaCe. SMTi) foaitede crus Copper or foreign material in brush 
face. Re ETT ches, cherie. fa, wattaoal Sok nae as 2,3, 46, 47, 48, 60 
Glowing ifr ee ee cee Se BEE See ‘‘Glowing at brush face’’ 
Bar etching or burning........ SIS PAPE HI. F creiisiciieccgeleeeseee’ 2, 3; 7, 12, 30, 31, 32, 33 
HM 1ASHOV Erte acta: sis iere leslie elerstioiuein a 3 5, 11, 14, 35, 38, 39, 41, 52 
Bar markjng at pole-pitch 
SPACING .. 42.4 Sttshieeee bse -h Sparkes eiciude cisieieoelciereters o eraree 25, 37 
Bar marking at slot-pitch 
SPACING. coc, ie ics, theese pS yoyitg “e171 eR RES Siamigns DOOR ricaG 7,12, 30, 56, 59 
Sy ati “ha “age a Pn eREMOREER  OreG CCIE ONORRCRS 19, 23, 25, 41, 42, 52 
Flat spot. ....5.-..eeee esses | Flasover Be RP SO Tinie ER AALS OR 5, 11, 14, 35, 38, 39, 41, 52 
Pack of Attention’. 2 aden h bie ciente 56 aye at 


Discoloration of surface....... 


High temperature... 
Atmospheric condition.............. 44, 46 
Wrong brush grade. 2.0 ios tec a 59 
Hmbedded copper... cc daniep ack oes See ‘‘Copper in brush face’’ 
Raw-copper surface........-. Bad service condition............... 43, 45,47, 49 
Wrone DEUSH) PEAS 1.3 Fie. ois. 3.6 shes os. 58, 60 
Rapid commutator wear : 
with blackened surface..... ue: fee ete eee eee eee ences 2 35.11,,14 
DEVELE SPACING... wots psicle eters se See ‘‘Sparking”’ 
Rapid commutator wear 
with bright surface......... { Foreign material in brush face........ 43, 45, 47, 49 
Wrone brush grade satin Felelews 60 
Appearing as heating 
Severe load condition.............64. 38, 41, 42, 52 
he fo Unbalanced magnetic field.......... 18, 19, 20, 21, 27, 28, 29 
Heating in windings......... Unbalanced armature currents....... $19) 22, 25.2728) 20, 30 
Poorly equalized parallel operation...7, 13, 23, 34 
Lack-otiventi ation. 545. u's. te viene 6 
Severe load condition............... 38, 41, 42 


Heating at commutator...... 


High friction....... 


Bh Oc tiiC dion eo ah) 7, 8, 9, 12, 20, 33, 45, 56 
spRUSES Ro bke siete bie 10, 11, 36, 43, 45, 49, 57, 58 


Poor commutator surface.........+. See specific surface fault in evidence 
IDEPTECIATION a> ois). Sis edie es cme siqs ets 24 

High contact resistance............. 55 

Severe load condition.............-5 38, 41, 42 

Faulty machine adjustment,........ 7,10, 11, 12, 26 


Heating at brushes.......... 


Embedded copper. . 
Wrong brush grade 


Severe sparking..... 


| Severe sparking..... 


We eee See ‘‘Sparking”’ 
Raw streaks on commutator surface..See ‘‘Streaking or threading of 


surface”’ 


BiniBiraeierain oh © Soka See ‘‘Copper in brush face”’ 
Pe. lots Pricer 56, 57, 58, 60, 61 


special grades of brushes have been de- 
veloped containing an ingredient which 
produces and maintains a protective film 
on the commutator or ring surface under 
the adverse atmospheric conditions of ex- 
treme altitudes. It is too early to say to 
what extent these or similar grades will 
find application under normal altitude 
conditions, but investigations are being 
conducted along this line on various types 
of power, traction, and industrial equip- 
ment. 

The thin layer of copper oxide normally 
developed on the commutator surface is 
very beneficial to brush performance, 
aiding commutation and reducing brush 
friction. Certain forms of atmospheric 
contamination, particularly those of a 
reducing character, tend to destroy the 


oxide film and interfere with good opera- — 


tion. These contaminants injurious to the 
commutator surface have been termed 
“contact poisons.’’ Some of the most ac- 
tive materials of this type are carbon 
tetrachloride, alcohol, acetone, turpentine, 
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chlorine, smoke, acid, and other corrosive 
>. 
fumes. 


ELECTROGRAPHITIC SURFACE FILM 


Electrographitic brushes possess, to 
greater or less degree, the property of de- 
positing an electrographitic surface film 
on the commutator which is a highly ef- 
fective aid to good brush performance. 
It not only has its own inherent value in 
reducing friction and maintaining inti- 
macy of contact between brushes and 
commutator, but it also provides protec- 
tion to the underlying layer of oxide on 
the commutator surface which apparently 
is a factor in the maintenance of normal 
contact drop and commutation. To some 
extent this deposition occurs through the 
graphite of the brush being rubbed into 
the minute crevices of the commutator 
surface. There is evidence, however, that 
a substantial portion of this deposition 
results from electrolytic action and is in- 


fluenced both by the characteristics of the 


brush and by the current density in the 
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Table Il. 


Primary Sources of Unsatisfactory 
Brush Performance 


Preparation and care of machine 


Poor preparation of commutator surface. 
High mica. 

Feather-edge mica. 

Bar edges not chamfered after undercutting. 
Need for periodic cleaning. 

Clogged ventilating ducts. 


O ory £9 bo 


Machine adjustment 


7. Brushes in wrong position. 

8. Unequal brush spacing. 

9. Poor alignment of brush holders. 
10. Incorrect brush angle. 

11. Incorrect spring tension. 
12, Interpoles improperly adjusted. 
13. Series field improperly adjusted. 


Mechanical fault in machine 


14. Brushes tight in holders. 

15. Brushes too loose in holders. 

16. Brush holders loose at mounting. 
17. Commutator loose. 

18. Loose pole pieces or pole-face shoes. 
19. Loose or worn bearings. 

20. Unequal air gaps. 

21. Unequal pole spacing. 

22. Dynamic unbalance. 

23. Variable angular velocity. 

24. Commutator too small. 


Electrical fault in machine 


25. Open or high-resistance connection at com- 
mutator. 

26. Poor connection at shunt terminal. 

27. Short circuit in field or armature winding. 

28. Ground in field or armature winding. 

29. Reversed polarity on main pole or interpole. 


Machine design 


30. Commutating zone too narrow. 

31. Commutating zone too wide. 

32. Brushes too thin. 

33. Brushes too thick 

34. Magnetic saturation of interpoles. 

35. High bar-to-bar voltage. 

36. High ratio of brush contact to commutator 
surface area. 

37. Insufficient cross connection of armature coils. 


Load or service condition 


38. Overload. 

39. Rapid change of load. 

40. Reversing operation of noninterpole machine. 
41. Plugging. 

42. Dynamic braking. 

43. Low average current density in brushes. 

44. Contaminated atmosphere. 

45. ‘‘Contact poisons.” 

46. Oil on commutator or oil mist in air. 

47, Abrasive dust in air. 


_ 48. Humidity too high. 


49. Humidity too low. 


Disturbing external condition 


50. Loose or unstable foundation. =A 
51. External source of vibration. 
52. External short circuit or very heavy load surge. 


Wrong brush grade 


53. ‘‘Commutation factor’’ too high. 

54, ‘‘Commutation factor” too low. 

55. Contact drop of brushes too high. 

56. Contact drop of brushes too low. 

57. Coefficient of friction too high. 

58. Lack of film forming properties in brush. 
59. Lack of polishing action in brush. 

60. Brushes too abrasive. é 

61. Lack of carrying capacity. 


brush faces. A series of brush grades 
commercially available provides a good 
illustration of this point. The regular 
grades of this series have normal film- 
forming properties. They will develop 
and maintain a good electrographitic 
surface film under average load condi- 
tions on heavy-duty power equipment. 
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However, on applications where the aver- 
age load is under 40 amperes per square 
inch, film may not be deposited as rapidly 
as it is being worn away. Spots and 
streaks of raw copper sometimes appear 
on the commutator surface, often fol- 
lowed by the deposition of copper particles 
in the brush faces and serious threading or 
grooving of the commutator. The rate of 
film deposition is doubtless a function of 
the combined load and short-circuit cur- 
rents at the brush face since it has been 
observed that a machine on which the 
brushes are slightly off neutral may main- 


tain a good electrographitic surface film . 


at a lower load-current density than a 
similar machine in perfect adjustment. 
In general, 40 amperes per square inch 
may be considered the minimum safe 
current density for the regular grades of 
this series. The foregoing figure assumes 
a clean atmosphere, free from oil vapor or 
contaminating gases which tend to pro- 
duce a film or deposit on the commutator 
surface. In the presence of such con- 
tamination these grades may be able to 
maintain the surface film at an average 
current density as low as 380 amperes per 
square inch. 

A corresponding series of grades with 
increased film forming properties has been 
developed for applications where the 
average load current density is consist- 
ently under 40 amperes per square inch. 
These brushes will maintain a good sur- 
face film at current densities as low as 30 
amperes in a clean atmosphere or 20 am- 
peres where oil vapor or other atmospheric 
contamination tends to accelerate film 
formation. 

In the presence of some types of con- 


taminating atmosphere or excessive oil | 


vapor, a surface film of such high resist- 
ance may develop that brush performance 
is impaired rather than improved. For 
such conditions there is a third group of 
grades which have a mild polishing action. 
These grades tend to remove excess film 
deposition and have also proved advan- 
tageous in overcoming a moderate tend- 
ency toward edge burning or marking of 
the commutator bars from over oxidation, 
such as that produced by very high cur- 
rent peaks in the commutation. cycle. 
The minimum safe current density for 
grades of this class is usually about 50 
amperes per square inch under clean 
atmospheric conditions or 40 amperes in 
the presence of a contaminated atmos- 
phere. 


INTIMACY OF CONTACT 


The trend of design toward higher 
angular velocities and higher surface 
speeds for commutators and slip rings has 
given prominence to the importance of 
intimate contact being maintained be- 
- tween the brush and the moving surface. 
Interruption of contact resulting from 
very slight irregularities of the commu- 
tator or ring surface may be sufficient to 
cause sparking and injury to the surface. 
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Figure 7. Correct method of staggering brushes 


P—Positive N—Negative 


RATE OF BRUSH WEAR 


ie) | 2 3 4 5 


BRUSH PRESSURE —LBS PER SQIN. 
ELECTRICAL optimum] MECHANICAL 
WEAR WEAR 
DOMINANT RANGE DOMINANT 
Figure 8. Relationship between brush pres- 


sure and rate of brush wear for typical electro- 
graphitic grade 


t] 


Such a condition tends to become cumu- 
lative and may interfere seriously with 
machine performance. The nature of the 
surface film on a commutator, atmos- 
pheric conditions, frictional properties of 
the brushes, brush pressure, and angle of 
inclination all have an influence on the 
intimacy of contact at the brush face. 
Another factor, possibly more important 
than any of the foregoing, is related to the 
elastic property of the brush. This prop- 
erty is subject to accurate quantitative 
determination and, because of its direct 
influence on commutating performance, 
has been termed the ‘‘commutation fac- 
tor.” The commutation factor is an index 
of the capacity of the brush to absorb the 
shocks resulting from slight irregularities 
on the revolving surface. Experience 
with applications under widely varied 
conditions of service has demonstrated the 
importance of this property in respect to 
brush operation. By selecting a brush of 
suitable commutation factor, intimate 
contact between brushes and commutator 
can be maintained, with good commuta- 
tion and quiet operation, in the face of 
disturbing conditions that could not 
readily be overcome in any other manner. 


Correction of Unsatisfactory 
Performance 


Maintenance of good brush perform- 
ance is facilitated by seeking the primary 
source of trouble as soon as the first in- 
dication of unsatisfactory operation is ob- 
served. Immediate correction of the pri- 
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mary fault will avoid interruption of serv- 
ice and the necessity for more expensive 
repairs at a later date. There are numer- 
ous indications of unsatisfactory perform- 
ance and a great many primary faults 
from which they may result. Most of 
these primary sources of poor perform- 
ance can be grouped under the following 
headings: 

1. Poor preparation and care of the ma- 
chine. 

Faulty machine adjustment. 

Mechanical fault in machine. 

Electrical fault in machine. 

Machine design. 

Load or service conditions. 


Disturbing external conditions. 
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Wrong brush grade. 


The problem of determining the pri- 
mary source of trouble in a specific case 
can be simplified to some extent by a sys- 
tematic analysis of symptoms. A plan for 
making such an analysis, together with 
lists of the more common indications of 
unsatisfactory performance and the pri- 
mary faults from which they may result, 
is given in the appendix to this paper. 


Summary 


It is difficult to say what is the most 
important characteristic of a carbon brush. 
The property which makes a brush grade 
the ideal selection for one application 
may be of secondary importance on an- 
other. For heavy duty service it seems 
preferable that those characteristics which 
aid or permit the maintenance of a uni- 
form surface film on the commutator 
should be given first consideration. | Par- 
ticular attention should be given to the 
ability of the brush to maintain close con- 
tact with the commutator or ring surface. 
In addition to care in the selection of 
brush grade, equal attention should be 
given to the initial preparation of the 
commutator or ring surface, avoidance of 
high or feather-edge mica, accurate ma- 
chine adjustment, careful brush installa- 


‘tion, maintenance of correct and uniform 


spring pressure, and periodic use of the 

canvas wiper. Such routine care costs 

little but aids greatly in maintaining good - 
brush performance at minimum expense. 

Finally, at the first indication of unsatis- 

factory performance, an effort should be 

made to determine the primary fault and 

to correct it in time to prevent serious 

disturbance of operation. 


Appendix 


The accompanying tables have been 
prepared as a guide to systematic analysis 
of unsatisfactory brush performance with 
a view to determining the primary fault. 
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Phase-Comparison Carrier-Current 


Relaying 


A. J. McCONNELL 


ASSOCIATE AIEE 


IFFERENTIAL PROTECTION is 

recognized as the ideal means of 
quickly isolating faulty electric equip- 
ment. The carrier-current relaying sys- 
tem described herein is a differential sys- 
tem comparing the phase angles, via a 
carrier-current channel, of the currents 
entering and leaving a transmission-line 
section, and is known as phase-compari- 
son Carrier-current relaying. 


Functional Summary of Relay 
System 


The equipment operates when fault 
currents are above predetermined limits, 
and simultaneously energizes the trip coils 
of the circuit breakers at both ends of a 
faulty line section when the fault-current 
magnitudes are large enough at both 
terminals. On all unbalanced faults, that 
is, other than three-phase faults, the sen- 
sitivity is such that operation is obtained 
with fault currents of less than full-load 
For three-phase faults, the 
current magnitude for operation must be 
greater than full load. Since the system 
operates in response to current alone, no 
potential supply is necessary. 

On all unbalanced faults, the carrier- 
current blocking signal is sent auto- 
matically, that is, independently of the 
operation of the contacts of any me- 
chanical relay. 

The relay operating time is, on the 
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average, less than 2.5 cycles, and sensi- 
tivity is obtained with unusually low 
burden, 

Only one carrier-current frequency is 
required and the channel is available, ex- 
cept during faults, for other uses such as 
telemetering and supervisory control. 
The equipment can be used on a two- 
frequency duplex channel if other services 
make such an arrangement desirable. 


Carrier-Current Channel 
Requirement 


The ideal relaying system should re- 
quire only one carrier frequency in order 
to conserve channel space. This elimi- 
nates any system requiring simultaneous 
transmission from the two terminals. 
Comparison of more than one quantity 
requires either tone modulation for each 
quantity or a separate carrier frequency 
for each quantity, either of which exceeds 
the single-channel goal. Consequently, a 
single quantity is derived from the phase 
currents and this single quantity is used 
in such a way that transmission in both 
directions over one carrier-current chan- 
nel is possible. 

The means of accomplishing two-way 
transmission over a single carrier-current 
channel and the method of obtaining a 
single quantity for comparison are dis- 
cussed hereinafter. 


Fundamental Operating Principle 


Fundamentally, the operating principle 
of this equipment is exactly the same as 
the first carrier-current relaying system,! 
but in the present application, the use of 
modern methods has eliminated the limi- 
tations of certain components of the earlier 
equipment. Since the fundamental prin- 


In Table I are listed some of the more com- 
mon indications of unsatisfactory perform- 
ance together with the immediate cause 
and primary faults from which these condi- 
tions most frequently arise. The primary 
faults are indicated in Table I by numbers 
which refer to corresponding items in 
Table II. 

There may be several primary faults 
from which the same indication of unsatis- 
factory performance can result. This is 
one reason it is often very difficult to de- 
termine the exact cause of poor brush 
operation. On the other hand, there is 
usually more than one indication of a faulty 


‘condition. If the primary faults usually 
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tesponsible for each of these indications are 
noted, and those selected which are common 
to all observed indications, the number of 
probable sources of trouble will be con- 
siderably reduced and isolation of the 
existing fault thereby simplified. 

It is not practicable to include in these 
tables all indications of unsatisfactory 
brush performance nor all primary sources 
of trouble. These lists are representative 


of the difficulties more commonly en- 


countered and, supplemented by other 
items from the experience of the observer, 
offer a systematic plan for diagnosing 
faulty brush performance and determining 
what corrective measures should be applied. 


ciple has been explained before,!:? it should 
suffice here to review the explanation 
only briefly. 

At each line terminal, the local single 
quantity derived from the polyphase cur- 
rents has two functions, namely: 


1. During one half cycle it causes a block- 
ing signal to be transmitted, via the carrier- 
current channel, to the remote line terminal. 


2. During the alternate half cycle, it causes 
tripping if no blocking signal is received from 
the remote terminal. 


Since blocking requires that a signal 
must be received from the remote ter- 
minal in the half cycle assigned to tripping 
at the local terminal, the two terminals 
must alternate in transmitting blocking 
impulses during successive half cycles. 
The current transformers are connected 
so that this action occurs on external 
faults, 

During internal faults, there is a rela- 
tive current reversal of approximately 180 
degrees and the two line terminals trans- 
mit blocking signals during one half cycle, 
leaving both terminals free to trip during 
the other half cycle. Since lack of a signal 
from the remote terminal permits trip- 
ping, tripping at one terminal (but not at, 
both terminals) is obtained for an internal 
fault fed from that end only. 


Derivation of Single Quantity 
for Comparison 


In order to determine the best method 
of combining the three individual phase 
currents into a single quantity for com- 
parison, it is helpful to examine the cur- 
rents present during each type of fault in 
terms of symmetrical components as fol- 
lows: 


Single-phase-to-ground fault...... qh. .Ip. Io 
Two-phase-to-ground fault....... T,. Tg. Lo 
Phase-to-phase fault.........5.+ dels 

aT hree-phase fault. .ocsorsta-.ge.:e.0 i 


Normal load current (no fault)... .h 


POSITIVE-PHASE-SEQUENCE CURRENT 


Since positive-phase-sequence current 
(I;) is present during all types of faults, it 
immediately appears to be the logical 
choice for the single quantity for. com- 
parison, However, except during three- 
phase faults, the use of J, has serious ob- 
jections. These are the following: 


1. While J, is present on all types of faults, 
it is also present during normal load condi- 
tions. Thus, a fault can be recognized only 
if the magnitude of J, is greater than full- 
load current. For different types of faults 
at the same location, the magnitude of i 
varies, being a maximum on three-phase 
faults and a minimum on single-phase-to- 
ground faults. Hence, if the three-phase 
short-circuit current is just sufficient for 
pickup, operation would not be obtained on 
any unbalanced fault. As an example, on 
a phase-to-phase fault, J; is approximately 
one half of its value during a three-phase 
fault at the same location (Appendix I). 


TRANSACTIONS 825 


NEGATIVE SEQUENCE NETWORK 
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ZERO —SEQUENCE NETWORK 
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Figure 1. Symmetrical-component currents 
during a single-phase-to-ground fault 


This means that three-phase fault current 
must be twice the pickup value in order to 
obtain sufficient J; for operation on a phase- 
to-phase fault. 


2. The J; component is influenced by load 
conditions for all types of internal faults 
except three-phase faults. This is illustrated 
in Figure 1 for an internal single-phase-to- 
ground fault and in Appendix I, equations 
7 and 8, for a phase-to-phase fault. In the 
positive-phase-sequence network, there are 
two components of each line-terminal cur- 
rent, a fault componemt which enters the 
faulted line at each terminal, and a through- 
current component. The through-current 
component may adversely affect the relay- 
ing system in two ways: 


1. Decrease the J; sensitivity. 
2. Cause incorrect blocking. 


To summarize, the use of J, necessarily 
operating only above the maximum load 
value, does not provide the desired sensi- 
tivity for faults involving only one or two 
phases. 


NEGATIVE-PHASE-SEQUENCE CURRENT 


Since negative-phase-sequence current 
(Iz) is present during all except three- 
phase faults, its use should be considered ; 
two of its advantages being the following: 


1. Under balanced load conditions there 

_is no Jz component, and on most transmis- 
sion lines the load normally will be prac- 
tically balanced. 


2. The J,component under fault conditions 
is substantially unaffected by load conditions 
(Figure 1 and Appendix I, equations 9 and 
10). 


_ These advantages show that the use of 
I, would permit attainment of the desired 
sensitivity on phase-to-phase faults, and 
perhaps on ground faults as well, without 
interference from load current. 


-ZERO-PHASE-SEQUENCE CURRENT 


The presence of zero-phase-sequence 
_ current is, of course, the best evidence of 
aground fault. For ground faults, J) has 
the same advantages as J, that is, the de- 
sired sensitivity can be obtained without 
interference from load current. 
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Phase-Sequence Currents Used 
in This Equipment 


Since the use of negative-phase-se- 
quence current appears desirable for all 
types of faults except the three-phase 
fault, this equipment uses a negative- 
phase-sequence network with provision 
for developing a network output on 
three-phase faults. This provision con- 
sists of three phase-overcurrent relays, 
operation of all three shifting the network 
so as to introduce a positive-phase-se- 
quence component into the network out- 
put. Thus, the equipment functions on 
three-phase faults at a current magnitude 
above full load, but for unbalanced faults, 
phase currents of less than full-load mag- 
nitude will cause operation. 

Any relaying system for the general 
application must provide high sensitivity 
during ground-fault conditions. Because 
of possible unbalanced load, it is not con- 
sidered practical to attempt to attain the 
necessary high sensitivity by means of the 
use of negative-phase-sequence current 
alone. For that reason, it is possible to 
use zero-phase-sequence current should 
the available minimum negative-phase- 
sequence current be too low to assure 
relay operation. Since the phase-to-phase 
fault still requires the use of negative- 
phase-sequence current, a combination of 
negative-phase-sequence and zero-phase- 
sequence currents is then used for un- 
balanced faults, the network output being 
of the form (J, + KIh). 


When two different phase-sequence 


components are added without taking 
account of their relative magnitudes, it 
may be possible to obtain an internal 
ground-fault condition wherein one of the 
phase-sequence quantities has control at 


Figure 2. Network unit (left) and tripping 
unit (right) in draw-out cases for semiflush 
mounting 
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one terminal with the other phasge-se- 
quence quantity having control at the 
other terminal. Such a condition might 
easily result in a “blind spot’’ (failure to 
trip at any terminal). 

Therefore, when zero-phase-sequence 
current is used, it is essential that the 
zero-phase-sequence current outweigh (by 
adjustment of KA) the negative-phase- 
sequence current at both terminals under 
all internal-ground-fault conditions. The 
determination of the value of K should be 
as simple as possible, and here again there 
is a further advantage in the use of nega- 
tive-phase-sequence current. Since the 
flow of negative-phase-sequence current 
is practically independent of load current, 


Figure 3. Network and tripping units mounted 
with a-c and d-c test equipment on a panel 
section 


the determination that the system is free 
of blind spots is relatively simple. This is 
discussed more fully in Appendix VIT. 


Description of Relaying Equipment 


The physical embodiment of the oper- 
ating principles developed and outlined 
in the foregoing is shown in Figure 2 which 
illustrates all the relay elements mounted 
in drawout cases for convenience in ad- 
justment and maintenance. Figure 3 
shows these cases assembled with test 
equipment on a panel. The relations of 
the various elements are shown in the 
block diagram, Figure 4, and Figure 5 isa 
simplified elementary diagram of the cir- 
cuit. 

All of the tubes are type 25B6G like 
those used in the associated carrier-cur- 
rent transmitter-receiver. All of the 
auxiliary relays except the seal-in relay 
are of the telephone type, operating at 
their normal contact pressures, thus insur- 
ing reliability proved by long experience. 
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PHASE-SEQUENCE NETWORK 


With reference to Figures 2 and 5, the 
network is housed in the left-hand case, 
and consists of transformers T1 and T2, 
resistors R1, R2, and R3, and capacitor 
Cl. Tland T2 are fed from phases a and 
c, respectively, and R3 and Cl provide a 
60-degree phase shift of the output of T1 
so that, with balanced load, the voltage 
across Cl is in phase with the output of 
T2, which is then adjusted to equal mag- 
nitude by R2 so that the vector difference 
is zero. Zero-phase-sequence current is 
neutralized by ground-current windings, 
one of which has taps for adjustment of 
K. Equation 18, Appendix II, shows that 
the output of such a network is propor- 
tional to negative-sequence and zero- 
sequence currents only, and independent 
of positive-sequence current. On a 
phase-to-phase fault, such a network gives 
the same magnitude of output voltage 
regardless of which pair of phases is in- 
volved. 

In order to provide for a three-phase 
fault, overcurrent relays in the three 
phases (O, Figure 5) are so connected that 
if all three pick up, they change the set- 
ting of R1 so as to unbalance the network 
and thus introduce a positive-sequence 
component into the output (equation 
18a, Appendix IT). 


AMPLIFIER 


The amplifier allows the use of a low- 
burden network by permitting it to oper- 
ate into a high impedance, and provides 
energy to drive the carrier-current trans- 
mitter as explained later. Also, the am- 
plifier output controls the fault detector 
and provides the comparer with a local 
voltage for comparison with the incoming 
catrier-current signal. These elements 
are described in the following sections. 

The amplifier consists of two tubes 
operating in push-pull through an output 
transformer which provides a match with 


CARRIER-CURRENT 
_TRANSMITTER 


CARRIER-CURRENT | CHANNEL. 


BLOCKING TRIPPING 
IMPULSES — IMPU 


CARRIER-CURRENT COMPARER TUBE 
RECEIVER & TRIP RELAY 
[SIGNAL ALARM [CIRCUIT-BREAKER | 
__RELAY L__TRIP COL __s 
Figure 4. Block diagram showing relations 
between elements of the protective system 


meen 


AMPLIFIER 


1! ! 
COMPARER & '!SIGNAL! TRIP ! 
[FAULT DETECTOR! TRip ReLay | ALARMICIRCUIT! 


the load resistance consisting principally 
of the transmitter screen grids. 


FAULT DETECTOR 


The fault detector is controlled by the 
amplifier, rather than by the network out- 
put directly, in order to take advantage 
of its voltage amplification. 

This element is necessary to insure (on 
an external fault) that the network out- 
put is sufficient to drive the transmitter 
and produce an adequate blocking signal 
at the remote terminal, before permitting 
any attempt to trip. If the same carrier 
channel is used for communication, the 
fault detector also serves to transfer con- 
trol of the channel temporarily from com- 
munication to relaying for the duration 
of a fault. 

The fault detector, Figure 5, consists of 
a voltage-divider resistor, a full-wave 
rectifier, a tube, and an auxiliary relay 
for its plate circuit. The rectifier is sup- 
plied from a separate winding on the 
amplifier output transformer. The use 
of a fault-detector tube permits com- 
pensation, by proper biasing, for the re- 
duction of amplifier output voltage with 
d-c supply voltage, thus providing a 
fault-detector pickup which is sub- 
stantially constant over an adequate 
range of d-c supply voltage. 


COMPARER AND TRIP RELAY 


All of the elements described in the 
foregoing, together with the carrier-cur- 
rent transmitter and receiver, are sub- 
sidiary to the comparer. They gather 
and deliver to the comparer the informa- 
tion necessary to determine the fault 
location. The comparer makes the deci- 
sion in accordance with the previous dis- 
cussion under ‘Fundamental Operating 
Principle.” 

The comparer consists of a tube, a 


. voltage-divider resistor to adjust its plate 


voltage, and the trip relay in its plate cir- 
cuit. The tube is mounted on the relay 
auxiliary unit in the carrier cabinet to 
minimize the pickup in the lead from the 


carrier receiver to the comparer control 


grid. The other elements are mounted in 
the tripping relay case, Figure 2. 

A winding of the amplifier output trans- 
former 74, Figure 5, energizes the screen 
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Figure 5. Schematic elementary diagram of 
the protective system 
C—Capacitor 


FD—Fault detector 

O—Phase overcurrent relay 
R—Resistor 

REC.—Carrier-current receiver 
SA—Signal-alarm relay 

T—Trip relay 

TC—Circuit-breaker trip coil 

11, T2, T4—Transformers 
TMTR.—Carrier-current transmitter 


grid of the comparer tube, positive rela- 
tive to the cathode, during one half cycle, 
and negative during the other half cycle. 
During the positive half cycle, the com- 
parer tube will conduct and cause the 
trip relay to operate if no incoming car-_ 
rier-current signal is received during that 
half cycle. On the other hand, reception 
of a carrier-current signal during that 
half cycle causes a negative voltage (rec- 
tified carrier signal) to be applied to the 
control grid, thereby blocking tube con- 
duction, and consequently, operation of 
the trip relay. Figure 6 shows oscillo- 
grams of the carrier-frequency voltage 
during internal and external faults, and 
the d-c blocking impulses on the com- 
parer control grid during an external 
fault. 


SIGNAL ALARM 


The signal alarm provides a means for 
calling a person to the carrier telephone 
(simplex) and for indicating the failure of 
the d-c supply or opening of the heater of 
any tube (since all five heaters are in 
series). 

This element consists of a tube, a volt- 
age-divider resistor to adjust its screen- 
grid voltage, and an auxiliary relay in the 
plate circuit. The tube is mounted in the — 
carrier cabinet with the comparer tube to 
minimize pickup, the other elements being 
mountedinthetrippingrelay case, Figure2. 

The screen-grid voltage is adjusted so 
that the signal-alarm tube normally car- 
ries enough current to pick up the signal- 
alarm relay. When carrier current is re- 
ceived, the same negative voltage that 
served as blocking voltage in the com- 
parer is applied to the control grid, reduc- 
ing the signal-alarm plate current, thereby 
causing the auxiliary relay to drop out and 
close the external alarm circuit. 


TRANSACTIONS 827 


—_— ee aoe 


a 


SEAL-IN UNIT 


The seal-in unit shunts out the con- 
tacts of the trip relay and provides a 
hand-reset target indication. Provision 
is made for tripping two circuit breakers. 


CARRIER-CURRENT TRANSMITTER- 
RECEIVER 


The carrier-current equipment em- 
ployed for phase-comparison relaying 1s 
essentially the same as that used for di- 
rectional-comparison relaying. The trans- 
mitter is controlled by the voltage on the 
screen grids of the tubes. During stand- 
by conditions, this voltage is zero and no 
carrier is transmitted. 

When the .60-cycle excitation voltage 
from the network amplifier is applied to 
the screen-grid circuit, the transmitter 
sends a signal on the positive half cycle 
and is definitely blocked during the nega- 
tive half cycle of the excitation wave. 
The transmitter cannot lock in and trans- 
mit continuously. 

The carrier-current receiver rectifies 
and filters the incoming carrier wave and 
thus provides a pulsating d-c blocking 
voltage which is applied to the control 
grid of the comparer tube. A twin-diode 
tube is used in the receiver; one of the 
diodes is used for the relaying function 
while the other is used to drive an audio 
amplifier for telephone or other services 
employing audio modulation. These di- 
odes operate on opposite half waves of the 
carrier-frequency cycle to obtain a bal- 
anced load on the receiver circuit and to 
reduce interaction between the two cir- 
cuits. 

The transmitter consists of a single- 
tube master oscillator driving a four-tube 
power amplifier. The operating fre- 
quency range is 50 to 150 kilocycles, and 
the temperature stability is better than 
0.005 per cent per degree centigrade. 
Variable permeability tuning is used in 
all tuned circuits. Taps on the power- 
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Figure 6. Oscillograms of voltages 


A—At terminals of carrier-current set during 
internal fault. Ripples are due to heterodyne 
between simultaneous signals of local and 
remote transmitters. (Length of trace—three 
cycles at 60 cycles per second) 
B—At terminals of carrier-current set, during 
external fault. Large amplitude is local 
signal; small amplitude, remote signal 
C—At control grid of comparer tube, during 
external fault, 2.5 Xpickup current. This 
pulsating d-c blocking signal results from recti- 
fication of the carrier-frequency voltage of B. 
Zero axis added at top 
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amplifier tuned circuit serve to match 
the transmitter plate impedance to the 
load over a range of 50 to 500 ohms. 

A variable inductance in the trans- 
mitter output circuit serves to tune the 
coupling-capacitor circuit and eliminates 
the need for an external line-tuning unit 
except where unusually long lead-in cables 
are required. 

A carrier-frequency milliammeter and 
a d-c milliammeter which can be switched 
into various circuits in the transmitter or 
receiver provide the necessary instru- 
ments for checking the operation. 

While many carrier relay sets have been 
installed outdoors, the present trend is 
for indoor installation. The connection 
between the carrier set and the coupling 
capacitor is made with low-loss concen- 
tric cable which may be run in ordinary 
conduits or ducts, or buried in the ground. 


OTHER FUNCTIONS 

Like other carrier relaying installations 
where the carrier is controlled by a fault 
detector, the carrier channel is available 
for other functions such as telephone, re- 
mote control, telemeter readings, and 
supervisory control. The operation of the 
fault detector cuts off the auxiliary serv- 
ices and gives the relaying function full 
use of the carrier channel during a fault. 


CONSTRUCTION 


The carrier-current equipment is built 
on chassis units having standardized unit 


Figure 7. Carrier-current equipment for phase- 
comparison relaying 
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O-C MILLIAMPERES IN TRIP RELAY 


9g0 150 120 90 
PHASE ANGLE BETWEEN CURRENTS ENTERING 
THE LINE, DEGREES 


O 30 60 90 120 150180 150 120 90 60 30 O 
PHASE ANGLE BETWEEN CURRENTS ENTERING 
AND LEAVING THE LINE, DEGREES 
Figure 8. Phase-angle characteristic of one 


of a pair of production units 


Heavy line is for: 
1.5 pickup current 
ten-decibel line loss 
129 volts direct current at each station 
Shaded band covers the range from 
1.5 Xpickup current in each terminal 
five-decibel line loss 
110 volts direct current 
to 
20 X pickup current in each terminal 
15-decibel line loss 
140 volts direct current 


B—Blocking zone 
|—Indeterminate zone, where tripping de- 
pends on the afore-mentioned variables 

P—Range of pickup of tripping relay 
T—Tripping zone 

(On external faults, the through current is at 
the same phase angle so that only a narrow 

band is required for blocking) 


dimensions. Many standard units, such 


-as audio oscillators, modulators, and re- 


ceivers, are available to make up any de- 
sired combination. This type of con- 
struction is illustrated in Figure 7 which 
shows a_ transmitter-receiver and 
auxiliary unit for phase-comparison re- 
laying, together with a modulator unit 
for communication. 


Combined Characteristics 


PHASE-ANGLE CHARACTERISTIC 


The principal characteristic, and the 
one that determines whether tripping will 
occur, is the relation between comparer 
plate current (which is also trip-relay coil 
current) and the phase angle between cor- 
responding currents at the two ends of the 
protected section This is called the 
phase-angle characteristic. This plate 
current will also be affected to some ex- 
tent by fault-current magnitude, fault- 
current distribution if the fault is internal, 
carrier-frequency line losses, d-c source 
voltage at the local terminal, and d-c 


_ ELECTRICAL ENGINEERING 


source voltage at the remote terminal. 

This phase-angle characteristic indi- 
cates the margin available for blocking 
on an external fault, and for tripping on 
an internal fault. Since no single value of 
fault current or line losses can be con- 
sidered as normal, the choice of standard 
conditions is arbitrary; these have been 
chosen as 1.5 times fault-detector pickup, 
ten-decibel line loss, and 129 volts, direct 
current. The solid line of Figure 8 is 
typical of the average comparer plate 
(trip relay) current of one unit as a func- 
tion of phase displacement between the 
two terminals. This curve is for normal 
conditions of control voltage, line loss, 
and fault-current magnitude. The shaded 
area shows the cumulative effect, on that 
characteristic, of the most adverse com- 
bination of all variables. 

Figure 9 shows separately the effects 
of each variable on the phase angle at 
which tripping occurs, with all the other 
variables at standard value. 


FAULT-DETECTOR PICKUP 


Figure 10 shows the dependence of 
fault-detector pickup and drop-out on 
d-c source voltage. 


OPERATING TIME 


Figure 11 shows the dependence of 
operating time on current magnitude. 
These are typical values, not necessarily 
maximum for any unit. 


BURDEN 


The maximum burden on any one cur- 
rent transformer for any fault not involv- 
ing ground is 0.2 ohm. The maximum 
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LINE LOSS, DECIBELS 


Figure 9. Variations in tripping phase angle 
due to changing one variable at a time 


A to E are with one terminal leading, and A’ 
to E’ are with the other terminal leading 
A,A’—Equal current in both terminals, 1.1 to 
90 pickup current 
B, B’—Line loss, 5 to 15 decibels 
C, C’—D-c control voltage at local station 
110 to 140 volts direct current 


-D, D'—D-c control voltage at local station 


dropped to 100 volts for two seconds after 
being at 110 to 140 volts for two minutes 
E, E’—Current at local station 1.5 X pickup, 


‘current at remote station 1.1 to 20Xpickup 


FAULT-DETECTOR PICK-UP 
A-C AMPERES 


burden on any current transformer for a 
single-phase-to-ground fault is 1.1 ohms. 


Testing Facilities 


D-C Test EourirMENT 


The tripping unit is provided with six 
jacks for measuring the five plate currents 
and the heater current, on a _ panel- 
mounted milliammeter provided with a 
cord and plug, as shown in Figure 3. 


A-C Test EQUIPMENT 


A five-position switch (shown in Figure 
3) and an artificial-load resistor are pro- 
vided to cut the relays out of service and 
make an over-all check of both pairs of 
relays and the carrier apparatus. If the 
switches are turned in like directions, the 
test currents applied to the relays simu- 
late an internal fault, and the tripping 
impulse which should result lights a lamp 
but is blocked from the trip coil by a 
switch contact. If the switches are 
turned in opposite directions, the test 
currents simulate an external fault, and 
failure to again light the indicating lamp 
proves successful blocking. The test cur- 
rent is purposely chosen about ten per 
cent above the pickup value, and failure 
to trip or to block at this current indicates 
that maintenance is required. 


Application 


Since the equipment described here is 
based upon current magnitude, it is es- 
sential that currents in excess of the relay 
pickup (with a margin) be available. If 
simultaneous operation is required, 
pickup current must be present at each 
terminal upon the inception of the fault. 
On the other hand, sequential tripping 
can be obtained with initial current below 
pickup at one terminal, if the redistribu- 
tion of current, upon the operation of the 
first circuit breaker, is such as to provide 
pickup current for operation of the second 
relay. 

The amount of margin of calculated 
fault current above pickup is a matter of 
personal opinion. However, it is believed 
that a margin of 50 per cent above pickup 
is acceptable. This margin can reason- 
ably be reduced at one terminal if a mar- 
gin of 50 per cent above pickup is avail- 
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Figure 10. Fault-detector pickup 
A—At 110 to 140 volts direct current 
B—After operating at 100 volts for two 
seconds preceded by operation at 110 to 

140 volts 
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able after the other terminal circuit 
breaker has opened. 

It is conservative to assume that the 
currents which actuate the relay will be 
those corresponding to transient gener- 
ator reactance. Since most short-circuit 
studies are based upon subtransient re- 
actance, currents so based should be de- 
creased by an estimated factor. 

The application of any relaying system 


usually passes through two distinct 
phases. First, it is necessary to deter- 


mine, with minimum effort, that a particu- 
lar system is applicable in a given situa- 
tion. Later, the application is studied in 
greater detail to determine the actual 
settings, operating margins, and other 
items. 

Regarding the relaying system de 
scribed herein, the first phase, the deter- 
mination of its applicability, is discussed 
in the following section. The second 
phase is outlined in Appendix VII. 


THREE-PHASE FAULTS 


In order for the equipment to trip for 
an internal three-phase fault, the second- 
ary current must be above the three-phase 
pickup of the relay, eight amperes. 


Grounp Fautts (UsING NEGATIVE- 
PHASE-SEQUENCE CURRENT ONLY) 


For ground-fault operation, sufficient 


. negative-phase-sequence current will be 


available if the total current in the fault 
is approximately the same for three-phase 
and single-phase-to-ground faults. More 


‘precisely, negative-phase-sequence cur- 


rent alone may be used if the ratio of the 
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Figure 11. Operating time 


total three-phase fault current to the 
total single-phase-to-ground fault current 
(Isp’/Ig’) is between 0.8 and 1.5 for an 
internal fault at either terminal (Ap- 
pendix IV). 


Grounp Fautts (UsING ZERO-PHASE- 
SEQUENCE CURRENT) 


If the ratio (Izg'/I¢’) is outside of the 
limits 0.8-1.5, it may be necessary to add 
ground-current excitation. For zero- 
phase-sequence excitation to predomi- 
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nate, one of the following conditions must 
be met: 


If (Isp’/Ig’) is less than 1, then C,/Co must 
be less than 8.5 (equation 45, Appendix We 
If (Isg’/Iq’) is greater than 1, then 


C Tog! 
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CL Ue") 

must be less than 8.5 (equation 46, Ap- 
pendix V), where 


C1 =134/Is9' 

Cyo=I¢/Te' 

I,g = portion of jg’ at terminal in question 
Tg=portion of Jg’ at terminal in question 


In order for the equipment to trip for 
internal ground faults when ground- 
current excitation is used, the secondary 
ground current must be above the follow- 
ing: 

Single-end feed—0.5 ampere* 


Double-end feed—1.65 amperes 
mum) * 


(maxi- 


Appendix |. Effect of Load 


Current 


To determine the effect of load current on 
positive-phase-sequence and negative-phase- 
sequence currents during a phase-to-phase 
fault and to determine the relative magni- 
tudes of those currents during three-phase 
and phase-to-phase faults, refer to Figure 
12 and assume that the positive-phase- 

sequence and negative-phase-sequence im- 
' pedances are equal.** 
Before fault (before closing switch S) 


Es—Ep 
Ig,=—-In => 1 
pie La a oe 


Ig. =Ip,=0 (2) 
E=voltage across switch S=EHs—Is,Z 8, 


; _EsZ—EnZs, _EsZmtFErZs 


=F = 
i aa ay ae Beas 


(3) 
With switch S closed and Hy=Er=0 
(Thévenin’s theorem) 
N= —-h=Ig,+In=— (Is2+Ine) 
EsZrp,t+ErZs1 
EF 2etlm  —_EslmtEnZs 
4: 22 5:2 ri 
Za+Zn 
Eg En 
~ 2Zs,) 2Zm 
= “Inn (e+ Er ) 28 
2Z3, 2Zm/ Z+Zm 
= EsZit+ErZ 1 
~ 2Z (Zs. +Zm) 


Ig 


(3) 


* On two-phase-to-ground faults, ground current’ 
may be calculated by means of equation 36, Ap- 
pendix III. 


** Negative-phase-sequence machine reactance is 
nearly equal to transient and subtransient re- 
actance and hence is nearly equal to positive- 
phase-sequence reactance during the first few cycles 
after a fault. 
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z 
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Figure 12. Symmetrical-component currents 
during a phase-to-phase fault (for Appendix I) 


Es 
22 51 


ER ) Zs: 
2Zm/ Zst+Zm 

_EsZyt+ErZs1 

© 2Zp(Zs1+Zm) 


In= -In=( 
(6) 


Total Current 
From equations 1 and 5 


_ Es—En EsZpit+LErZs1 
ZsatZm 22Zs\(Zs,+Zn) 


From equations 1 and 6 


Is 


(7) 


 Be> Ean EsZmt+ErZ si 
ZatZm 22Zn(ZsitZ zm) 


From equations 2 and 5 


EsZr+ErZs1 


I.=—-——_-— 9 
Zi (Za bZad @) 


In= (8) 


From equations 2 and 6 


— EsZmtErZs1 
2Z ri(Z si: +Z ni) 


Comparison of the magnitude of Js, 
equation 7, with the three-phase short-cir- 
cuit current (Es/Zs1) is obscured by the 
two different voltages Eg and Ep. 

If Es=Ep, equation 7 becomes: 


Tr = (10) 


see 


Ti = 
Si 27. 5 


(7a) 


This same result may be obtained more 
easily by considering only the left-hand por- 
tion of Figure 12, from which equation 7a 
is obtained directly. 

From equation 7a, it is seen that the posi- 
tive-phase-sequence current during the 
phase-to-phase fault is one half its value 
during a three-phase fault at the same loca- 
tion. Ina similar manner, it can be shown 
that the 2/1 ratio holds in regard to nega- 
tive-phase-sequence current. The 2/1 ratio 
is modified slightly if the positive- and 
negative-phase-sequence impedances are 
unequal. Also, with regard to the positive- 
phase-sequence component, the 2/1 ratio can 
be modified in either direction by the load 
component, the first term of equation 7. 

Comparison of equations 7 and 8 shows 
that the fault components have the same 
sign, indicating an internal fault, whereas 
the load components have different signs, 
indicating a through-current condition. 
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Appendix Il. Network Output 


Referring to Figure 13, windings N have 
one-third the number of turns of windings 
A and C, and tapped winding KN has K 
times the number of turns of winding NV. 
For an unbalanced fault (that is, a fault not 
operating all three overcurrent relays, O), 


E.=K; Ut D5 shim allyl Reo) Te! 
(11) 
Eq=Kalla— (1/8) |= Kada-Lo) (12) 


where K, and K, are constants of propor- 
tionality. 

By adjustment of R3, Ec lags E, by 60 
degrees. 
Eca—aEy (13) 


where a is the vector operator which rotates 
a vector 120 degrees in the positive direction. 


Iq= (h+l2+Io) 
I,= (al+a7l2+Ze) 


(14) 
(15) 


where Jj, Jz, and Jy are positive-, negative-, 
and zero-phase-sequence components of J,. 
From-equations 12, 13, and 14 


Eo=Kgq' (—ah—alz) (16) 
From equations 11 and 15 
E,=K,(ah+a7%le+K1o) (17) 


By design, and adjustment of R2, K-=Ky’, 
and the network output voltage 


E=Eo+E,=K,[(a?—a)h+KIo] 
=K,[-jvV/3h+Klh] (18) 


With a balanced three-phase fault I,= 
Ip=0, and the operation of overcurrent re- 
lays O changes to another tap on R2, which 
is adjusted to reduce E, by a factor k, or 


E,=kK(ah+a%l2+Klo) =kK ah (17a) 
Ec=—K,’ali (16a) 
Again, 
K.=K,’ 

Then 
E=Eot+L£,=Kah(k—-1) (18a) 


Comparison of equations 18 and 18a 


Figure 13. Connections and symbols (for 
Appendix Il) ’ 
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shows that the network output voltage is 
less as a function of J, during three-phase 
faults than it is as a function of Jy during un- 
balanced faults. Consequently, the network 
is more sensitive to unbalanced faults than 
it is to three-phase faults. 


Appendix Ill. Negative- and 
Zero-Phase-Sequence Currents 


Negative-phase-sequence and zero-phase- 
sequence currents and their ratio during 
single- and two-phase-to-ground faults in 
terms of three-phase and single-phase-to- 
ground short-circuit currents now will be 
determined. 


General Relations 


Refer to Figure 14 for the negative-phase- 
sequence network, and if Z;=Zz, 


(19) 


Where J34’=total three-phase short-circuit 
current; I3g = CiJ3g'=three-phase short-cir- 


| TOTAL IMPEDANCE= 29 
BG 
E, Bad 
Zs2 Zr 
} i 


Figure 14. Negative-phase-sequence network 


(for Appendix III) 


cuit current from same direction as Ib. 

Referring to Figure 15 for the zero-phase- 
sequence network, 
Ip 16 G 


= 20 
DMisg pe (20) 


where 


Tg’ =total fault current on single-phase-to- 

ground fault 

Tq= Cog’ =single-phase-to-ground fault 

current from same direction as Io 
Equations 19 and 20 apply to any type of 

fault during which those values are present, 

From equation 19 


I. 
h=h'—* (24) 
Lsq 
From equation 20 
le 
=) (22) 
Io=Lo Ta’ 
From equations 21 and 22 
uae (ee :) (23) 
Ip Io’ \Isq'Ia 


SINGLE-PHASE-TO-GROUND FAULT 


- Ty’ =I" 


From equation 21 


; Basic, 
¢ hahha net =, ids ug (24) 


Dipiehodagiot Teg BB 03 


ae 79 


TOTAL IMPEDANCE = 25 


Eo Ip —~ 
Zero-phase-sequence network 


Figure 15. 
(for Appendix III) 


From equation 23 


I, I! ae acre (28 
Peet eG). dlaaligs Co ) 
Two-PHASE-TO-GROUND FAULT 

Tee ZZ Zot2Z, 

= =a 9-9-9 26 
TPZ Zt Zy (28) 


But 2+22Z,=E/Ih’ for single-phase-to- 
ground fault. 


Syay 
LZo+2Z1=—, (27) 
Ig 
From equations 26 and 27 
Ig BE is’) 
+ -——-_9-3( —© |_2=R 28 
Ip’ Zig" iP 28) 


From equations 23 and 28 


Ie) Te [Tesla Tighe) 2n€ 
Sat ( Se 8 Jar “¢ a) one (29) 
raat a ea Dla edth 


za E(Z,+Zo) 
oe 774-27.) 
E(Z,+Z)) 
=f) 74=h———__— 
Ey 141 Zi422Z, 
EZ E 
Fame ri tas apaitoee (30) 
Z1+2Z0 (Z1/Z0) +2 
From equations 26 and 28 
if* 
Lae 4 
oe a, al (31) 
Zo oR 
From equations 30 and 31 
E 
Eig =r ee 32 
GTR) +2 We 
Ey E R ees 
hf = —S=-F( — J I os 
Zi Z;\1+2R 1+2R 
(33) 


From equations 19 and 33 


I,= —I. if =— Clg’ be tha (34) 
bctelsomueti de Qa *\1+2R 


From equations 29 and 34 


tjont tT 
l=2 Cae (+3) (35) 


1 
amu — y 
Ground current =319—3Cols¢ ee +2 z) 


tof 04 
Beecleie an) (36) 
Ig’ 1+2R 


— 
#Jg’ previously defined as applying to a single- 
phase-to-ground fault only. 
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Appendix IV. Operation During 
Ground Faults 


Conditions during which sufficient nega- 
tive-phase-sequence current is available for 
relay operation during ground faults will 
now be determined. 


SINGLE-PHASE-TO-GROUND FAULT 
From equation 24, Appendix III, 


iC he Tow Ngee 
tS) 3 (Ls¢'/L¢"’) 


To (37) 

When Jz¢ is just equal to the three-phase 
relay pickup (eight amperes), the magnitude 
of Jz must be equal to or greater than the 
negative-phase-sequence pickup (4/3 am- 
peres) or 


fait ge. 
3 (i/lal 


V3 


I; 


he's — ela imately) (38) 
=1% im 
Ie! <3V3 approximately 


Two-PHASE-TO-GROUND FAULT 


From equation 34, Appendix III, 


R 3(I3¢//Ig’) —2 
Ts, =I3¢ ag) nt eS (39) 
1+2R 6 (Ia! /Ia’) 8 
Again, I2 in equation 39 must be equal to 
or greater than 1/3 when J;4=8 amperes. 


3(4"/Te’)=2"|— 
Reon | Bas 


24 (Iso’/I ae’) —16 5 61/3 (Is6'/Ta’) —3+/3 
136) (Isy?/Te’) 510.8 


/ 
ao 50.8 (approximately) (40) 
G 


Appendix V. Blind Spots 


Conditions necessary to avoid blind spots 
during ground faults (when ground-current 
excitation is used) will now be determined. 
The network output from equation 18, Ap- 
pendix II, is 


E=K(—jV3h+Kh) (18) 


If it is assumed that J; can be at any angle 
relative to Jy, KIy will overcome +/3kz 
when 


KIyp>vV/ 312 


or when 


x>va(2) | (42) 


If (as an additional safeguard against 
failure to trip due to excessive phase dis- 
placement between the network outputs at 
the two terminals) it is specified that 
(—7.V3b+KIp) shall not be in excess of 45 
degrees from Jo, at either terminal, KJ) must 
be larger than 4/3(J2/Io) by an additional 

1 


. . Po ie ea D 
multiplier, sin 45° V/ 
Z ' 
Klas 2~/ oles, tee 20(#) (43) 
0 
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- ———— 


With the maximum available value of 
Kas 21, 


@ 
21> 2.45, — 
Iy 


or 


6 
— <8.5 (approximately) (44) 


) 


But from equation 25, Appendix III, 
I2/To = Cy /Co or 


¢ : 
—<8.5 for a single-phase-to-ground fault 


. (45) 


From equation 29, Appendix III, I2/Jo= 
(RC/Co) or 


C Tsg/ 
ls te)» <8.5 for two-phase-to- 
Cy Tg’ 


ground fault (46) 


Thus, if I;4'/Ia’ is less than 1, equation 45 
gives the limiting condition, whereas if 
Izg'/Iq’ is greater than 1, equation 46 gives 
the limiting condition. 


Appendix VI. Relay Pickup 


_ Relay pickup in terms of ground current 
(when ground-current excitation is used) is 
determined as follows. From equation 18, 
Appendix II, the network output is 
E=K,(—jvV/3h+KIh) (18) 

For any condition for which 7; and Jp are 
known at pickup, E/K, can be found. 
Knowing £/K,, pickup in terms of Jg can 
be determined knowing only J2/Jo. 

The single-phase-to-ground single-end- 
feed pickup values given in Appendix VII 
are for a fault on the phase giving the highest 
pickup, that is, the phase for which J, and 
Io are most nearly in opposition. For a fault 
on phase 0}, Iz (phase a being the reference 
phase) lags Jj by 120 degrees. The quantity 
—jlz lags Ip) by 210 degrees (Ig = —ja*Io), or 
30 degrees from complete opposition. In 
magnitude, J,=J). By choosing any coim- 
bination of K and ground current at pickup 
(for example, K=21, Jg=0.5), and by sub- 
stitution in equation 18b, 


E =K,(—ja?«/3hh+Kh) 


TL, 5 
~ =<81(K — 4/3 cos 30)?+ (4/3 sin 30)?] 


=F (1-15) V3)" 
E/K,=3.25 


‘ With double-end-feed, and with the as- 
- sumption that Jz and Jp can be in complete 
opposition, 


E/K,=—V/3In+Kh =A x-vi | 


E 
fo — EZ 
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and at pickup 


10 

2 ae =e 
K—-/3—)_ KB=V/3e 
( vst) wee 


approximately (41) 


lepu =3.25 


Appendix VII. Detailed 
Application of Relay System 


The application of the relay system can be 
reduced to the following steps: 


1. Determination of-margin above pickup during 
three-phase faults with minimum generating condi- 
tions. 


2. Determination of margin of the negative-phase- 
sequence current, above pickup, during single-phase- 
to-ground and two-phase-to-ground faults. 


3. The determination of K (the proportion of 
added excitation from Jo) to avoid blind spots if 
sufficient negative-phase-sequence current is not 
availablein 2. 


4. If Io is used, the determination of relay pickup 
in terms of ground current, to check the margin of 
fault current above pickup. 


Three-Phase Faults 


Under minimum generating conditions, 
determine the current in the relay at A 
(Figure 16) for a fault at 2. Repeat for the 
relay at B for a fault at 1. The three-phase 
pickup of the relay is eight amperes. If in 
either instance one of the currents is insuffi- 
cient to operate the relay, assume sequential 
operation and determine the current at the 
questionable terminal with the opposite 
circuit breaker open. Hereafter, this note 
is not repeated but is assumed. 


Phase-to-Phase Faults 


It is not necessary to consider this type of 
fault, unless the incidence of three-phase 
faults is assumed negligible, since the relay 
system is more sensitive to phase-to-phase 
faults than to three-phase faults. The relay 
pickup for this condition is three amperes 
(./3 amperes negative-phase-sequence). 


Ground Faults—Determination of I, 


In the determination of the available 
negative-phase-sequence current, it is neces- 
sary to know only the three-phase and single- 
phase-to-ground short-circuit currents which 
must be known in any overcurrent relay ap- 
plication. 

For a single-phase-to-ground fault (equa- 
tion 24, Appendix ITI): 


(24) 


Iq’ =total ground amperes in single-phase- 
to-ground fault 

Ig (used in equation 25 in this appendix) = 
portion of J¢’ from terminal in ques- 
tion 


Le sa 
I ? 


Figure 16. Fault locations (for Appendix 


Vil) 
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I,g'=total phase amperes in three-phase 
fault 

Ing = portion of I,’ from terminal in ques- 
tion 


With a single-phase-to-ground fault at 2 
(Figure 16), determine the negative-phase- 
sequence current J2 at terminal A from equa- 
tion 24. Repeat for terminal B for a fault 
at 1. 

For a two-phase-to-ground fault, repeat 
the determination of J, with this type of fault 
using equation 34 (from Appendix III). 


R 
hh=1s6\ TOR 


where 


(34) 


Pa etal 
vo 


If there is sufficient negative-phase-se- 
quence current available during all of these 
conditions, no further calculation is neces- 
sary (that is, it is not necessary to consider 
the introduction of Jy into the network). If 
Tz is to be checked after the opening of the 
first breaker, the same formulas can be used 
with I34 =I;¢’, each of these being the short- 
circuit current calculated under this single- 
end-feed condition. 

If Jz, as so determined, is not considered 
to be sufficient for relay operation, J) must 
be added to the network. 


Ground Faults—Determination of K 


With a single-phase-to-ground fault at 2 
(Figure 16), determine the ratio I2/Iy at 
terminal A from equation 25 as given here 
(from Appendix III): 


Ig Ig’. 
=o (25) 
In else 
Repeat for terminal B with a fault at 1. 
Repeat for two-phase-to-ground faults 
using equation 29 from Appendix III. 


Iz tes Ta’Tsg ) R 
I 0 di ol, 3p : 
By use of the highest of the four values of 


In/To found, choose an available value of K 
(6, 8, 11, 15, or 21) so that 


il 
K> 2.45 (is) (from Appendix V) 


(Io) 


(29) 


(43) 


It is noted from equation 43 that if it is 


necessary to introduce J) into the network, 
ground current must be available from both 
terminals. The relay system is not ap- 
plicable if an internal fault will, under any 
circumstances, draw J) from one direction 
only and J; from the other direction, unless 
negative-phase-sequence currents alone are 
sufficient for at least sequential relay opera- 
tion. 


Ground Faults—Determination of Pickup 
in Terms of Ground Current 


If it is assumed that the negative-phase- 
sequence current can be at any phase angle 


relative to the zero-phase-sequence current, 
the resultant pickup in terms of ground cur- 
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The Electrical Resistivity of Resin- 
Treated Wood and Laminated 
Hydrolyzed- Wood and Paper-Base 
Plastics 


RICHARD C. WEATHERWAX 


NONMEMBER AIJEE 


OOD in the dry state is an excellent 

dielectric, having a volume resistiv- 
ity in the range of 3 X 10! to3 X 10'8ohm- 
centimeters.” The resistivity decreases 
rapidly, however, with an increase in 
moisture content, reaching values of 105 
to 10° ohm-centimeters at the fiber-satu- 
ration point (380-per-cent moisture con- 
tent on the basis of the dry weight of the 
wood).® This tremendous change in the 
electrical resistance of wood with changes 
in moisture content, which so overshad- 
ows the variations due to varying species 
and specific gravity and ash content of 
the wood, 4: furnishes an excellent means 
of measuring the moisture content of 
wood.®!2 


The treatment of wood with aqueous 
phenol-formaldehyde resin-forming solu- 
tions according to the methods de- 
veloped at the United States Forest 
Products Laboratory’!! has been shown 
to reduce greatly the moisture adsorption 
and swelling even under equilibrium con- 
ditions. Because of the reduced moisture 
content of resin-treated wood (impreg?) 
and the corresponding resin-treated com- 
pressed wood (compreg'') in equilibrium 
with any relative humidity, the electrical 
resistivity should be correspondingly in- 
creased. The data given in this report 
show that this is the case and that wood, 


Paper 45-161, recommended by the AIEE com- 
mittee on air transportation for publication in 
AIEE TRANSACTIONS. Manuscript submitted 
June 4, 1945; made available for printing August 
13, 1045. 
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hydrolyzed-wood sheet, and paper prop- 
erly treated with resins are suitable for 
various dielectric uses even under rela- 
tively high-humidity conditions. 

The electrical resistivity of normal 
wood and impreg and compreg of ten 
different species was determined on single 
sheets of veneer after kiln drying and in 
equilibrium with four different relative 
humidities. The changes in resistivity 
resulting from variations in resin con- 
tent, degree of compression, and the 
presence of glue lines in laminated ma- 
terial were determined. The extent of 
surface resistivity was investigated for 
the resin-treated wood. The volume re- 
sistivities of a limited number of hydro- 
lyzed-wood sheet specimens containing 
both aniline-furfural and phenol-formal- 
dehyde resins, and laminated Mitscher- 
lich sulphite paper treated with both 
water- and alcohol-soluble phenolic resins 
were also determined. 


Electrical Measurements 


D-c_ resistivity measurements were 
made with a sensitive galvanometer 
used as an ammeter in an ammeter— 
voltmeter circuit as shown in the circuit 
diagram of Figure 1. The galvanometer 
had a sensitivity with the scale at four 
meters of 7.60 X 10~!° amperes per centi- 
meter scale deflection. High potentials 
ranging from 20 to 300 volts were ob- 
tained with a d-c motor generator set. 
Low potentials, from 15 to 0.01 volts, were 
obtained from dry cells with the use of 
potential dividers. The apparatus was 
thus capable of measuring any resistance 
from 30 ohms to 4 X 1013 ohms, 


rent (3J)) may be increased if J; opposes Io. 
The resultant pickup may be as high as 
3.25 (Appendix VI) times the single-end- 
feed ground-fault pick-up values (3/)=2.2, 
1.55, 1.05, 0.75, or 0.5 amperes correspond- 
ing respectively to the values of K just 
given). 

- The ground-fault currents (3J) are the 
following: : 


‘Single-phase-to-ground = q@ (one of the 


known currents) © 

: ai ie 1 ) 
Two-phase-to-ground Sarg i42R 

(from Appendix III) (36) 


f 


If the available ground currents calcu- 
lated are less than 3.25 times the single-end- 
feed pickup, the actual pickup in terms of 
ground current (Igpy) can be calculated by 
means of equation 41, Appendix VI. 


10 
L. 
«-va(r) 


If the available ground current is not suffi- 
cient to operate the relay (pickup calculated 
from equation 41), the value of K may be 


Iopu= (41) 


 Weatherwax, Stamm—Electrical Resistivity 


All the switches were coated with 
ceresin wax, which has a high-surface 
resistivity, to minimize current leakage. 
Switches S3, Sy, and S7 were shielded by 
wrapping bare copper wires about the 
bases in three directions and connecting 
these to the circuit at a, thus leading any 
stray current around the galvanometer. 
To avoid confusion, these leads are not 
shown in Figure 1. In spite of these pre- 
cautions, stray currents were found to be 
excessive in damp weather. Hence the 
apparatus was set up in a constant rela- 
tive-humidity room held at 30-per-cent 
relative humidity and 80 degrees Fahren- 
heit. With these precautions the volume 
leakage of the system was reduced to the 
point that the conductivity was only 
about 5 X 1071° ohms, which was in- 
sufficient to affect the results seriously. 

The electrodes consisted of two rec- 
tangular brass plates, each with a surface 
area of 35.0 square centimeters and a 
brass guard rim one centimeter wide that 
fitted around the perimeter of one of the 
electrode plates with a 0.5-centimeter gap 
between the guard rim and the electrode. 
This, together with the other shield wires, 
was connected at a in Figure 1, so that 
any current flowing along the surface of 
the sample was led around the galvanom- 
eter, 

The electrode plates were held against 
the sample by a screw clamp with hard 
rubber jaws. The clamp had a resistance 
of 2 X 101% ohms, which was about ten 
times that of the highest resistance 
measured and from 100 to 1,000 times the 
usual resistance measured. 

It was found that the resistance of a 
specimen varied inversely with the pres- 
sure applied to the electrodes at lower 
pressures, but above a pressure of 23 
pounds per square inch the resistance 
change became negligible. The clamp 
was tightened to exceed this pressure for 
all the measurements. 

The surface resistivity was measured 
with six bar electrodes ten centimeters 
long and one centimeter wide. Three 
parallel electrodes on each surface were 
paired opposite each other on the two 
faces of a specimen and bolted through 
holes in the specimens slightly larger than 
the bolts. The two outer bars on both 
surfaces were electrically coupled so that 
a flow of current occurred from the cen- 


increased. K should not be increased un- 
necessarily, since a higher value of K means 
higher burden on the current transformers. 
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tral to the two outer bars on both faces 
across a Q.10-centimeter gap. The sur- 
face resistivity 7; was calculated from the 


lh 
equation 7; = 4Rs 7 where R, is the 


measured surface resistance, / is the bar 
length, and d is the distance between the 
bars. 

The wood specimens were cut from !/j¢- 
inch rotary-cut veneer (0.16 centimeter). 
The compreg specimens were one third 
to one half as thick, as a result of com- 
pression. The hydrolyzed-wood sheet 
and laminated-paper plastic specimens 
varied from 0.06 to 0.15 centimeter in 
thickness. 

The specimens were kiln dried or con- 
ditioned in humidifiers containing satu- 
rated salt solutions. At 30 degrees centi- 
grade the barium chloride, sodium chlo- 
ride, manganese chloride, and magnesium 
chloride used gave 90.8-, 75.8-, 53.9-, 
and 32.7-per-cent relative humidity, re- 
spectively. 

The specimens were moved from the 
lower to the higher relative-humidity 
conditions. The resistivity—moisture con- 
tent curves to follow are hence all ad- 
sorption curves. 

Resistivity measurements made after 
different times of humidification indicated 
that moisture equilibrium was obtained in 
all cases in 20 days or less. The measure- 
ments recorded in the following figures 
were all made after 30 days’ humidifica- 
tion to insure definitely the attainment of 
equilibrium conditions. 

All the volume-resistivity measure- 
ments were made in the 30-per-cent 
relative-humidity room as rapidly as 
possible after the specimens were removed 
from the humidifiers, which required 
about three minutes. During this time 
the moisture-content change for all the 
-resin-treated specimens was practically 
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Figure 1. Wiring diagram of 
resistivity equipment 


negligible. Even in the untreated wood 
in equilibrium with 90-per-cent relative 
humidity, for which the moisture-content 
change is most rapid, the volume-resistiv- 
ity change was only five to ten per cent. 
Three methods of measuring the cur- 
rent flowing through the samples were 
used. They gave widely varying results 
at low humidities, but closely checking 
results at high humidities (Figure 3). 
Method 1 observed the maximum 
swing of the galvanometer as the switch 
was closed and current surged through 
the sample. This method gave the lowest 
values for the resistivity. It was subject 
to the objection that the electrode plates 


BY METHOD 3 
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Figure 2. Logarithm of average volume re- 
sistivity of ten species of wood (basswood, 
yellow birch, cottonwood, Douglas fir, white 
fir, sweetgum, Western hemlock, yellow 
poplar, redwood, and Sitka spruce), and of 
impreg and compreg made therefrom deter- 
mined by method 3 versus the corresponding 
values determined by method 1 


© Untreated wood 
A Impreg 
O Compreg 


acted as a capacitor and so contributed 
to the magnitude of the swing. 

Method 2 observed the first steady de- 
flection of the galvanometer after the 
switch was closed. The polarity of the 
electrodes was changed by means of the 
reversing switch S; (Figure 1), and the 
average of the readings for the flow of 
current in the two directions was used. 
The value of the resistivity obtained by 
this second method probably approxi- 
mated most nearly the true value of the 
resistivity. The chief difficulty was that 
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some samples polarized so rapidly that no 
steady deflection could be observed. 

Method 3 was that used by the Ameri- 
can Society for Testing Materials,’ 
namely, that of reading the galvanometer 
deflection after the current had been 
flowing through the sample for one min- 
ute. This, however, gave a value of the 
resistivity which had been considerably 
increased by polarization. 

By plotting corresponding values of the 
resistivity obtained by methods 1 and 3 
against each other and extrapolating the 
curve, it was possible to determine 
method-3 resistivities from method-1 
resistivities that were too high to measure 
directly but which were still within the 
range of the apparatus for method 1 
(Figure 2). This procedure was used to 
obtain method-3 resistivities for the kiln- 
dried samples before they were exposed 
to the 32.7-per-cent relative humidity. 
The kiln-dried samples contained from 
0.5 to 2-per-cent moisture and had 
method-3 resistivities of the order of 101 
ohm-centimeters. 


Volume Resistivity of Wood 


Volume-resistivity measurements were 
made on matched specimens of the ten 
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Figure 3. Logarithm of the average volume 
resistivity of impreg and compreg made from 
ten species of wood (basswood, yellow birch, 
cottonwood, Douglas fir, white fir, sweetgum, 
Western hemlock, yellow poplar, redwood, 
and Sitka spruce), determined by three methods 
versus the equilibrium relative humidity 


O Method 1 
A Method 2 
~O Method 3 
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species of wood, listed in Figure 2, in the 
untreated fotm and made up into impreg 
and compreg by previously described 
methods*" using Bakelite Corporation 
resinoid BR5995. Both the impreg and 
the compreg were cured in a hydraulic 
press for 45 minutes at 300 degrees 
Fahrenheit, impreg under a negligible 
pressure and compreg under 1,250 pounds 
per square inch. The resin contents of 
the different specimens varied from 31 to 
5/7 per cent on the basis of the weight of 
the dry untreated wood. It will be 
shown later (Figure 7) that within this 
range the volume resistivity changes but 
slightly with variations in resin content. 
Because of this and the fact that the vari- 
ation in volume resistivity with species 
was practically within the range of ex- 
perimental error, average values for all 
the species are plotted in Figures 2 
through 5. 

Figure 3 gives a comparison between 
the average volume resistivities of impreg 
and compreg determined by the three 
different methods plotted against the 
equilibrium relative humidity. Varia- 
tions between the values obtained by the 
three methods are appreciable only for 
low relative humidities at which the 
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Figure 4. Logarithm of the average volume 


resistivity (method 3) of ten species of wood 
(basswood, yellow birch, cottonwood, Doug- 
las fir, white fir, sweetgum, Western hemlock, 
yellow poplar, redwood, and Sitka spruce), 


and of impreg and compreg made therefrom | 


versus the equilibrium relative humidity 


O Untreated wood 
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resistivities are relatively high. The re- 
sistivities given in the following figures 
were all determined by method 3, that 
recommended by the American Society 
for Testing Materials.! 

Figure 4 gives the logarithm of the 
average resistivity for untreated wood, 
impreg, and compreg, made from ten dif- 
ferent species, plotted against the equi- 
librium relative humidity. The resistiv- 
ity of impreg is slightly higher than that 
of compreg and considerably higher than 
that of normal wood under the same 
relative-humidity conditions. The three 
curves, when extrapolated to zero rela- 
tive humidity, give practically identical 
resistivities. The reason for this is shown 
in Figure 5, in which the same resistivity 
data are plotted against the moisture 
content. On this basis, the values for the 
three materials fall on a single curve, indi- 
cating that the resistivity depends primar- 
ily upon the, moisture content. Dif- 
ferences between the curves of Figure 4 
merely show differences in hygroscopicity 
(or apparent hygroscopicity, as will be 
shown later) of the three materials. 

Figure 6 gives the volume resistivity 
of birch impreg and compreg. The values 
are very similar to the average values for 
the ten species given in Figures 4 and 5. 

Figure 7 shows the effect of the resin 
content of both impreg and compreg, 
made from two different species, upon the 
volume resistivity at two different rela- 
tive humidities. The resistivity increases 
rapidly with an increase in resin content 
up to about 30-per-cent resin content on 
the basis of the dry weight of the wood, 
and then remains relatively constant, but 
again decreases with very high resin 
content. The original increase is due to 
the decrease in hygroscopicity with in- 
creasing resin content.’ On the other 
hand, electrolyte introduced with the 
resin will decrease the resistivity as the 
proportion of resin to wood increases. 
This decrease in resistivity is evidently 
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Figure 5. Logarithm of the average volume 

resistivity (method 3) of ten species of wood 

(basswood, yellow birch, cottonwood, Doug- 

las fir, white fir, sweetgum, Western hemlock, 

yellow poplar, redwood, and Sitka spruce), 

and of impreg and compreg made therefrom 
versus the moisture content 


Per cent moisture content: 
O Untreated wood 
A Impreg 
CO Compreg 
Log per cent moisture content: 
@ Untreated wood 
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™@ Compreg 


small, compared to the increase in re- 
sistivity due to decreased hygroscopicity 
up to about 30-per-cent resin content. 
Above this resin content the decrease in 
hygroscopicity is small.’ _ Between this 
resin content and one of 70 per cent the 
two effects evidently neutralize each 
other, whereas above 70-per-cent resin 
content the effect of the electrolyte pre- 
dominates. 
The rapid decrease in the hygroscopic- 
ity in both the impreg and the compreg 
with increasing resin content up to about 
30 per cent, followed by a smaller decrease 
in hygroscopicity with a further increase 
in resin content, is clearly shown in 
Figure 8 for the specimens of Figure 7. 
Figures 4 through 8 all show that impreg 
has a higher resistivity than compreg 
for the same relative humidity, although 
it is the same for the same moisture con- — 
tent. This difference between the two 


‘materials makes it appear that compreg 


is more hygroscopic than impreg. This 
explanation does not seem so probable as 
the possible entrapping of water within 
the resin of the compreg which was not 
lost in the curing or in the kiln drying of 
these samples prior to humidification, 
but which is lost during the final oven 
drying to determine the dry weight for 
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moisture-content calculations. It thus 
would be advisable to oven-dry compreg, 
to be used as an insulator, just after hot 
pressing. If this is done, the compreg 
curves should coincide with the impreg 
curves. 

Birch specimens were made at 0, 300, 
600, 900, and 1,200 pounds per square inch 
pressure. All the compressed panels gave 
similar volume-resistivity curves to those 
of the birch compreg of Figure 6. The 
tendency of the material to trap water 
was evidently about the same for all com- 
pressed specimens. 

Seven-ply impreg and compreg panels 
were made from redwood and Western 
hemlock, using added glue between the 
plies to determine if lamination or the 
glue had any effect upon the volume 
resistivity. The panels contained about 
40 per cent of treating resin and 9 per 
cent of bonding resin on the basis of the 
weight of the dry untreated wood. No 
significant differences in the volume re- 
sistivity between these specimens and the 
single-ply specimens were observed. 


Surface Resistivity of Wood 


Figure 9 shows the relationship between 
the surface resistivity and the relative 
humidity to which oven-dry samples of 
impreg and compreg were exposed for 15 
minutes. The relative humidity of the 
chamber in which the measurements 
were made was controlled by blowing air 
over different concentrations of sulphuric 
acid. Relative humidities corresponding 
to different concentrations were taken 
from tables given by Wilson.!® Fifteen 
minutes’ exposure was adequate to allow 
the surface film to come to approximate 
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Figure 6. Logarithm of the volume resistivity 

(method 3) of yellow birch impreg and com- 

preg versus the equilibrium relative humidity 
and the moisture content 
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Figure 7. Logarithm of the volume resistivity 

(method 3) of white fir and yellow birch 

impreg and compreg at two different relative 
humidities versus the resin content 
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equilibrium without causing the volume 
resistivity to decrease to the point where 
it would affect the results appreciably. 
During this period two to three check 
readings were made, using the first 
steady galvanometer deflection. The 
specimens were freshly dried before ex- 
posure to the next higher relative humid- 
ity. No difference between impreg and 
compreg was observed; hence a single 
curve was plotted for both. Below a rela- 
tive humidity of 40 per cent the surface 
resistivity is so small that it becomes of 
the same order as the volume resistivity, 
so that an appreciable part of the current 
flow is through the specimens. The curve 
shows that volume resistivity measure- 
ments made in a 380-per-cent relative- 
humidity room are inappreciably affected 
by the surface conductivity. Listray? 
similarly found that the surface resistiv- 
ity of several different dielectrics became 
constant below a relative humidity of 
about 40 per cent. 


Volume Resistivity of Paper and 
Hydrolyzed-Wood Laminates 


The volume resistivities of resin- 
treated paper and hydrolyzed-wood sheets 
are given in Figures 10 and 11, together 
with the average values for normal wood 
and compreg. When plotted against the 
relative humidity (Figure 10) all the 
values fall between those for normal wood 
and for compreg. When plotted against 
the moisture content (Figure 11), most of 
the values fall on a single curve below the 
composite curve for wood, impreg, and 
compreg. It appears that the position of a 
point on one of the curves of Figure 11 is 
determined by the hygroscopicity and the 
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Figure 8. Equilibrium moisture content of 

white fir and yellow birch impreg and compreg 

at two different relative humidities versus the 
resin content 
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relative humidity at which the material is 
conditioned, while the position of the 
curve is determined by the amount of 
other electrically conductive material 
present in the specimens besides moisture, 
such as resin catalyst or residual electro- 
lyte in the wood, hydrolyzed wood, or 
paper. Evidently all the papers and the 
hydrolyzed wood retained more processing 


s1bI-g 


LOG OF SURFACE RESISTIVITY — OHMS PER SQ CM 


wn 
° 20 
RELATIVE HUMIDITY — PER CENT 
Figure 9. Logarithm of the surface resistivity 
of several species of compreg versus the atmos- 
pheric relative humidity , 


100 


ELECTRICAL ENGINEERING 


aa 


- - 


LOG OF RESISTIVITY — OHM-CM 


° 20 40 60 80 100 
RELATIVE HUMIDITY — PER CENT 


Figure 10. Logarithm of the volume resistivity 
of compreg (average for ten species, Figure 4), 
resin-treated paper, and hydrolyzed-wood 
sheet versus the equilibrium relative humidity 
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1—Soft Cow-strength) Mitscherlich paper 

treated with Bakelite  spirit-soluble resin 

BR13850, resin content 44 per cent (of total 

weight), water absorption (AAF specification 
15065) 1.5 per cent © 


2—High-strength modified Mitscherlich paper 

treated with Bakelite spirit-soluble resin 

BR13850, resin content 34 per cent (of total 
weight), water absorption 7.5 per cent 


3—High-strength Mitscherlich paper treated 
with Bakelite water-soluble resin BR5995 on 
the paper machine with no diffusion period, 
followed by treatment with Bakelite spirit- 
soluble resin BR13850; resin content, water- 
soluble, 20 per cent; spirit-soluble 13 per 
cent (of total weight), water absorption 1.3 
per cent 


4—High-strength Mitscherlich paper (same as 

3) treated only with Bakelite water-soluble 

resin with no diffusion period; resin content 
35 per cent (of total weight) 


5—Hydrolyzed-wood sheet containing 15 per - 


cent (of total weight) of aniline—furfural 


_ 6—Hydrolyzed-wood sheet containing 15 per 


cent (of total weight) of Bakelite water-soluble 
_ resin BR5995 
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Figure 11. Logarithm of volume resis- 

tivity of normal wood, impreg and compreg 

(average of ten species, Figure 4), resin-treated 

paper and hydrolyzed-wood sheet, versus the 

moisture content. For key to specimens see 
Figure 10 


electrolyte than the normal electrolyte 
content of the wood, or the resins used 
contained more electrolyte. It is of 
interest that all the curves extrapolate to 
the same volume resistivity at zero rela- 
tive humidity and zero moisture content. 
This might be expected, as the conductiv- 
ity of any contained electrolyte is largely 
dependent upon moisture being present. 
Hydrolyzed-wood sheet 5 with an aniline— 
furfural plasticizer is the only treated 
material tested which does not contain a 
phenolic resin. Its definitely poorer elec- 
trical insulating properties may be due 
either to the difference in resins used or 
the presence of more electrolyte. 


Resistivity According to 
ASTM Method 


A few measurements of electrical re- 
sistance were made by the American 
Society for Testing Materials method.! 
This test determines the resistance be- 
tween adjacent binding posts that are 
bolted through panel specimens. Three 
binding posts were bolted through 2/s- 
by-4-inch specimens, of thicknesses shown 


<) patie wood in Table I, one at the center and two at 
Ee is ree. 11/, inches (center to center) from the 
Pag mre s central binding post in the length direc- 
. ; tion of the specimen and equally distant 
bi Resin-treated paper from each of the edges. Brass washers 
9/16 inch in outside diameter were used 
las on both surfaces of the bolted-in binding 
e 3 osts, giving a distance between adjacent 
Hydrolyzed-wood sheet POSES: SIS J 
@ 6 washers on the surfaces of the specimens. 
Table |. Electrical Resistance According to the ASTM Method 
Resint Electrical 
Content, Thickness, Resistance, 
Material Resin* Per Cent Inch Cycle Megohms 
BSISCHASI LDPE ons Caid ford tote lenina, Shaver d ardig ata eteiate IBR5995) sas. « RA eee tee ORO GU ceratacita Deiat 5,605 
Z Rs a 6,490 
Cottonwood COMPLE DMT NRTA vials cists Bist eleta eis BRL OLOO erecta DS Ae stabs ts OS2ZO2% wy arene Le area 146 
Cottonwood Compregias....cscveessccctacie IBRTSLOON see ae ln Sea ttetts Os Od a oraenaer Nconorte 317 
Dee cee 439 
ie ar 412 
Hydrolyzed-wood sheet. .......-s.eeeeees aA een ee guce on OU Beg soc: Li eneane 4 13,300 
Hydrolyzed-wood sheet.........0.0+e00e0- BROS eylers 15, Omer OO65) erie Lace hae 
Hydrolyzed-wood sheet. .......--.eeeeeeee Aniline— 
farfural er lOsOnonchast: ONO S seca A aes 550 
Soft (low-strength) Mitscherlich paper....... iS alo SO )aeeatere AA Oli ceateyy OnOBS aceite (EES 0 2,035 
High-strength Mitscherlich paper........... BV16303...... 56.080. Opiabuc: Pm { . renee 4 
High-strength Mitscherlich paper (waxed : 3.660 
surfaces) ts cmt» clesr mnie yisereeve yanteers BITLOSOS ONO ne en On 142 anaes ject Ries 
Ls. toe 100 
High-strength Mitscherlich paper........... BV16526...... 26 Oi wee 0.256...... }2 Cine 110 
IS Fa ACLS 95 
High-strength Mitscherlich paper.........-. BYV16526.. 0.5: SOUS Peeve Oil Scns fe eno ane 
High-strength Mitscherlich paper (CET aera Vers nei Ma «8 Ha 
bi cciatteeshes cc oye toh aMenetabaice alae syaratiots BVAG5S 260-006 .00-00-- 4 0 dO. 1 ye. 2 219,000 
emicce) hea 39,800 


* All resins but aniline-furfural are Bakelite Corporation resins. ‘ 


+ Resin content is on the basis of total weight of product. 


The resin content of the impreg and the compreg, 


on the basis of the dry weight of the untreated wood, on which basis they are normally expressed, are 48.3 


and 28.0 per cent, respectively. 


wax. 
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‘t The waxed specimens were coated with a thin film of wax by dipping the heated panels in cooler molten 
The films were so thin that they were barely perceptible to the eye. 
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of 11/16 inch. The specimens were 
dried for seven hours at 160 degrees 
Fahrenheit according to the ASTM speci- 
fications and then exposed to a relative 
humidity of 90.5 + 0.5 per cent for 96 
hours at 80 degrees Fahrenheit (specified 
87 degrees Fahrenheit + 2 degrees 
Fahrenheit). Resistance measurements 
were made using the previously described 
apparatus. The results are shown in 
Table I. The insulation resistances are 
the averages of values obtained between 
adjacent pairs of binding posts. Most 
of the specimens were heated a second 
time for seven hours at 160 degrees 
Fahrenheit and again humidified for 96 
hours to give second-cycle measurements. 
In some cases third-cycle tests were 
made. The agreement between the values 
for the different cycles was quite good for 
all materials tested except when waxed 
specimens were used. The impreg and 
the hydrolyzed-wood sheet plasticized 
with phenolic resin gave the highest elec- 
trical resistance values of the unwaxed 
specimens. The soft readily penetrated 
paper (number 1, Figure 10) gave the 
highest values of the treated but not 
waxed papers. The high-strength paper 
plastic made with BV16303 resin gave 
the lowest values while the high-strength 
paper plastic made with BV16526 gave 
intermediate values. The low values ob- 
tained with the BV16303 resin are prob- 
ably due to the electrolyte content of the 
resin. The compreg values are not so 
high as they might have been if the 
* material had contained more resin, as is 
evident in Figure 7. The waxed speci- 
mens gave high but not so consistent re- 
sults. Differences are probably due to 
slight imperfections of the surface films. 
Although considerable wax drained off 
the specimens while heating prior to the 
second-cycle measurements, the electrical 
resistances were still high on the second 
measurement. 

A large manufacturer of electrical ma- 


terial who uses the ASTM test for specify- 
ing panel material requires, for exacting 
purposes, a minimum average electrical 
resistance of 100 megohms with no single 
value falling below 60 megohms. All the 
materials tested except one of the resin- 
treated papers meet these requirements. 


Conclusions 


The volume resistivity of all the 
laminated plastics tested is equal to or 
better than that of normal wood. The 
materials with the lower water absorp- 
tions give higher resistivities. Normal 
wood, impreg, and compreg give identical 
volume - resistivity — moisture - content 
curves but different volume-resistivity— 
relative-humidity curves, indicating: that 
their difference in insulating properties is 
due to differences in hygroscopicity. 
Impreg and compreg have volume re- 
sistivities about ten times that of normal 
wood at 30-per-cent relative humidity 
and about 100 to 1,000 times that of 
normal wood at 90-per-cent relative 
humidity, the zmpreg values tending to be 
somewhat greater than the compreg 
values. Resin contents in the range of 35 
to 70 per cent have a negligible effect in 
changing the volume resistivity of impreg 
and compreg. 

The surface resistivity at relative hu- 
midities below about 40 per cent is suffi- 
ciently small to be ineffective in control- 
ling the insulating properties. The insu- 
lating properties of dry material exposed 
to higher relative humidities are largely 
determined by surface conductivity ef- 
fects. 

The volume resistivities of the lami- 
nated-paper plastics and hydrolyzed- 
wood plastics tested are somewhat lower 
than the values for impreg and compreg. 
This is, in part, due to greater hygro- 
scopicity, but it also appears to be due 
to a somewhat greater electrolyte content. 

Electrical-resistance measurements by 


the ASTM method indicate that prac- 
tically all the resin-treated materials 
herein reported are suitable for insulating 
purposes. The fact that the resistance 
values obtained by this method can be 
markedly increased with high-resistance 
surface films of wax, which do not affect 
the hygroscopicity of the panels, indicates 
that this method measures surface re- 
sistance primarily. The volume-resistiv- 
ity curves furnish a better means of 
judging the insulating value of the ma- 
terials under prolonged exposure to high 
relative humidities. 
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Per-Unit Impedances of Synchronous 


Machines—Il 
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MEMBER AIEE 


HE preceding part! of this paper de- 

rived the generalized per-unit equa- 
tions of the synchronous machine. The 
machine impedances were divided into 
two groups: those measurable from the 
stator terminals (xg, xq’, 7, and so forth), 
called the definitive impedances, and 
those internal impedances which cannot 
be measured from the stator terminals 
(Xara, Xzra, Ryya, and so forth), called the 
nondefinitive impedances. The per-unit 
values of the definitive impedances are 
independent of the base rotor currents, 
but part I showed that the per-unit 
values of the nondefinitive impedances 
are functions of the base rotor currents, 
and accordingly are subject to misuse and 
misinterpretation unless the rotor-current 
bases are explicitly defined. These rotor- 
current bases and their corresponding 
base-current ratios are the fundamental 
quantities in any per-unit system, and 
this concluding part II is devoted to a 
fuller exposition of the base-current 
ratios of the more important per-unit 
systems. 

To a considerable extent, the subject of 
base-current ratios is of primary interest 
only to the design engineers directly re- 
sponsible for the calculation of the per- 
unit impedances. They must continu- 
ously guard against any inadvertent 
change of base during the analysis of new 
rotor circuits, since this would result in 
an impedance not in accord with the other 
rotor circuits. However, the application 
engineer also is directly interested in base- 
current ratios, because: 


1. Such knowledge is necessary in order 
that he may be assured that all the per-unit 
impedances are in accord. 


2. In many applications it is of advantage 
to introduce new bases or to use impedances 
calculated on some other base. 


One specific base-current ratio is de- 
fined and evaluated in this paper, and its 


adoption or use as a preferred base in the 


calculation of per-unit impedances is sug- 
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gested. Such standardization is essential 
in order that published values of per-unit 
impedances may be properly interpreted 
and used. Many advantages will accrue 
to the general use of a preferred base 
rotor current. The chief of these is that, 
if all impedances are calculated on the 
preferred base, they then become immedi- 
ately available for use in general analysis 
or general equivalent circuits without 
fear of misapplication, and without the 
trouble and possible errors involved in 
determining the base current on which 
they were calculated and in converting 
this to a preferred base. As another ex- 
ample of the advantages of a preferred 
base rotor current, it should be noted that 
without recourse to a preferred base it is 
not possible when studying two per-unit 
impedance formulas to separate an im- 
provement in the quality of the underly- 
ing analysis from a mere change in the 
rotor-current base. 

It is obvious that the adoption of some 
preferred rotor-current base will have no 
effect upon vector diagrams as seen from 
the machine terminals. The base field 
current for such diagrams will continue to 


be that corresponding to normal open- ° 


circuit air-gap-line voltage, although the 
preferred base rotor currents will be used 
in calculating the impedance values. 

This paper also brings together and 
evaluates the several base-current ratios 
which are found in contemporary litera- 
ture; this evaluation is necessary in order 
to harmonize the various published per- 
unit impedance formulas. The method 
of converting all per-unit impedances to 
preferred-base impedances is evident 
from the expressions given in ‘‘Results’, 
part I. 


Suggested Preferred Bases 


It is unnecessary to discuss the stator 
bases since by universal practice these are 
taken as the name-plate values (ego, tao, 
Lio Xa). No corresponding universal 
practice exists in the selection of the rotor 
base quantities, and the adoption of some 
base-current ratio as a preferred standard 
for use in the calculation of machine im- 
pedances would be of advantage. 

The base field current which in the 
author’s experience offers the most ad- 


vantages is that field current which will 


induce in each stator phase a voltage 
equal to xgatao. This will hereinafter be 
termed the ‘‘xgq’’ base. Because of the 
advantages of this base itemized in the 
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following, it is suggested that this x4 
base be adopted as a preferred standard: 


(a). It makes X yy numerically equal to 
Xaq, and at once makes unnecessary any 
further differentiation between these quanti- 
ties. 


(b). It makes the stator leakage reactance 
(xg—X ara) identical with the more familiar 
“leakage’’ reactance (xz—X,q). With a 
similar definition of the base current in the 
fictitious quadrature-axis field circuit, the 
stator leakage reactance is the same for both 
axes. 


(c). It is in more common use at present 
than any other base (although implicitly 
only), and many of the present impedance 
formulas are based on it: 


The base-current ratio for this field 
current is given by equation lc. This 
expression is derived in the following sec- 
tion under definition 1. 


Tyao “4 Aga N 1 
(3/2)igg ow Fa KpKaP Nya 


(1c) 


The foregoing definition of base current 
is also suggested for the additional rotor 
circuits of machines with one additional 
rotor circuit in each axis. The advan- 
tages are the same as those given for the 
base field current. The base-current 
ratio for the additional rotor circuits is 
then as given by equation ld. This ex- 
pression is also derived in the following 
section under definition 1. 


Trdo me: Ada N 1 


= (1d) | 


(3/2)iao + Daz KpKaP Nera 


Synchronous machines with more than 
one additional rotor circuit in each axis 
require an involved analysis in which it is 
often advantageous to use specialized base 
quantities. For that reason it does not 


appear advisable to adopt preferred bases 


for multiple rotor circuits. 


Specific Base-Current Ratios 


The more important base-current ratios 
with practical advantages are given by 
the following four definitions. These 
definitions are summarized in Table I. 


Definition 1: Let base field current Thao be 


that current which will induce in each stator 
phase a voltage equal to Xaatao; let base 
rotor-cireuit current J,2, be similarly 
defined. These are the base currents pre- 
sented in the preceding section. These bases 
are hereinafter termed the x,q bases. 


With three-phase currents of magnitude 
ino in the stator, and with the rotor cir- 


S19 3-/ 


Figure 1. d-axis equivalent circuit 


Xafa =X, ard = Xjra 
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cuits open, the maximum of the funda- 
mental-component flux density is as 
given by equation la. 

41.BiggN 2.54 


Byq (max) ge se Rak ,P. e 


A dl (1a) 


The corresponding phase voltage 1s xqatao- 
By definition 1, Tyao is the field cur- 
rent which will give a fundamental-com- 
ponent density equal to equation la. 
The maximum of the fundamental com- 
ponent due to Iya is as given by equation 
1b. 
2.54 
Boy(max) =0.4r Nyalyao Fa (1b) 
The base-current ratios of definition | are 
thus as given in equations Ic, d. 
Tyan 4Au  N 1 


(3/2)ino © Fa KpKaP: Nya 


Ho 8 Age te et 
(3/2)igg «Daz KpKali Nea 
It is evident from definition 1 that these 
%aqa bases make Xyyq and Xy,q numeri- 
cally equal to xq. 


(1c) 


(1d) 


Definition 2: Let base field current yao 
be that current which will give a magneto- 
motive force per pole equal to the flat-topped 
armature reaction at normal stator current; 
let base current I,,, be similarly defined. 
‘These bases are hereinafter termed the 
magnetomotive-force bases. 


The base-current ratios can be written 
directly as in equations 2a, b. 


Tee NT N2S 


Rete ae (2a) 
(3/2)igo KpKaPi Nya 
I N 
zdo- 1 (2b) 


(3/2)ing KpKaP1 Nera 


Note that the base currents of these 
magnetomotive-force bases are easily 
evaluated since equations 2a, b do not 
contain pole-shape coefficients such as 
Aa, Fa, Daz, ete. 


Definition 3: Let base field current Iyq, 
be the field current required to produce 
normal, open-circuit, air-gap-line stator volt- 
age; let base current J,,, be similarly de- 
fined. These bases are hereinafter termed 
the unit-voltage bases. 


Vao=1 OLazal, Jado 1 OF Laotao (3a) 
Therefore 
| I fio Lao (3b) 
(3/2)igo (38/2)Lara 
I zdo Loo ( 3c) 


(8 /2)Lass 


Dividing equation la by equation 1b 
with Tjqo defined as in definition 3 will 
give X,a, and equations 3d, e are then ob 
tained from equations 3b, c. ; 


I, fdo 


(3d) 
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Leia pe Aa N 1 1 


a = = (3e) 
(3/2)igo w Daz KpKaP1 Nra Xad 


The major advantage of the unit-voltage 
bases is that the stator-rotor mutual 
coupling coefficients are unity for the 
field circuit and the base additional rotor 
circuit. 


Definition 4: Let the base rotor currents be 
defined so that the mutual impedances 
(Leta Xara Xyza) for a machine with one 
additional rotor circuit are all equal. These 
bases are hereinafter termed the equal- 
mutuals bases. 


Xasa=Xara=X pra (4a) 
Equating 2a, 2b, and 3c of part I gives 
the base-current ratios in terms of the 
mutual inductances corresponding to 
equation 4a. These are evaluated in 
terms of design dimensions in equations 
4b, c, d, and the base-current ratios of 
equations 4e, f thereby obtained. 


L 3 1910-8! jal (4b) 
afa=9-19 ue fal ai 
Lasa~3.19X10-8 2 ND (4c) 
ard — Deke Pig eae zd’ dix 
4RI MN 
Lyra=3.19 X Ome a NyaNraD doz dad (4d) 
If N ty ED ae 
is (4e) 
(3/2)igg KpKaPi Nya Daor¥ra 
I N 1 F 
GO. + Vs 4 a (4f) 


(3/2)iao KpKaP: Nera Daoz¥ea 


- The equal-mutuals bases are of particular 


importance with machines having only 
one additional rotor circuit in each axis, 
as they result in the simple equivalent 
circuit of xjq in series with the parallel 
combination of Xgya, Xia, and.Xi,a. It 
should be noted, however, that it is not 
now possible to replace Xayq by the more 
common xyq, as these quantities are no 
longer equal. This fact seems to have 
been overlooked in the application of this 
simplified circuit. 


Rotor Bases in Current Use 


From the preceding analysis, it is evi- 
dent that impedance formulas are subject 
to misuse unless the base-current ratios 
are known. A compendium of the base- 
current ratios of the present technical 
literature is needed in order to harmonize 
the various published results. This sec- 
tion offers the first step toward such a 
general compendium, 

It is not necessary to study those publi- 
cations which considered only the defini- 
tive impedances, since these are inde- 
pendent of the rotor bases. Examples of 
the papers which presented formulas for 
the rotor impedances as well as the stator 
quantities are Doherty and Shirley,? Lin- 
ville,’ and Kilgore. The papers of 
Doherty and Nickle,? Park and Robert- 
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Table |. Base Rotor Currents Used in the 
Calculation of Per-Unit Machine Impedances 


<< 


Base Field Current and 
Base Additional Rotor- 


Definition L 1 
Characteristic Circuit Current Will 
ae Tr baths CIO OIC 0c Induce in each stator phase 
a peak voltage equal to 
Xadtao 


2.. Magnetomotive f 
FOPCE y > aves ecco Give in their respective 
windings a magnetomo- 
tive force equal to the 
flat-topped armature re- 
action at normal stator 
current 

..Induce in each phase nor- 

mal open-circuit air-gap- 
line stator voltage 

. Result in equal mutual im- 

pedances (Xefa=Xazd 
=Xyzd) for a machine 
with one additional ro- 
tor circuit 


3.. Unit voltage 


4.. Equal mutuals . 


son, Park,’ and Waring and Crary* are 
illustrative of the papers on the opera- 
tional machine equations. It is obvious 
that these two groups fail to include 
many important publications, but those 
listed are adequate to illustrate the need 
for a more complete survey. 

The base field current used by Doherty 
and Shirley may be derived from their ex- 
pression for the increase in field magneto- 
motive force* due to the short-circuit 
current. It is the field current which 
will produce a magnetomotive force equal 
to 1/Ky times the flat-topped armature 
reaction, and~differs only by the factor 
Kg from the base field current of the 
magnetomotive-force base (definition 2). 
The corresponding base-current ratio is 
given by equation 5. 


Tsao ie: N 1 rey 
(8/2)igg KpKaPi Nea KG 


(5) 


Doherty and Shirley did not discuss any 
additional rotor circuits. 

The base rotor currents used by Linville 
are explicitly defined as those which will 
produce in their respective windings a 
magnetomotive force equal to the flat- 
topped armature reaction. These are the 
base currents of the magnetomotive-force 
bases (definition 2), and the correspond- 
ing base-current ratios are evaluated in 
equations 2a, b. 

Kilgore uses ‘effective’ rotor leakage 
reactances defined as the quantities which 
when added to (xg—xga) will give xq’ and 
xa’. The base rotor currents are then 
such as to make the base stator-rotor 
mutual inductances numerically equal to 
Xaa- These are the base currents of the 
Naa base (definition 1), and the corre- 
sponding base-current ratios are evaluated 
in equations lc, d. 

Doherty and Nickle specified as base 
field current that current which would 
produce normal open-circuit’ air-gap-line 
stator voltage. For a per-unit system 
with reciprocal mutual impedances, this 


* Equation 2, page 1259, reference 2. \ 
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is the base field current of the unit-voltage 
base (definition 3), and the corresponding 
base-current ratio is evaluated in equa- 
tion 3a. 

A relatively large amount of machine 
analysis is based on the simplified circuit 
of Figure 1 although xq is commonly 
used in place of Xara. The base currents 
which result in this circuit are the equal- 
mutuals bases of equations 4e, f (defini- 
tion 4). Note that x,¢ should not be used 
in place of Xr; as these two are equal 
only for the conditions of definition 1, the 
Xqq bases. 

The base field current used by Park and 
Robertson was that which would give 
normal open-circuit air-gap-line stator 
voltage, but nonreciprocal mutual-imped- 
ance relations were used which resulted 
in the following expression for xq’. 


X aga i 


X pa 


xq’ =Xq- 


(6a) 


Tf equation 6a is compared with equation 
6b which is the more general expression 
for Xa’, 
Dal inke 
Xq’ =Xq— a (6b) 
X pra 

it is evident that satisfactory values of 
xa’ can be obtained only if Xgyq is calcu- 
lated on a base which recognizes the non- 
reciprocal mutual impedances. 

The base current of Park is that of defi- 
nition 3, but nonreciprocal mutual imped- 
ances are used which for all practical pur- 
poses restrict the application to machines 
with no additional rotor circuits. 

The equations of Waring and Crary are 
general and dimensionally correct, and 
are not restricted to any specific base 
current. The base quantities are set by 
the design engineer in the calculation of 
the impedances. If it is desired to use 
the restricted operational equations of 
references 5 and 6 on machines with multi- 
ple rotor circuits, the necessary nonrecip- 
rocal mutual impedances can be best ob- 
tained by modifying the corresponding 
reciprocal mutual impedances of Waring 
and Crary as recently published by the 
author.? 

To illustrate quantitatively the effect 


which the foregoing multiplicity of bases. 


has upon the machine impedances, con- 
sider a machine with the design constants 
given by equation 7. 
4A 
Ky=0.98 — —*=1.10 
f wT Fa 

Daz=0.84 Pi Daor¥za = 9.73 

Assume that xa, Xya, Xa are calculated 


taa=1.20 oy) 


* Equation 20, reference 6. 
** Equation 20, reference 8. 
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Table Il. 


Calculated Numerical Values for 
Xds Xafar and X ra 


Xd Xafd Xyya 


By the tad bases (definition 1)..100...100...100 
By the magnetomotive force 


bases (definition 2)........... 1005.5 ..91...,. 383 
By the unit-voltage bases (defi- 

MILIONS) Ss gip desis a aelrenvor LOO Ra eSd. 10 69) 
By the equal-mutuals bases 

(definition®4) rn. . semis ace: LOOM LOSee LO 
DED AIS EEE NS Con OR eRe te creae 100.05 9S 86 


by formulas using the base-current ratios 
of the x gq bases (definition 1). If these 
same quantities are calculated for the 
same machine but by formulas based on 
the other ratios given in the foregoing re- 
view, the numerical values so obtained 
will be as shown in Table II. The values 
in this table are in per cent of the values 
calculated by formulas based on the x qq 
bases. 

The magnitude of the possible error 
due to the misapplication of a per-unit 
impedance which has been calculated on a 
rotor-current base not explicitly defined is 
evident from Table II. The nonrecip- 
rocal relations of references 6 and 7 are 
not included in this table as their applica- 
tion is relatively rare. It is self-evident 
that this example is applicable only to the 
machine with the constants given by 
equation 7. The variations for other 
machines may be much greater or much 
less than those illustrated, depending on 
the design data. 


Nomenclature 


The nomenclature consists of the 
quantities given in the following plus the 
nomenclature of part I, All dimensions 
are ininches, Asin part I, all quantities 
are in per unit except those in bold-face 
type which are-in the physical ampere- 
inch system (ohms, henrys, and so forth). 
Quantities such as N, P,, Ky, ete., for 
which it is obviously unnecessary to dis- 
tinguish the ampere-inch values by a 
special script are in standard type only. 


ar =flat-topped armature reaction at base 
current 
_1.5Nigo 
K,KaP 
Amt =factor by which the maximum flux 
density is multiplied to obtain the 
maximum of the fundamental com- 
ponent of flux density; machine ex- 
cited by a sine-wave armature mag- 
netomotive force in direct axis 


ampere turns per pole 


{ See Figure 13, reference 10. 

t This is the A: factor given by Figure 8, reference 
10. 

# See Figure 10, reference 10. 


-Rankin—Per- Unit Impedances 


yi 


Daoz =factor by which the maximum flux 
density is multiplied to obtain the 
average density within the damper 
circuit of span 2¥,¢; machine ex- 
cited by the damper circuit of span 
2yrq in the direct axis 

Dar=same as Aq, but with machine ex- 

cited by the magnetomotive force of 
the xth additional rotor circuit in 
the direct-axis 

Fat=same as Aq, but with machine ex- 

cited by the magnetomotive force of 
the direct-axis field winding 
g=effective air gap 
K, Ka=pitch and distribution factors, re- 
spectively (greater than 1.0) 

Kg#=ratio of total flux per pole to the 
total fundamental flux per pole, at 
no load; machine excited by the 
magnetomotive force of the direct- 
axis field winding 

/=machine stacked length, inches 

N=stator series turns per phase 

Nya=turns per pole of field-winding circuit 

Nyq=turns per pole of xth additional rotor 

circuit 

P,=number of poles 

R=stator bore radius, inches 

xq’, xq’’=transient and subtransient react- 

ances, respectively 

Xia Aa, Xiza=leakage reactances; arma- 

ture, field, and xth additional rotor 
circuits; for use with equal-mutuals 
bases only 

2y,q=span of xth additional rotor circuit, 

direct axis, in per unit of half pole 

pitch 


References 


1. Per-Unir ImpepANCES OF SYNCHRONOUS Ma- 
coinges, A. W. Rankin. AIEE TRANSACTIONS, 
volume 64, 1945, August section, pages 569-73. 


2. REACTANCE OF SYNCHRONOUS MACHINES, R. E, 
Doherty, O. E. Shirley, AIEE TRANSACTIONS, 
volume 37, 1918, pages 1209-97. 


3. STARTING PERFORMANCE OF SALIENT-POLE 
SyncHronous Motors, T. M. Linville. AIEE 
TRANSACTIONS, volume 49, 1930, pages 531-47. 


4, CALCULATIONS OF SYNCHRONOUS MACHINE 
Constants, L. A. Kilgore. AIEE TRANSACTIONS, 
volume 50, 1931, pages 1201-13. 


5. SyncurRonous Macuines—I, I], R. E. Doherty, 
C. A. Nickle. AIEE Transactions, volume 45, 
1926, pages 912-42. 

6. THe REACTANCES OF SYNCHRONOUS MACHINES, 
R. H. Park, B. L. Robertson. AIEE TRANSACTIONS, 
volume 47, 1928, pages 514-35. 


7. Two-Reaction THEORY OF SYNCHRONOUS 
Macurngs, R. H. Park. AIEE TRANSACTIONS, 
volume 48, 1929, pages 716-27. 


8. OPERATIONAL IMPEDANCES OF A SYNCHRONOUS 
Macuing, M. L. Waring, S. B. Crary. General 
Electric Review, volume 35, 1932, page 578. 


9. EQUATIONS OF THE IDEALIZED SYNCHRONOUS 
Macuing, A. W. Rankin. General Electric Review, 
volume 47, June 1944, 


10. GRAPHICAL DETERMINATION OF MAGNBTIC 
Fieips, R. W. Wieseman. AIEE TRANSACTIONS, 
volume 46, 1927, pages 141-48. 


' Transactions 841 


a ——_— = 


Wound- and Dummy-Rotor Methods of 
Quality Control and Trouble Shooting 
of Induction-Motor Windings and Cores 


P. H. TRICKEY 


MEMBER AIEE 


NE OF THE FUNDAMENTAL 

principles in the solution of problems 
is the division of the large problem into 
several smaller ones. This principle is 
used throughout electric-motor engineer- 
ing. One of the most common examples 
is the use of design constants or para- 
meters. For instance, the complete 
characteristics of an induction motor 
are fixed and performance is determined 
if six constants are known. 


r,;=primary resistance 

r= secondary resistance 

X =short-circuit reactance 
X,=open-circuit reactance 
F,=iron loss 

F+W =friction plus windage 


If quality-control methods are used in 
the factory to prevent the values of these 
constants from straying beyond desired 
limits for a given design, then final as- 
sembly and test will not be plagued with 
rejections of defective motors. 

It is the function of this paper to dis- 


cuss means of controlling the variation of: 


F, iron loss and X, open-circuit reactance. 
The open-circtiit reactance is also a 
measure of the ampere turns necessary to 
set up the magnetic flux and a measure of 
the final magnetizing current and no-load 
amperes. 

Because most induction motors have 
permanently short-circuited secondary 
windings in the form of squirrel-cage ro- 
tors, it has become customary to measure 
X, and F, by running the motors at syn- 
chronous speed. Under this condition, 
there is no current in the rotor of a poly- 
phase motor, and a condition equivalent 
to open-circuited secondary winding 
exists. Actually, except for very small 
motors, satisfactory results are obtained 
at no-load speeds slightly under syn- 
chronism. 

While the measurement of X, and F, 


on completed motors is necessary and de- 
sirable in quality control and trouble 


shooting, its obvious objection is that de- 
fective parts have not been eliminated at 
the source, but have continued through 
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all the expensive and time-consuming 
manufacturing operations. Another very 
serious disadvantage is that small varia- 
tions in the iron loss and ampere turns of 
the magnetic circuit are obscured and 
confused by ordinary variations in fric- 
tion and air gap. 

The stator is the most frequent source 
of troublesome variation, and one method 
of overcoming the difficulties mentioned 
is to test all stators in a fixture with 
rotor on bearings and duplicating normal 
operating conditions. The main objec- 
tions to this method are its practical 
difficulties of construction, cost, and the 
necessity of applying it to a completely 
machined and ground stator. 

Since the purpose is to duplicate the 
condition of open-circuited secondary 
winding, why not abandon the substitute 
method of running at synchronous speed 
and go directly to the open-circuited 
rotor? If only a single motor were in- 
volved, of course, there would be the 
expense of making a special rotor without 
squirrel cage. When hundreds or thou- 
sands of motors are in quantity produc- 
tion, however, the cost of a special 
“dummy” rotor for testing is negligible. 


Dummy Rotors 


Dummy test rotors are constructed 
exactly like the regular rotors, except 
without squirrel cage, and ground to the 
finished diameter of the regular rotor to 
obtain the regular air gap when testing 
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finished stators. If it is necessary to 
provide means for holding the lamination 
in place, such means must not be conduct- 
ing if it includes the magnetic circuit. The 
slots usually are left in to keep flux dis- 
tribution as near normal as possible. 
Regular shafts are not necessary, because 
they do not rotate, but usually some sort 
of unfinished shaft is used to provide a 
convenient handle. 

If polyphase power is applied to a poly- 
pkase stator and dummy rotor, the mag- 
netic conditions differ somewhat from 
the open-circuit conditions in the regular 
motor. The first difference is that the 
high-frequency pulsation and surface 
losses caused by motor teeth and slot 
openings passing each other are not 
present. Partly offseting these, the rotor 
iron loss is at line frequency instead of slip 
frequency. The second difference is that 
the helpful effect of rotor currents in im- 
proving the sinusoidal flux distribution 
are not present. The nearer the stator 
winding is to having a sinusoidal distribu- 
tion itself, the less will be this difference. 

However, for quality control and 
trouble shooting, relative values and dif- 
ference between good and bad stators 
are much more important than the actual 
value. 

One of the difficulties in both no-load 
and dummy rotor tests with polyphase 
stators is. the low power factor. This 
gives the difference of two large values 
when reading input by the two-wattmeter 
method. Since relative values are desired, 
and not actual, dummy-rotor test in- 
vestigations very often are made with only 


- single phase on the stator. This excites 


one phase only and gives about half the 
polyphase iron loss. 

In general for comparative purposes, 
it is necessary to deduct only the primary 
copper loss before comparing readings; 
however a more accurate measure of the 
percentage variation is obtained when the 
constant-rotor iron loss also is deducted. 
The main difficulty in this is a means to 
measure it. Since it is usually small, a 
calculation from iron-loss curves may be 


Figure 1. Testing with wound 
and dummy rotors 
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sufficiently accurate. 
desired, it may be necessary to put a 
temporary winding on the rotor and test 
with an oversize dummy stator as de- 
scribed later. 

For quality control of polyphase 
wound-rotor motors or single-phase re- 
pulsion motors, readings may be taken 
on every new design with the brushes 
lifted, thus providing a dummy-rotor 
reading for comparison in case of future 
trouble. In case of regular squirrel-cage 
motors, the special dummy rotor must be 
provided. It is not necessary that a 
separate rotor be provided for every core 
stack. One rotor longer than any ex- 
pected size is usually sufficient. In fact, 
it is better to have the rotor longer than 
the stator to eliminate the necessity for 
special care on axial location in testing. 

The dummy-rotor method provides one 
of the most accurate tests of a wound 
stator that there is. Its accuracy may be 
increased even further for iron-loss or 
short-circuit investigation by using higher 
frequencies such as 500 or 1,000 cycles. 
Of course, any comparison to actual value 
disappears, and the tests become relative 
only. 

Very often, the high-frequency test will 
provide a high-potential test between 
turns as a by-product. 


Wound Rotors 


We have mentioned the advantage of 
the dummy rotor over the running test in 
eliminating confusion due to variation in 
friction. However, the dummy-rotor 
test does require a winding in the stator 
with the possibility that expensive wind- 
ing and machining operations may be 
completed before it is found that the 
stator cores have excessive iron loss. 
Under certain conditions it is difficult to 
distinguish between excessive iron loss 
and stator short circuits of one turn only. 
Also small variations in the number of 
stator turns may be confused with excess 
iron loss. 

To overcome these disadvantages, the 
‘‘wound-rotor’’ method may be used. 
This method consists of providing a wind- 
ing on the test rotor and exciting from 
the rotor instead of the stator. Tests 
may then be made on bare cores without 
any windings, housing, or any machining 
whatsoever, thus eliminating any question 
of defective windings when iron loss is 
being investigated or controlled. Also 
progressive tests may be made after 
each winding and machining operations 
toseeif any harm has been done to the mag- 
netic structure and increased the iron loss. 

The same differences occur between the 
condition of actual operation and the 

condition of wound-rotor test as occur 
with the dummy rotor. That is, the 
flux in the rotor is at line frequency 
instead of slip frequency, and the flux 
distribution may be less sinusoidal than 
in the actual machine with squirrel-cage 


Hoeune 1945, VoLuME 64 


If a test value is’ 


Table I. Regular Test of Stator Cores 
Volts =91 
Stator Number 
1 2 3 

Max Min Max Min oS Min 

ALIN Cres rea br 2.13 Oe 2.08 
erboxs arene ; cere 82 ION KTM TEA CEOS He? tote oe bake Senet ate eel le 

Watts COO ae Tan Setsf, AER aero P32 OT tas oe PL) wo Oe 245 gat oS) 22 ca 
Kesistancejafterstest....9.. 4.4... aoe re Olson trai: esa Oe. ae ee aa ‘410° a 
PR... oturiel. chicetenrd Sie pan ers Be: 624s: p0. ote Al as Bt pcre 4.7 . 614i eae 5.2 
sbotall itomloss a6 ee hoe tear | A LE eee > tae ee eA a bots in 19) Bi. LOG 16.8 
Total iron loss fromitem1,,.... BYOTS, tea, 5 MNMMME LEER NCHS “15, 58?) Bees eee 5.5 
Stator iron loss............... Lochs ealcleres IGS: Alsons sli 14.3) ca ae eee 


rotor. If the wound rotor is designed for 
this purpose, it can have sinusoidally dis- 
tributed windings which will keep this 
difference fairly small. The main differ- 
ence in the flux distribution of the wound 
rotor is that the excitation comes from the 
rotor. This means that the gradual loss 
of leakage flux from the useful flux 
progresses from rotor to stator instead of 
from stator to rotor. To be specific, in 
the regular case the air-gap flux is less 
than the stator flux by the leakage but in 
the wound-rotor test, the air-gap flux 
must be kept greater than the stator flux 
by the leakage in order to give the same 
stator flux; actually the matter can be 
easily taken care of by adjusting the 
turns of the rotor, and except’ for ex- 
tremely high densities the difference in 
flux distribution does no harm. 

Wound rotors are usually made single 
phase to eliminate the error of two large 
wattmeter readings which occurs on the 
two-wattmeter method with three phase. 
_ It is usually necessary to deduct the 
rotor copper loss when comparing iron- 
loss readings, particularly if some of the 
stator cores are ground to finished diam- 
eter and some are as punched. In order 
to obtain a better representation of per- 
centage differences, the rotor iron loss 
also may be deducted. The value may 
be obtained by calculation or by test with 
a special oversize dummy stator, bored 
to size, but having no slots and a diam- 
eter much bigger than the regular stator. 
The densities in this will be very small, 
and even a rough calculation is sufficient 
to determine the iron loss. To be more 
specific, a test is made of the wound rotor 
in the dummy stator. The rotor copper 
loss and calculated stator iron loss are sub- 
tracted from the input. The remainder is 
used as the rotor iron loss for all further 
testing with the wound rotor. 

For some work it is desirable to keep all 
conditions of the wound-rotor tests as near 
like actual conditions as possible. In 
these cases, the same number of poles are 
used as in the motor. windings. How- 


- ever, many times the readings are magni- 


fied and more useful when two-pole rotors 


are used. 

As in the case of the dummy rotors, 
high frequency may be used to make the 
tests more sensitive. 


Trickey—Quality Control 


It is often necessary to turn the wound 
rotor in the stator being tested and take 
maximum and minimum readings. The 
effect of the grain of rolling the steel, and 
the effect of rivet and bolt holes are often 
quite pronounced. 

Very often the need of a wound rotor 
for test analysis or trouble shooting 
occurs without warning, and there is no 
time to design and build a special rotor. 
Sometimes in these cases, a d-c or re- 
pulsion-motor armature may be obtained 
and leads soldered to opposite commuta- 
tor bars for connections. Even if the air 
gap is larger than desirable or unusual 
test voltage and frequency necessary, 
comparative readings usually can be ob- 
tained which are usable in separating 
good and bad stator cores. 

If wound rotors are used continuously, 
the windings and core structure are apt 
to become damaged. Protective coatings 
of varnish or other material should be 
used, Sometimes it is desirable to have 
a master standard kept in the laboratory 
for calibrating new or rewound rotors. 

Wound rotors may be used as turn 
counters for stator windings by reading 
the induced voltage in the maximum 
position. If the test is a routine one com- 
paring production stators with a master 
or sample stator, a direct reading is 
sufficient. If turns of an unknown wind- 
ing are desired, it is necessary to apply 
voltage and read induced voltage on both 
rotor and stator. In this case 


effective turns of stator 


effective turns of rotor 


ia |, read Es applied 
E, applied + E, read 


Very often stator short circuits can be 
distinguished from excessive iron loss by 
turning the wound rotor. Usually stator 
short circuits are of a single-phase nature 
such as one turn or one coil short-cir- 
cuited, In this case, the maximum read- 
ing shows up the short circuit ‘very 
prominently, and the minimum reading 
shows no effect at all. 

A typical example of the use of wound 
and dummy rotors occurred some years 
ago. The first indication of trouble was 
an excessive number of rejects on final 
motor test. After a number of the 
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Power Systems for Auxiliary Drives in 


Steam-Electric Stations 


J. B. McCLURE 


ASSOCIATE AIEE 


STEAM-ELECTRIC power station 
in general consists not only of 
such major items as boiler equipment, 
steam-turbine-generator units and con- 
densers, but also of many auxiliaries. 
These auxiliaries now have come to be 
almost exclusively a-c-motor-driven, al- 
though steam-driven auxiliaries are used 
occasionally in some topping installations 
where their use improves the heat cycle 
and in other cases for stand-by service. 
Since the reliability of a station can be no 
better than the reliability of its auxiliaries, 
the power-supply system for these auxil- 
iaries, as well as the associated motors and 
control, become important items in the 
design of a steam-electric-power station. 
These considerations in conjunction 
with the recent rapid rise in the quality 
and acceptance of factory-assembled 
switchgear, control, and transformer 
equipments make it now opportune to 
consider the design of the power system 
for these auxiliaries, taking full advantage 
of factory-assembled equipments. It is 
hoped that this discussion will not only di- 
rect proper attention to this over-all prob- 
lem, but also indicate how a new level of 
reliability, economy, simplicity both in 
installation and operation, and safety to 
personnel can be obtained readily on 
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power systems for auxiliaries by proper 
design approach based on such factory- 
assembled equipments. 

As a result of discussions with several 
operating groups and after studying vari- 
ous types of auxiliary-power systems, to- 
gether with the existing methods of ob- 
taining auxiliary power, the following 
general conclusions have been reached. 
These conclusions should serve as a guide 
in planning power systems for auxiliaries. 


Conclusions 
1. A separate auxiliary-power system 
should be considered for each boiler. 


2. Power supply from the main-generator 
leads is being increasingly used. 


3. The preferred voltages are 460 and 
2,400 volts. 


4. It is economical to-use a single-voltage 
460-volt system, where the required trans- 
former capacity per boiler does not exceed 
1,000 kva. om 

5. A dual-voltage system comprising 2,400 
and 460 volts should be considered where the 
required transformer capacity per boiler is 
1,500 kva or greater. 

6. In a dual-voltage system motors up to 
at least 250 horsepower can be economically 
applied at 460 volts. 


good and bad motors were tested by the 
dummy-rotor method, it became certain 
that the trouble was in the stator and was 
due either to short circuits or excessive 
iron loss. Resistances and torques indi- 
cated that the number of turns were 
probably correct. 

After the good and bad stators were 
tested by the wound-rotor method, it was 
found that the bad stators were bad in 
both maximum and minimum positions. 
This created considerable suspicion of 
short circuits in the stator windings. 
This point was settled when the stators 
were stripped. The good stators re- 
mained good, and the bad stators re- 
mained bad, with the readings the same 
as before the windings were removed. 

This was considerable relief to the 
winding department which had previously 
been rewinding so called “defective” 
stators. 

The next step was to institute a 100- 
per-cent wound-rotor test on all stator 
cores before winding. This immediately 
removed the rejects. 

Upon further investigation of the good 
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and bad cores as they came from the 
core building department, the trouble was 
found to be due to a lack of insulating 
iron-oxide scale which was the only 
insulation between individual lamina- 
tions. Once this condition was corrected, 
and proper insulation provided between 
laminations, the rejects of defective cores 
prior to winding dropped to practically 
zero and the 100-per-cent core test was 
taken off. 


Appendix. Typical Test and 
Analysis 


1. Wound rotor tested with dummy stator 
to determine rotor iron loss: 


Volts=91 

Amperes = 0.64 

Watts = 8.30 . 
Resistance after test = 1.406 
I?R=0.58 

Total iron loss=7.72 

Calculated stator iron loss =2.22 
Rotor iron loss=5.50 


2. The regular test of stator cores is shown 
in Table I. 
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Power Requirement 


of the Auxiliaries 


The over-all auxiliary-power require- 
ments for any given new steam-turbine- 
generator capacity can never be deter- 
mined precisely until the plant is placed 
in operation. However, it can be reason- 
ably estimated if proper attention is given 
to such details as the number and type of 
boilers, the pressure and maximum flow of 
steam, the nature of the feed-water pip- 
ing, and the type and treatment of fuel. 
This last item is particularly significant, 
as it is evident that pulverized-coal-fired 
boilers will require more auxiliary power 
than boilers using other types of fuel, 
because of the pulverizers and exhauster 
fans. ‘ 

Figure 1 gives the approximate total 
auxiliary power in per cent of the maxi- 
mum output of a turbine-generator set. 
In addition, the probable individual power 
requirements for the major auxiliaries are 
indicated. The auxiliary-power require- 
ment should be based upon the actual 
maximum output of the turbine-generator 
set. Ina specific case this output may be 
any value between the nominal rated and 
the maximum permissible from the set, 
depending upon the capacity of the boiler 
plant. Thus, since the boiler capacity is 
selected normally with a margin to cover 
adverse conditions of fuel, draft, and boiler 
maintenance, it is evident that the boiler- 
plant capacity really determines the 
auxiliary-power requirements, throu gh its 
effect on the actual maximum output of 
the set. 

The total auxiliary power, of course, is 
the difference between the gross and net 
output of the turbine-generator set. The 
total auxiliary transformer capacity can 
be approximated by assuming a power 
factor of 0.8 to 0.85 for the power require- 
ments obtained from Figure 1. In the 
final design, however, transformer capaci- 
ties should be determined conservatively 
by totalizing the coincidental loads with 
due regard for power factor. In addition, 
provision must be made for general sta- 
tion power facilities such as lighting, 
machine shop, and coal-handling equip- 
ment. These general station power re- 
quirements are very often associated with 
the auxiliary-power supply for the first 
one or two units in a station. ; 

The size of the individual motors for 
the major auxiliaries is determined largely 
by the rating of the individual boilers and 
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THROTTLE PRESSURE 


does not necessarily bear any direct rela- 
tion to the size of the turbine-generator 
set or the total auxiliary power associated 
with that set. As an aid in estimating 
the probable boiler arrangement for any 
contemplated installation, present boiler 
practice may be broadly summarized as 
follows: 

Steam-turbine-generator units up to 
approximately 30,000 kw maximum rat- 
ing generally have a single boiler; units 
between 30,000 kw and 60,000 kw maxi- 
mum rating may have either one or two 
boilers, and practice is about equally 
divided in this region; units above 60,000 
kw maximum rating generally have two 
boilers, although single boilers are now 
available and occasionally used up to a 
capacity of 1,000,000 pounds of steam per 
hour. 

Boilers are usually rated in pounds of 
steam per hour, and a reasonable average 
steam rate for modern turbine-generator 
sets is nine pounds of steam per kilowatt- 
hour. Thus, it is evident that a 1,000,000- 
pound boiler would supply steam for a set 
output of at least 110,000 kw. 

Figure 2 shows the estimated boiler 
feed-pump power for various pressures 
and flows, including liberal allowance for 
head loss in piping. In the smaller plants 
it is the usual practice to have a minimum 
of two pumps, each large enough to de- 
liver maximum flow. This results in at 
least 100-per-cent spare pump capacity. 
In the larger plants two pumps often are 
required to provide maximum flow, and a 
third serves to provide 50-per-cent spare 
capacity. In some of the larger plants, 
boiler feed-water supply is provided by a 
combination of tank and booster pumps 
in series. In such arrangements, the 
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Figure 1 (left). Approximate total auxiliary 

power in per cent of maximum generator out- 

put in kilowatts and approximate division of 
power between major auxiliaries 


Figure 2 (right). Boiler-feed-pump power for 
various pressures and maximum steam flows 


booster pump is usually variable speed 
and of sufficient capacity to give the re- 
quired outlet pressure range for the par- 
ticular plant conditions and at the same 
time offset the rising pressure characteris- 
tic of the constant-speed pump at the 
lower flows, The capacity of such a com- 
bination may vary from 50 to 100 per cent 
of the total boiler requirements. 

The actual motor ratings, in most cases, 
will be slightly greater than the values 
derived from Figure 2. 

Figures 3 and 4 show approximate motor 
ratings for induced-draft and forced-draft 
fans, respectively. These curves are 
based on average values obtained by 
plotting actual motor ratings for several 
‘boiler ratings. The discontinuity between 
200,000 pounds and 300,000 pounds flow 
results from a change in boiler construc- 
tion in this region. It will be noted that 
induced-draft fans require more power 
than forced-draft fans. Thus, in practice, 
as the size’of a boiler increases, two in- 


Figure 3 (left). Induced-draft-fan power 


A—One fan per boiier or total power 
B—Two fans per boiler—power per fan 


Figure 4 (right). Forced-draft-fan power 


A—One fan per boiler or total power 
B—Two fans per boiler—power per fan 


MAXIMUM STEAM FLOW IN l000 LBs./HR 


duced-draft fans often will be used with 
one forced-draft fan. Finally, in the 
largest boilers, both induced- and forced- 
draft fans may be split into two groups. 


Power System 
Application Guides 


A power-supply system for auxiliary 
drives in a steam-electric station is 
unique in many respects, for example: 


There are a few large motors. 
There are many small motors. 
The cable runs are short. 


The load is relatively constant 


PA RS 


Voltage regulation is very seldom a 
piobices 


In planning a system the following prin- 
ciples and practices which have demon- 
strated their soundness in service should 
be recognized: 


(a). An adequate source of power must be 
available for starting up the plant. 


(b). The entire system should be considered 
essential, since the essential motors are both 
large and small and are not confined to any 
one location in the plant. 


(c). In cases where two voltages are used, 
it simplifies operation and switching arrange- 
ments to bring all the power to Bure pein ee 
voltage bus. ie 

(d). The reliability of metal-clad, theulatad 
five-kilovolt busses and metal-enclosed 600- 
volt busses justifies a single-bus system. 

(e). The reliability of power transformers 
justifies the use of a conventional radial 
system. 


(f). 


High shotpcireuit currents should be 
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The Auxiliary Power Source 


Auxiliary power may be obtained from 
any of the following sources: 


(a). Main-generator leads. . 

(b). Generator bus. 

(ce). House turbine-generator set. 
(d). Direct-driven shaft generator. 


The choice among the afore-mentioned 
sources of power is frequently based upon 
opinion which may in turn be founded 
upon some annoying experience. When a 
shaft generator or house turbine-genera- 
tor set is used, the performance of the 
auxiliary-power system is not affected by 
disturbances on the main system. So 


turbine-generator set is at a disadvantage 
because of the inherent lower efficiency 
of the smaller turbines. In cases where 
either type of auxiliary generator is used, 
there are the disadvantages of the result- 
ant added cost and complexity. 

In addition there are such detailed diffi- 
culties as starting large motors from a 
relatively small generator, and the pos- 
sible troubles with paralleling main and 
auxiliary generators and_ transferring 
from the starting power source to the 
separate generator. Auxiliary generators 
used in these applications are usually of 
the high-speed turbine-generator type, 
and, when equipped with an automatic 
voltage regulator, a motor with a rating 
up to one-third that of the generator gen- 


far as efficiency is concerned, the house erally can be started acceptably. A more 
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Figure 7 (left). Dual- 
voltage system sup- 
plied from generator 
leads with one or 


MAIN a 
GENERATOR 


severe voltage condition may occur after 
the transfer of a large group of motors 
from a starting source to an auxiliary 
generator, resulting from the increased re- 
active motor currents at the reduced 
motor speeds. 


Auxiliary Power From 
Generator Leads 


There seems to be, however, an increas- 
ing trend toward the unit system and 
with it an increased tendency to obtain 
power directly from the leads of the main 
generator. So far as cost and simplicity 
are concerned, this method has definite 
advantages. This provides auxiliary 
power at the efficiency of the main set and 
permits the unit to go back into service 
immediately after having been tripped off 
as aresult of a system disturbance. Prac- 
tice indicates that the short length of 
cable plus the auxiliary transformer con- 
nected to the leads of the main generator 
very seldom is responsible for an outage 
of the unit. Of course, a starting source 
of power is required, but one such source 


FROM SYSTEM 


MAIN STEP-UP 
TRANSFORMER 


AUXILIARY 


NORMAL 
BOILER NO.I 


rot VOLT BUSES i + 
TTT 


ARGER 


gue 


) 


air Sonera, 
Seavice 


— to 


cele 
two boilers per unit aces 5 4 4 4 ? 4% 
7 fot hak ier say rhe Poe ey 7 Pe Pelee 
acs's D pase q gy ) Figure 8 (right). yd LLL Ess TELL 
| : ; : } s B i Dual-voltage system SMALLER MOTORS jae 
supplied from gen- 
Lo ae weer erator leads with two 
LIGHTING TO CABINETROL LIGHTING boilers per unit LIGHTING TO CABINETROL LIGHTING TO CABINETROL LIGHTING 


846 TRANSACTIONS 


McClure, Whittlesey—Steam-Electric Stations 


ELECTRICAL ENGINEERING 


mais 
a 


Table 


Transformer Rating 


Feeder Breaker Transformer-Secondary Breaker Rating 


Secondary Interrupting —_—— 

Kva Voltage Rating Current Interrupting 
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dle Bene) eee AP seeltnoe | amperes (iy Sita. < 800 amperes......... 50,000 amperes 
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* It will be noted that one transformer rating, 1,000 kva at 480 volts, has an impedance higher than the 
generally accepted standard. This permits the use of feeder breakers having a lower-than-normal inter- 
rupting rating for this transformer size and results in a more economical installation in spite of the special 
transformer. It will be found that attempting to use special impedance values for smaller transformer rat- 
ings at 480 volts will result in only a minor saving in equipment cost and a small reduction in fault currents 
which are already considered acceptable. In the case of larger transformers at 480 volts, the high impedance 
required to permit the use of lower breaker ratings results in both impractical transformer design and ex- 


cessive voltage regulation. 


will suffice for several unit busses. When 
the supply is through a transformer, the 
voltage dip incident to motor starting is 
seldom a problem. 


The Auxiliary-Power Voltage 


In laying out an auxiliary-power-supply 
system, there are two voltage classes of 
_ equipment to be considered, namely, 600 
volt and 5,000 volt. The cost of cable 
and control equipment in any voltage 
class is dependent largely upon its current 
rating. Thus, unless there are other off- 
setting factors, equipment and apparatus 
should be used at as high a voltage rating 
in its class as is practical. 

In the 600-volt class, nominal system 
voltages of 115, 230, 460, and 575 volts 
have been used. In this discussion 460 
volts is considered throughout as the 
preferred level in the 600-volt class for 
the following reasons: 


1. The 460-volt system is considered to be 
the conservatively high voltage in this class. 


2. Motors and control at this voltage are 
widely used and therefore readily available. 


3. At 440 volts practical motor ratings are 
large enough to overlap the lower practical 
motor ratings for both 2,300 volts and 4,000 
volts. 


4. At 440 volts practical motor ratings in- 
clude those down to one-half horsepower and 
thus overlap the higher practical ratings of 
single-phase 120-volt motors. 


5. Since motor prices are the same for all 
levels in the 600-volt class, there is no dis- 
advantage in cost for the 440-volt motors. 


In the 5,000-volt class, nominal system 
voltages of 2,400 and 4,160 volts are in 
use. However, the increase in cost of 
4,000-volt motors over 2,300-volt motors 


makes it desirable to use 2,400-volt sys- — 


tems, except in special cases, which will 
be discussed later. ¥ 
Thus, in this discussion 440, 2,300, and 
4,000 volts are recognized as the standard 
‘motor voltages, with corresponding nom- 
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inal bus voltages of 460, 2,400 and 4,160 
volts, respectively. To insure 460 volts 
at the bus a transformer secondary volt- 
age of 480 is normally used. At the two 
higher voltages transformer secondary 
voltages are usually the same as the bus 
voltages, in view of the short cable runs 
encountered. 


600-Volt Equipments 


There are various types of control for 
low-voltage a-c motors, all of which in- 
clude means for starting and stopping the 
motors, and also for providing any com- 
bination of motor overload and short- 
circuit protection. These types may be 
grouped as follows: 


(a). Combination magnetic starters, using 
thermal air circuit breakers for short-circuit 
protection. These are available in sizes up 
to and including size-V starters. 


(b). Combination magnetic starters, using 
fusible disconnects for short-circuit protec- 
tion. These are available in sizes up to and 
including size-III starters. 


(c). Drawout electrically operated air cir- 
cuit breakers, which are available in. all 
ratings of the breakers. 


_ The specific ratings of the foregoing 
equipments are shown later in Tables V 


and VI, and it should be noted that all 
ratings of these equipments may be com- 
bined in the same respective assembly. 

Drawout air circuit breakers generally 
are used for transformer secondary cir- 
cuits, bus ties, feeder circuits, larger 
motors, and for most essential motors, 
regardless of size. The air breakers have 
the advantage of being a latched-in type 
of device and therefore do not drop out on 
voltage dips. In addition, the drawout 
feature provides disconnecting means 
which facilitates maintenance and im- 
proves service continuity. Their use, 
however, should be confined to applica- 
tions where the required number of opera- 
tions is not excessive. 

Combination magnetic starters are 
used’ customarily for the smaller motors 
and also on applications where repetitive 
starting conditions are encountered. They 
can be furnished in factory-assembled, 
metal-enclosed groups, known as Cabine- 
trols. In general, it also will be found 
that drawout air circuit breakers will be 
less expensive than size-IV or larger com- 
bination starters, whereas combination 
starters will be less expensive up to and 
including size III. 

Electrically operated drawout air cir- 
cuit breakers for this type of service are 
furnished in metal-enclosed groups and 
referred to as drawout-air-circuit-breaker 
equipments. 


5,000-Volt Equipments 


There are two arrangements available 
for controlling high-voltage a-c motors, 


both of which provide combination short- * 


circuit and overload protection: 


(a). Metal-enclosed high-voltage contac- 
tors with current-limiting fuses. 


(b). Vertical-lift metal-clad 
with Magneblast circuit breakers. 


The complete ratings of these equip- 
ments are given later in tables. 
The fused starters are available for 


motors up to 700 horsepower at 2,300. 


volts. Fuses will, in general, clear a short- 
circuit more rapidly than the breaker. 
The contactors have long mechanical life 
and are best applied where a large number 
of operations will be encountered. From 


Table Il 


2,400-480 Volts 


Per Cent 


Kva Impedance Kva 
DOO ec Wuncead Wns eke FAC) ion cis ogc ogee oe 200% Rrcies 
PAOLO ore at DO Meer oo Rickslicievats 1e Ceo BOO: sriaca'a 
BOOKER IAL NG: ane he SOM, Ps Fas, daa F S00T I EL.. 
BO: cacy» Mader » eB.  apteh - dhignat re 150: ayes 
ELOOO® sitet sscce shane ee IAG Ne, Aobeemarn 1 0007 sc. 
HD OO rmpurtnng a oss DPR Ou thes te 01h Gap LeLeNKS, Bart 1,500) ride? . 


* In some cases it will be advantageous to specify 8.0 per cent impedance for these ratings. 


for their application. 
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13,200-480 Volts 


13,200-2,400 Volts 


Per Cent Per Cent 
Impedance Kva Impedance 
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Moree B DY AGRA og ora OOO Out aetaa mere 
3 deefavers Be Ob abstens etesthaiclttdeye ork OOO tlesate Seem Osto. 
Be ocr Let domrare rected OIC LOESC PAU Oscasmrnry ca. i 5.5. 
AGL tGHHAD al Donel aleve Ms otetetavenets FZ; DOOM gia ere Srtterertrs 5.5 
S3jO00 aeicroparwere vent 5.5 

Here aie Dis Daas elle oth ey Hon poet hi mira cc c 5.5 
BiQOO | ostapstec scoters 5.5 

Cid0O nay cee ee ac EO 

TOO sc ernc ote otras 5.5 


See Table I 
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a cost standpoint 50,000-kva metal-clad 
switchgear and fused starters are about 
equal, while for the higher interrupting 
ratings the first cost of fused starters is 
less. 

On the other hand, when fuses are ap- 
plied, there is always the possibility of 
single-phase motor operation due to the 
blowing of one fuse. Also, most large 
motors for station auxiliary drives do not 
require frequent starting and stopping. 
Further, most installations of this size 
will have one or more motors larger than 
700 horsepower. It has thus been general 
practice to use circuit breakers for con- 
trolling the larger motors, and in the 
transformer, bus tie, and feeder circuits. 


Transformers 


Three-phase transformers are used al- 
most exclusively in both the single- and 
dual-voltage auxiliary-power systems. Oil- 
filled or Pyranol-filled transformers for 
outdoor use and Pyranol-filled or dry-type 
transformers for indoor use are available. 
Transformers having ratings and charac- 
teristics as indicated in Table II may be 
obtained and are regularly provided with 
manually adjustable taps. 


Unit Substations 


The metal-clad switchgear equipments, 
using vertical-lift- Magneblast breakers, 
and their transformers are available in 
unit equipments as shown in Figure 10 
and are known as master unit substations. 

The metal-enclosed drawout-air-circuit- 
breaker equipments and their transform- 
ers are generally furnished in unit equip- 
ments as shown in Figure 11 and are 
known as load-center unit substations. 

-Cabinetrol equipments and transformers 
also can be furnished in unit equipments 
known as Cabinetrol unit substations. 


Power-System Arrangements 


Figures 5 to 9 suggest several auxiliary- 
power-system arrangements, and there 
are obviously many more which could be 
shown. Most of these arrangements show 
the auxiliary power coming from the 

-main-generator leads primarily because 
of its increased use. 

Figure 5 applies to a plant with one or 
two boilers, where all the auxiliary power 


Table Ill 
Interrupting 
Rating in Ampere 

Kva Rating ~~ 

600 

BONO. Se aUM Rec eeu eae { 05 

“( 600 

TOO 000 neta trates ners cena eres oa ee 1,200 

2,000 

600 

TBO O00 sere ois ateiay esis acs care casa sileent nesters | 1200 

2,000 
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may be properly supplied at 460 volts. 
Individual feeder positions control the 
larger motors, and others supply one or 
more lighting circuits, as well as one or 
more groups of magnetic starters which 
control the smaller individual motors. 
Transformer secondary breakers are used 
so that transfer from the starting to run- 
ning supply may be readily made. Inter- 
rupter switches, where shown, permit iso- 
lating the transformers for maintenance 
purposes. 

Figure 6 applies particularly for a small 
unit having two boilers in which the auxil- 
lary power is split into a supply for each 
boiler. This arrangement reduces the 
short-circuit duty on the low-voltage 
busses and prevents outages on one boiler 
system from involving the other boiler’s 
system. One-transformer is shown as a 
starting supply for either bus, but a sepa- 
rate starting transformer for each bus 
will give complete reserve capacity. 

Figure 7 applies to plants using either 
one or two boilers, where the amount of 
auxiliary power is sufficient to justify the 
use of two voltages. The high-voltage 


Table IV 
Interrupting Horsepower 
Voltage Rating—Kva Rating 
eA OO wicker sore. Soro hpe 150,000 2iie ciate <7 site 50-700 


4,160... . 062000 250,000... 20.220 50-1,250 


transformer-interrupter switches and sec- 
ondary breakers at 2,400 volts serve func- 
tions similar to those indicated on Figure 
5. The larger motors are supplied at 
2,400 volts, and one or more 2,400-volt 
feeder positions supply transformers which 
step down a portion of the total power to 
460 volts. Bus ties are not shown be- 
tween the 460-volt busses, and thus trans- 
former secondary breakers are not re- 
quired at 460 volts. When reserve trans- 
former capacity to the 460-volt busses is 
considered desirable, transformer-second- 
ary and bus-tie breakers may be added. 
In order to keep within the interrupting 
rating of the 600-volt air circuit breakers 
it is sometimes advantageous to supply 
two or more transformers from one 2,400- 
volt feeder. If bus-tie breakers are used 
in this arrangement, they should be used 


- between 460-volt busses which are fed 


from different 2,400-volt feeders. 
_ Figure 8 applies particularly for the 
larger units having two boilers. Dividing 


the power into a supply for each boiler 


reduces short-circuit duties and prevents 
outages on one boiler system from involv- 
ing the other boiler’s system. One trans- 


‘former is shown as a starting supply for 


either 2,400-volt bus, but one for each 
bus would give 100 per cent reserve ca- 
pacity. 

Figure 9 shows how a power supply for 
auxiliaries can be taken directly from the 
low-voltage station bus when such a bus 
is available. 
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- Maximum* 
Maximum Setting of 
Inter- Contihuous Motor Instantaneous 
rupting Ampere Horsepower Trip— 
Amperes Rating at 440 Volts Amperes 
15,000... 15-225. 2.3.2. $50 occ, soko 
25,000... 15-225 ..... TSO ee stately ors 3,375 
25,000... 250-400 ..... DServe ce 6,000 
25,000... 450-600 ..... BQO s Secicteisia 9,000 
50,000... 100-225. ..... WOO} cemtetenalte 3,375 
50,000... 250-600 ..... AD OR ctrccuaisiele 9,000 
50,000... 800-1,200..... S008. . certs 18,000 
50,000... 1,600 .....-.++.5-+--- 24,000 
75,000...2,000-2,500.....-..-+--e++> 30,000 
75,000... 3,000! 5 Me eejeyer tetas she vasieisi« 36,006 
A000 se ntomieAtO es erat 48,000 


100,000... 


* The maximum setting of the nonadjustable in- 
stantaneous short-circuit trip on the air circuit 
breakers is important in determining the rating of 
the transformer-secondary breaker, so that it will 
not trip for feeder faults. 


For the larger stations, it may be de- 
sirable to establish a separate centrally 
located bus from which the general station 
service power is distributed. The so- 
called starting transformer can then be 
used to bring power from the system to 
this bits which in turn can also be ar- 
ranged to provide starting power for the 
individual unit busses. 


Single-Voltage Systems 


Studies show that, so far as investment 
is concerned, on the basis of the typical 
number of feeder positions usually. re- 
quired by the smaller turbine-generator 
units, the straight 460-volt system and the 
2,400-460 dual-voltage system are prac- 
tically equal when the normal power 
supply demands a 1,500-kva transformer. 
Below this rating there is a definite cost 
advantage in favor of the straight 460- 
volt system. In fact, if the auxiliary 
power supply can beheld within the capac- 
ity of a 1,000-kva transformer, the short- 
circuit duty on such a 460-volt auxiliary 
system will be limited accordingly, and the 
440-volt motors and control for the larger 
auxiliaries associated with this amount of 
total auxiliary power, will not result in an 
impractical solution. 


Dual-Voltage Systems 


As previously indicated, studies show 
that a dual-voltage system should be con- 
sidered when the auxiliary-power supply 
requires a 1,500-kva or larger transformer. 
In most of these applications, 2,400 volts 
will be more economical than 4,160 volts. 
Actually transformer capacities up to and 
including 5,000 kva at 2,400 volts may be 
used with economical and practical switch 
gear having an interrupting rating of 
100,000 kva. $é 

A 5,000-kva transformer will 
power to a boiler having.a flow of approxi- 


mately 600,000 pounds per hour. Boilers 


supply 


larger than this are most always provided | 


with split auxiliaries such as two induced- 


ELECTRICAL ENGINEERING 


TO SYSTEM 


(0) 2400 VOLT BUSES 


MAIN a ao 9 
GENERATOR Sabie 
Roxe 


Figure 9. Dual-voltage system 
supplied from generator bus 
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draft fans, two forced-draft fans, and two 
or more boiler-feed pumps. So far as 
auxiliaries are concerned, such a boiler 
has the advantages of a two boiler installa- 
tion, and the 2,400-volt auxiliary power 
may be divided as shown in Figure 8. 
Thus, by using divided auxiliaries and 
two auxiliary-power transformers rated 
either 3,750 or 5,000 kva, the power for 
most of the largest boilers may economi- 
cally be supplied at 2,400 volts. 

For the larger installations, where indi- 
vidual transformer ratings greater than 
5,000 kva may be required, the use of 
4,160 volts should be considered. Sys- 
tems using 4,160 volts have the advantage 
of lower-current ratings and lower short- 
circuit currents but may not necessarily 
show an advantage in cost owing to the 
higher cost of 4,160-volt motors. What- 
ever the relative economics of the motors 
and control are, it should be recognized 
that raising the voltage always reduces 
the: short-circuit amperes, and thus at 
4,160 volts the kilovolt-ampere capacity of 
the supply transformer can be larger than 
at 2,300 volts. 

In the case of 2,400-460 dual-voltage 
systems, studies indicate that, by evalua- 
tion of such cost items as difference in 
control equipment, cable, motors, and 
additional transformer capacity including 
evaluation of losses, it is economical for: 
the short runs normally encountered in a 
steam station to include motors up to 250 
horsepower in the 460-volt class. Simi- 
larly, in the case of 4,160-460 dual- 
voltage systems, it is generally economical 
to include motors up to 350 Pls tag in 
the 460-volt class. 

It will be seen from Figure 1 that in the 
normal auxiliary-power system the few 
motors associated with the larger auxil- 
iaries account for two thirds to three 


quarters of the total auxiliary power. 


Thus, when a complete list of the motors 


_ and their ratings is available, there should 


be little difficulty in selecting not only the 


motors which are to be supplied at 460 
volts but — the total transformer ca- 


re 
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pacity required to serve these motors. 

In plants where medium-size boilers are 
used, this one third of the total kilovolt- 
ampere is often stepped down from 2,400 
volts to 460 volts through one transformer 
on a radial basis. Where larger boilers 
are employed, two or more transformers 
may be used on a radial basis to step 
down power from the 2,400-volt bus. 
This has the advantage of permitting the 
use of control equipment of lower inter- 
rupting rating and of allowing the control 
to be located nearer individual groups of 
motors. 

When a strictly radial system is not 
considered adequate, the first departure 
will consist usually of adding a tie breaker 
between 460-volt busses. In order to take 
full advantage of this feature, excess trans- 
former capacity must be provided. The 
magnitude of this excess capacity admit- 
tedly is a matter of judgment, however, 
and 50-per-cent excess capacity should be 
sufficient in most cases. Provision should 
be made to prevent closing the bus-tie 
breaker between any pair of busses unless 
one of the two source breakers is open, 
or at least will be opened promptly after 
the bus-tie breaker is closed. 

In a plant with two boilers per generat- 
ing unit, with a separate auxiliary-power 
supply for each boiler, it will simplify 
operation to adhere strictly to the unit- 
system concept in the auxiliary-power 
supply and thus avoid such complications 
as providing bus ties between 460-volt 
busses which normally supply auxiliaries 
for different boilers. 


Relaying Selectivity 
For essential types of service such as 


power-station auxiliary drives, selective 
operation of feeder breakers and ‘trans- 


_ former-secondary breakers is desirable dur- 


ing fault conditions on the feeders. 
When a transformer-secondary, bus-tie, 
or group feeder breaker is to be selective 
with the feeder breakers it must not trip 
instantaneously. In this way the feeder 
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breaker is given an opportunity to trip 
and clear the fault, and therefore it must 
have an interrupting capacity at least 
equal to the available fault. Low-voltage 
air circuit breakers are all equipped with 
instantaneous trips, and thus any of these 
breakers in backup positions must be of 
sufficient rating so that their instantane- 
ous trips will not cause breaker operation 
on feeder faults. 

Power circuit breakers on motor cir- 
cuits usually are equipped with instan- 
taneous over-current relays for fault pro- 
tection; thus, the breakers in backup 
positions may be timed to he selective 
with respect to motor breakers and other 
feeder breakers. 

Table I summarizes the present breaker 
ratings which can be used with the trans- 
former ratings listed in Table II and can 
be expected to give selective operation of 
600-volt air circuit breakers during short- 
circuit conditions. The maximum setting 
of the nonadjustable instantaneous short- 
circuit trip on low-voltage air breakers is 
given in Table V. For convenience the 
ratings of 5,000-volt breakers for larger 
transformers also are included in Table I. 
The higher system short-circuit duties, 
encountered in this type of service, have 
been used in selecting these ratings. 

Cabinetrol equipments as normally 
applied are not selective with the group 
feeder breakers over a wide range of rat- 
ings. This will not be serious if all essen- 
tial motors, regardless of how small they 
may be, are supplied from their individual 
600-volt air circuit breakers. In some 
cases, small essential motors will require 
contactors because of the frequency of 
operation of their control. If such auxil- 


iaries are in duplicate, they may be sup- 
plied from two different Cabinetrol groups 
and in this way still meet the service reli- 
ability requirements. 

Selectivity of Cabinetrol as normally 
applied may be expected with certain com- 


Table VI 
Inter- 
rupting Maximum 
NEMA Interrupting Rating— Horsepower 
Size Element Amperes at 440 Volts 
1. USE Oi eae setae ocate 5O-O00.. autos T1/s 
re MSS tier sae aece lates SOOO reer 25 
Baie. usetech tT Esse 50,000...... 50 
1 Thermal air 15: D007 ieee 7/2 
2 circuit : OOO RG aso 25 
3 breakerst L5,000KK carer 50 
4 15,0008 Teas. 100 
Die Air circuit 
breaker s2.0.%,-% 25,000 es nate 200 


*The fusible-combination magnetic starters, when 
equipped with nonrenewable nonindicating National 
Electric Code fuses, are adequate for installing in 
circuits where the available symmetrical short- 
circuit current at the incoming-line terminals of 
the starter does not exceed 50,000 amperes and the 
short-circuit is at or beyond the load terminals of 
the starter. 


+ Where these combination magnetic starters with 
thermal air circuit breakers are supplied through a 
25,000-ampere 460-volt air circuit breaker, the 
starters may be applied on a bus having an available 
short-circuit duty of 25,000 amperes. 
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bination ratings. Fused Cabinetrol equip- 
ment at 460 volts up to and including 
size II will, in general, be selective with a 
25,000-ampere group feeder breaker. For 
larger-fused Cabinetrol units and for all 
Cabinetrol units using thermal air break- 
ers, a 25,000-ampere group feeder breaker 
can be expected to trip during a short- 
circuit. 

However, when selectivity of Cabine- 
trolin a wider range of ratings is desirable, 
it may be obtained either by choosing a 
group feeder breaker with a sufficiently 
high instantaneous setting or by using a 
series feeder reactor. Either of these 
approaches increases the spread between 
the available short-circuit current and the 
maximum instantaneous trip setting for 
the feeder breaker. 


Protective Features 


Instantaneous short-circuit protection 
is provided on all types of control equip- 
ment. Combination magnetic starters 
are equipped with either fuses or thermal 
air circuit breakers, and low-voltage air 
circuit breakers are equipped with in- 
stantaneous trips. Instantaneous over- 
current relays are also used on the Magne- 
blast air breakers. 

Inverse time-delay short-circuit pro- 
tection should be normally provided as 
backup protection on transformer-second- 
ary, bus-tie, and transformer-feeder cir- 
cuit breakers. When these breakers are 
of the 600-volt type, this feature prefer- 


ably should be obtained by using sepa-, 


rate relays with current transformers. 
On Magneblast breakers separate relays 
must be used. 

Thermal devices are available in all 
the types of equipments discussed, and 
their function is to provide inexpensive 
overcurrent protection for motors against 
stalled rotor and single-phase operation 
or prolonged overloads. They may be 


_ arranged either to trip the motor circuit 


S 


or to sound an alarm, and the opinions of 
operators are not uniform on this subject. 

When the thermal device is arranged for 
tripping, it opens the coil circuit on mag- 
netic starters; it acts directly on the trip 
element of low-voltage ait circuit breakers 
and on the larger breakers is used in con- 
junction with current transformers to 
energize the breaker shunt trip coil. In 
applications where a special thermal char- 
acteristic must be met, a separate thermal 
relay, energized from current transformers 
can be used to provide the trip function 
on any of the equipments. 

When alarm features only are desired, 
the thermal devices in all the equipments 
discussed can be arranged to sound an 
alarm instead of opening the motor cir- 


cuit. Since an alarm is of no use except 


where there is time to profit by it, this 
feature is of advantage only during over- 
loads and not during stalled rotor condi- 
tions and probably may be tolerable only 


on the smaller inexpensive motors. 
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A combination feature which gives 
alarm on overload and which trips on 
stalled rotor conditions is available. This 
consists of a thermal relay, energized 
from current transformers, and an over- 
current relay, which transfers the thermal 
relay from the alarm to the trip circuit 
upon the occurrence of excess current. 

Undervoltage time-delay protective 
features are sometimes desirable. A volt- 
age dip which drops out contactors and 
does not return to the required pickup 
value in a few seconds may damage the 
a-c operating coils of contactors equipped 
with undervoltage release, and protection 
against such a voltage dip may be ar- 
ranged to trip any of the feeder circuits 
having devices of this type. 

Differential protection of the main 
generator should be extended to include 
the normal auxiliary-power transformer. 
Generally, the ratios are not sufficient to 
allow the main differential relaying to de- 
tect faults in the auxiliary transformer; 


Figure 10. Typical master unit substation 


therefore an additional relay system 
should be provided for the auxiliary trans- 
former to trip the generator breaker, field 
breaker, auxiliary-transformer-secondary 
breaker, and, in some cases, the turbine 
stop valve. In addition, automatic 
throwover may be provided to energize 
the auxiliary bus from the starting supply 
whenever differential relays trip off the 
main source. This allows the boiler to be 
brought down under full control of its 
auxiliaries. 

It is common practice to operate 460- 
volt and 2,400-volt auxiliary-power sys- 
tems ungrounded but with ground indica- 
tion facilities. 


Lighting 


Station lighting can be economically 
taken from the 460-volt busses through 
one or more three-phase feeder positions. 
Single-phase dry-type transformers, of 
proper rating and number to balance the 
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feeder load, may be located about the 
station to supply the individual lighting 
circuits. By interspersing these circuits, 
the loss of one feeder for a short time will 
not be serious. 

It is customary to provide an emergency 
source of lights from a battery. This may 
be done by arranging the battery for 
automatic throwover to a fraction of the 
circuits which are again interspersed or 
by having an entirely separate emergency 
lighting circuit distributed over the area. 


General Station Service 
and Coal Handling 


Certain items, which are not directly 
associated with any one unit in the sta- 
tion, require power. These include coal- 
handling equipment, yard floodlighting, 
service water, machine shop, and cranes, 
and the amount of power required will 
vary widely for different plants. This 
power may be supplied from the auxiliary 
bus for the first unitin the plant, in which 
case provision should be made for an 
alternate source when additional units 
are added, or for the larger stations from a 
separate centrally located bus. It will be 


advantageous to supply this power from 


the higher auxiliary voltage since long 
cable runs are often involved. 


Calculation of 
Short-Circuit Currents 


In preparing the tabulated application 
guides, conventional methods of calculat- 
ing short-circuit kilovoltamperes and cur- 
rents were used. 

The interrupting rating of Magneblast 
air circuit breakers is customarily given in 
kilovoltamperes at acertain voltage. The 
relay and interrupting times for these 
breakers are such that induction-motor 


-contributions and offset currents may be 


neglected. Thus, the short-circuit kilo- 
voltampere is determined directly from 
transformer reactance and system react- 
ance beyond. In these applications the 
ratio of transformer reactance to system 
reactance is such that the system may as 
well be considered infinite. The momen- 
tary duty in these cases is obtained by 
multiplying the short-circuit kilovolt- 
amperes by 1.4 and also adding the induc- 
tion-motor contribution. 

The interrupting rating of low-voltage 
air circuit breakers is the rms current 
averaged for the three phases and deter- 
mined at the first half cycle, which is the 
time at which contacts part. This aver- 
age value is determined by applying the 
multiplying factor of 1.25 to the sym- 
metrical contribution through the trans- 
former and then adding the contribution 
of induction- and synchronous-motor 
loads. The motor contribution is custom- 
arily taken into account by adding five 
times the connected motor load, which, in 
these applications, will be approximately 
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Figure 11. Typical load-center unit substation 


five times the transformer rating. The 
momentary duty for this class of breaker 
is considered to be equal to the interrupt- 
ing duty. 

The interrupting rating of 600-volt 
fusible-combination magnetic starters is 
given in amperes based on the available 
symmetrical short-circuit amperes. This 
value may be obtained in a similar manner 
to that for low-voltage air circuit breakers, 
except omitting the 1.25 factor. 


Location of Equipment 


In steam-electric stations the major 
part of the power is used at or near the 
boiler. There is usually space available 
in the bay between the boiler plant and 
the turbine room where the auxiliary- 
power-system equipment can be advan- 
tageously located. This location should 
result in short powerand controlcableruns. 
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In the smaller plant where the power is 
supplied entirely at 460 volts, the com- 
plete switchgear and associated stepdown 
transformer may well be at one central- 
ized location. The Cabinetrol may be at 
a remote location near a group of small 
motors which it serves. 

In the larger plant where a dual-voltage 
system is used, the 2,400-volt switchgear 
logically should be at a central location in 
the plant. The 460-volt load-center units 
and Cabinetrol panels may be at remote 
locations near the load they serve. If the 
normal starting transformer is of moder- 
ate rating, consideration should be given 
to placing it at the centralized location, 
where it can be combined readily with the 
2,400-volt switchgear into a unit sub- 
station. When the normal transformer is 
in the larger ratings, it will be located out- 
doors in most cases. Similarly, the start- 
ing transformer will be located outdoors, 
since it generally will be energized from 
the high-voltage bus, and in this way long 
high-voltage cable runs may be avoided. 
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Appendix 


Transformer Ratings 


Table II lists the standard transformer 
ratings which will be used normally for this 
type of service. 


5,000-Volt Switchgear Equipments 


Metal-clad switchgear, with electrically 
operated removable oilless circuit breakers, 
is available in the ratings shown in Table III. 


Combination High-Voltage 
Fused Contactors 


Metal-enclosed contactors with high-in- 
terrupting-current limiting fuses and with 
air or oil-filled contactors are available in 
the ratings shown in Table IV. 


600-Volt Switchgear Equipments 


Metal-enclosed low-voltage switchgear, 
with electrically operated drawout air circuit 
breakers have the ratings shown in Table V. 


Combination 600-Volt 
Magnetic Starters 


Combination magnetic starters with 
either fusible disconnects or thermal air cir- 
cuit breakers are available for use as low- 
voltage motor starters. These starters are 
available in the ratings shown in Table VI. 
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Systems and Tie Lines 
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Synopsis: This is a study of high-voltage 
underground-cable systems, consisting of 
the cable line and the terminal equipment 
at each of its ends. The study undertaken 
indicates the economic zone of application 
of cables and attempts to find an economic 
relationship between the voltage and the 
block of power transmitted over distances 
up to 15 miles. Thirty transmission lines 
have been designed using both the solid and 
the oil-filled cables. The lines can be 
considered as either transmission links 
with a unidirectional power flow or as tie 
lines between large metropolitan steam- 
power stations. The prices of under- 
ground cable and terminal equipment were 
obtained from manufacturers, and refer to 
the 12-month period immediately preceding 
World War II. The costs of various system 
parts, as installed on foundations, were ob- 
tained from the study of actual construction 
projects in different parts of the country and 
reduced to the 12-month period. The sys- 
tem capital cost and its annual cost are an- 
alyzed separately. The quantities of major 
equipment items in each system are given, 
and costs of major equipment groups, or of 
major items, are represented on a percentage 
basis. Such a representation permits the 
estimating of the cost of an underground line, 
or of the entire transmission project, when 
copper prices and the cost of equipment 
differ from those taken in the study. 


HE RECORDS of engineering 

thought and development as re- 
flected in the technical literature show 
that some 20 years ago there was dis- 
played in the United States a great in- 
terest in the newly developed oil-filled 
cable. At that time 138-kv oil-filled 
cable was being installed in the United 
States and abroad. Since then ex- 
tensive installations of this cable have 
been made, and the art has taken several 
steps forward—not only by developing an 
oil-filled cable for 230 kv but by evolving 
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the gas-pressure cable and the Oilostatic 
system. The most notable installation of 
the 230-kv cable took place in France 
around the year 1936 when the intra-Paris 
cable 11.6 miles long was installed.'~* 
Cables of the newer type have also been 
placed in a few initial installations and 
may be considered as-having amply 
justified their development. 

The economic phase of underground 
transmission systems, however, did not 
receive during these years the attention 
given to the technical end of this problem. 
The only outstanding record in the litera- 
ture is the study made by Roper* in 
1931. In view of this, therefore, it seems 
that an economic study of this problem 
may be in order. : 

This study covers underground power- 
transmission and tie lines using impreg- 
nated-paper-insulated cables of the so- 
called solid and oil-filled types. Cables of 
other designs, such as the Oilostatic sys- 
tem in which the cables are installed in a 
pipe and maintained under a 200-Ib.-per- 
square-inch oil pressure, or the high- 
pressure gas cables installed in a pipe or 
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COST PER KVA TRANSMITTED 


100 200 300 400. 500 600 
SYSTEM RATING-MVA 


Figure 1. Capital cost of the entire system, 
including terminal substations, per kilovolt- 
ampere transmitted 


..15..230... Oil-filled cable 
..10. .230... Oil-filled cable 
..15..138...Oil-filled cable 
..10..138...Oil-filled cable 
..15.. 69...Oil-filled cable 
..10.. 69...Oil-filled cable 
..15.. 69....Solid cable 

...10.. 69....Solid cable 


The first figure represents transmission distance 
in miles; the second, kilovolts of transmission 
voltage 
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drawn into ducts, have not been con- 
sidered, as at the time of preparation of 
this paper cost data on both systems were 
not available. It has been stated, how- 
ever, that their over-all costs compare 
very favorably with those of an oil-filled 
system, showing costs in some cases 
smaller and in other cases slightly higher 
than those of an oil-filled system. It ap- 
pears, therefore, that when a study is to 
be made of the cost of a projected under- 
ground power-transmission system con- 
sideration also must be given to these 
systems. 

No attempt has been made to compare 
the economics of the underground and the 
overhead lines of equal length and equal 
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COST PER KVA~MILE—D 
f° ‘ 


100 200 300 400 §00 600 
SYSTEM RATING—MVA 
Figure 2. Capital cost of the entire system, 
including terminal substations, per kilovolt- 
ampere-mile 


For explanation of identification letters, see 
Figure 1 


COST PER KVA TRANSMITTED—DOLLARS 


100 200 300 400 500 600 
SYSTEM RATING—MVA 


Figure 3. Capital cost of the transmission line 
per kilovolt-ampere transmitted | 


For explanation of identification letters, see 
Figure. 
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100 200 300 400 500 600 
SYSTEM RATING—MVA 


Figure 4. Capital cost of the transmission line 
per kilovolt-ampere-mile 


For explanation of identification letters, see 
Figure 1 
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block of power transmitted. The systems 
differ from those studied by Roper in 
that in all cases they have terminal sub- 
stations at both ends; they are studied 
and analyzed, however, both as complete 
systems with terminal equipment in- 
cluded, and as underground cable lines 
alone. The indirect expenses, which 
seem to have been purposely left out of 
Roper’s study, are included in this paper. 
The general structure of the present study 
is similar to that used by the writer in his 
study of the costs of overhead power- 
transmission systems.’ Therefore only an 
outline of the approach to the problem 
will be given here, and for a detailed 
method of analysis the reader is referred 
to similar parts of the other paper. 

The underground systems investigated 
in this paper have no definite geographic 
location. The prices taken are those pre- 
vailing in the years preceding World 
War II. The prices of equipment are 
obtained from the manufacturers, and 
the cost of land, structures, substation 
secondary equipment, labor, and installa- 
tion on foundation were obtained from 
various public-utility companies and from 
the literature. All these data were re- 
duced to the common one-year period, 
with appropriate labor indexes being used. 
Irrespective of the variations in costs of 
particular items, the relationship between 
the costs of individual systems will re- 


main basically unchanged. The study of 
the transmission of various blocks of 
power at two different voltages permits 
one to obtain the relationship of the volt- 
age, the transmission distance, and the 
most economical block of power trans- 
mitted. It shows the general trend of 
high-voltage underground-system costs 
and defines the economic zone of applica- 
tion of the various cables studied. 

The system capital and annual costs 
are calculated and analyzed separately. 


System Description 


The study covers 30 systems rated at 
50,000 to 600,000 kva and transmitting 
power over one to four circuits of under- 
ground lines 10 and 15 miles long, at 
voltages of 69, 138 and 230 kv, at 60-cycle 
frequency. The systems are lines in 
metropolitan areas transmitting from 
steam-power stations, or lines tying in 
two great metropolitan load centers and 
permitting power to be transmitted in 
both directions. The transformer kilo- 
volt-ampere capacity is assumed to be 
slightly greater at the sending end of the 
system. 

The 69-kv cables are of both solid and 
oil-filled type, and al! the 138-kv and 
230-ky cables are oil filled, all cables being 
single-conductor cables. The under- 
ground lines are connected to high-voit- 


age busses at both ends, and at no inter- 
mediate point are they connected to over- 
head transmission lines. Since the lines 
pass through metropolitan areas, there is 
no right-of-way problem, the assumption 
being made that permission to dig the 
trenches will be obtained from the 
municipalities. 

The system and cable data are given in 
Table I. 

The systems as taken in this study in- 
clude the underground line, completed 
with all accessories, and the sending and 
the receiving substations. All systems 
have high-voltage busses and high-voltage 
circuit breakers at both ends of the sys- 
tem. All single-circuit systems have a 
single nonsplit high-voltage bus. The 
149,700-kva-rated systems, with two cir- 
cuits, have a single bus, splitin two. For 
systems rated from 247,500 to 600,000 
kva, double busses are provided; these 
busses are split into as many sections as 
there are circuits in the system. The load 
assumed on the system for the purpose of 
calculating the circuit-breaker interrupt- 
ing capacity is at both system ends. The 
total load is the function of the block of 
power transmitted,® 60 per cent of the 
total being placed at the system receiving 
end, and the remaining 40 per cent at its 
sending end. 

The underground lines have standard 
relay protection. Lines with solid cable 


Table I. List of Systems Designed—Type and Size of Cables 
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The system identification number is kept throughout. the entire study. 
The 69-kv and 138-ky oil-filled cables have an 0.500-inch hollow core, 
‘#Systems U-45a and U-46a have two duct banks, two circuits per duct bank. 
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and the 230-kv cables have an 0.690-inch core. 
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Table Il. 


System Major Equipment Items 


nn 


———— 


High-Voltage Oil High-Voltage Air- 
Circuit Breakers— Break Disconnectors— 


System Sending-End Receiving-End Number of Breakers Total Number in 
Identification Transformers— Transformers— in System and Their System and Their 
Number TotalSystem Kva TotalSystemKva Interrupting Capacity* Ampere Ratingt 
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Sending-end and receiving-end transformer kilovolt-amperes include spare transformer capacity as follows: 
Systems U-33a to U-40a, inclusive, have one single-phase spare unit; systems U-40la to U-44a, inclusive, 
have a spare three-phase bank. Systems U-44la to U-46a, inclusive, have no spare kilovolt-ampere 
capacity, their transformers permitting a 25-per-cent overload for two hours (Overload accounted for in 


system cost). ( 


*First figure indicates number of three-phase oil circuit breakers; second figure indicates breaker inter- 


rupting capacity in megavolt-amperes. 


{First figure indicates number of three-phase air-break disconnectors; second figure indicates disconnector 


current rating. 


Figure 5. Division of capital costs of sending 

and receiving substations into their major com- 

ponent parts, in transmission systems ten miles 
long 


A—Land 

B—Structures 

C—Power transformers 

D—High-voltage switching and protective 
equipment ‘ 

E—Low-voltage switching, protective and 
control equipment 

F—Auxiliary substation equipment 

Dash-and-dot lines represent those parts of 

the receiving-end substation which differ sub- 

stantially from the sending-end percentages 
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are provided with a relay cable (pilot 
wire), and the oil-filled-cable lines have 
an oil-signal cable for each power-cable 
circuit. Two wires of the relay and the 
oil-signal cables are used for communica- 
tion purposes. 

The system major equipment items are 
given in Table II. 


General Principles of System Design 


Since the systems studied are parts of 
existing metropolitan systems, the posi- 
tion is taken that no other transmission 
systems in the vicinity depend on them 
for continuity of operation, but rather the 
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reverse is the case. Therefore the under- 
ground lines are designed to have as many 
circuits as are necessary for the trans- 
mission of the specified block of power, no 
provision being made for- spare circuits or 
spare single cables. 

Voltages at which transmission is being 
effected are those which appear suitable 
for the particular block of power trans- 
mitted. No attempt is being made to 
secure the economical loading of cables 
for a certain cyclic load. However, the 
accepted annual load factor, loss factor 
relationship,®”’ is used throughout the 
study. The selection of the cable copper 
cross section is made from temperature 
considerations, calculations being based 
on the cable summer rating. No credit is 
given for the charging current of cables. 

A study of underground transmission 
systems shows that stability is no problem 
in these systems, neither steady-state 
nor transient stability. Therefore round- 
rotor machines of standard design are ap- 
plicable, no stability-improving devices 
are required, and standard breakers are 
used of eight-cycle opening time. For 
this reason, as well as for voltage regula- 
tion purposes, no synchronous condensers 
are placed at the receiving end of the sys- 
tem. Voltage drop in an underground 
line being very small, voltage is assumed 
to be controlled by adjustment of the 
reactive power of the receiving-end steam- 
station generators, supplementing the 
plus—minus-ten-per-cent load-ratio con- 
trol of the receiving transformers. 

System rating is expressed in kilovolt- 
amperes and is equal to the rating of all 
cable circuits. The rating of terminal 
equipment installed is obtained by adding 
to the system rating all the losses in all 
parts of the power-transmission system, at 
appropriate power factors. 


Figure 6. Division of capital cost of the trans- 
mission line into its component parts, in trans- 
mission systems ten miles long 


A—Cables : 

B—Cable accessories 

C—Duct banks 

D—Manholes 

E—Bonding 

F—Equipment for communication and relaying 
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Underground-Line Design Data 


In choosing the size of the underground 
cable required for the transmission of a 
certain block of power, the maximum al- 
lowable temperature of cable insulation is 
taken as the determining factor, This 
temperature is taken at 60 degrees centi- 
grade for the solid cables, and at 70 de- 
grees centigrade for the oil-filled cables, 
with the base temperature of the earth 
at 20 degrees centigrade. Losses and 
voltage drops are taken as obtained for 
these current-temperature conditions. 

The selection of the 69-kv solid cables 
is made on the basis of the Insulated 
Power Cable Engineers’ Association 
tables,’ for cables laid in ducts, for 100- 
per-cent daily load factor. The kilovolt- 
ampere rating of these cables is taken for 
current-carrying capacities as given in 
these tables. The selection of the 69-kv, 
138-kv, and 230-kv oil-filled cables is 
made from data ‘obtainable in litera- 
ture® 1° and from tables supplied by the 
cable manufacturers. In every case 
tables were used for cables laid in ducts, 
and where the cable winter rating is 
given the ratio of summer to winter 
rating was taken at 0.85. There being 
no standards for the current-carrying ca- 
pacity of the oil-filled cables generally 
accepted by the industry, in the same 
sense as are accepted the IPCEA tables 
for solid cables, the current rating of 


COST PER KWHR-MILS 


300 400 
SYSTEM RATING—MVA 


100 200 500 600 
Figure 7. Cost of the entire system, including 


terminal substations, per kilowatt-hour 


For explanation of identification letters, see 
Figure 1. All costs at 50 per cent annual load 
factor except as follows: 


Ci... 15. . 138 at 35 per cent 
C2...15..138 at 75 per cent 
annual load factor 


these cables is taken as obtained by calcu- 
lation for each case; and the kilovolt-am- 
pere rating of the oil-filled cables is based 
on the permissible current calculated. 
For the calculation of permissible cur- 


rent-carrying capacities, the insulation 
thickness, thickness of lead sheath, and 
the dielectric power factor of cables were 
taken as recommended by the Association 
of Edison Illuminating Companies! and 
as given by the manufacturers. The cal- 
culation of the cable outside diameter, of 
its geometric factor, of the thermal re- 
sistance to J?R loss and to dielectric loss 
between conductor and base, the calcu- 
lation of current rating and of the cable 
three-phase dielectric loss were made as 
recommended by Simmons.’ 

All cables have special bonding.'4 
Sheath voltage per length of cable be- 
tween manholes was calculated, and 
wherever this voltage at rated current 
loading exceeds 11 volts the series im- 
pedance bonding is used. Bonding trans- 
formers are installed in the manholes for 
the joints. The percentage residual 
sheath losses allowed after special bond- 
ing is 5 in 69-kv cables, ten in 138-kv and 
20 in 230-kv cables. 

In determining the number of normal 
joints and stop joints, the practice 
recommended by cable manufacturers 
and given in the literature?® was followed. 
The length of a section for oil-filled cables 
is taken at one mile; lines are assumed 
to be of a substantially level profile. 
The distance between manholes for solid 
cables is 754 feet, and for oil-filled cables 
660 feet. The pilot-wire and oil-signal 
cables are placed in separate ducts, so 


Table Ill. Ducts, Manholes, and Cable Accessories 
4 
Reservoirs—Type, Capacity, and Number in 
Joints, Number Ducts Manholes, Number in System System* 
System in System Conduit - Number of For For For cc— AC— DC— 
Identification Normal Stop Size, Ducts ina Normal Stop- Reser- Feeder or Gas-in-Cell Oil-in-Cell 
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In all the oil-filled cables seven normal joints and one stop joint per mile are used. , 


Number of normal joints in 69-kv solid cables is seven per mile. ¢ ! 
All manholes and duct banks paved with eight-inch concrete. 


All manholes are of straight type, made of concrete. 


4 b 


“*First figure indicates number of reservoirs in system; second, the reservoir unit capacity in gallons. 
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that in each system a duct bank has one 
more duct than there are single-conductor 
cables. Separate manholes are provided 
for normal joints, for stop joints, and for 
the reservoirs. Three types of reservoirs 
are used—the CC, AC, and DC types. 

The detailed data on ducts, manholes, 
and cable accessories are given in Table 
Ill. 


Method of Estimating System 
Capital Cost 


For the purpose of estimating the capi- 
tal cost, the system is divided into the 
following three groups: 


1. The sending-end substation. 
2. The underground line. 
8. The receiving-end substation. 


The subdivisions of the groups are 
shown in Table IV, which gives a typical 
calculation of system capital cost. 

The capital cost of each group is ar- 


rived at in the following manner:® The 
cost of all equipment (material) is ob- 
tained from the manufacturers. In 
cases where the cost of freight and de- 
livery to site of erection is not included, 
certain percentages are added to account 
forit. On top of this, a percentage is 
added to cover costs of labor and installa- 
tion on foundation; this percentage is 
determined from actual projects and varies 
with the type of equipment and volt- 
age. In this fashion the costs are deter- 
mined of structures, of high- and low- 
voltage switching, protective and control 
equipment, and of the auxiliary substa- 
tion equipment. To the cost of equipment 
as installed on foundation, two more items 
are added: the indirect expenses and the 
cost of money during construction. To 
cover the indirect expenses, 22.5 per cent 
is added. The cost of money is taken at 
six per cent for one-half the length of the 
construction period, which is taken at six 
months for all the systems under study. 


Table IV. Typical Calculation of Total System Capital Cost—System U-41a 


In Dollars 


Cost of Item 
as Installed 


Cost of (on Foundation 
Item as Where Needed) 
Delivered Including Labor Group 
(Material) Cost Cost 
1. Sending substation 
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1.5 Low-voltage switching, protective, and control equipment................. 500,000 
1 OMA Xillary Substation Equipment! istivrrias «cele cre. omleldies 4 os c+ MEM ORIO aw Oot om 154,000 
2,163,750 
Mietdirecteexpen sess mists. s)ovel oie crates sicltys eele/eioleys ovatasekesataaslorsaaMaransifer «cast aamia saath 486,850 
: Costiof money uritngCONStLuChiOIns oreo eisio.e 0 aa svsnersis ssw oosneye-ausiwinirlie « sinieie 39,800 2,690,400 
2. Line 
Orla nderctoune ables Pesce a srtaie secieiseeciaieh Stele. fete Due cae 669,000....... 669,000 
2.2 Cable accessories* 
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Dy22 soint’s He adkenaed tue sire eM sterens,. Smisteis Seed ee oe 645100....2% 2 64,100 
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3. Receiving substation 
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System U-41a is rated at 255,000 kva. 


Power is transmitted over a distance of 10 miles, at a voltage of 


138 kv, over two circuits of a 750,000-circular-mil oil-filled cable. 


Construction period taken at six months. 
half construction period. 


Cost of money during construction taken at six per cent for one- 


*Cost of duct banks includes the cost of laying cable and affixing terminals, Cost of manholes includes 


affixing joints and placing reservoirs. 
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COST PER MILE PER KVA-YEAR—DOLLARS 


100 200 300 400 500 600 
SYSTEM RATING—MVA 


Figure 8. Cost of the entire system, including 
terminal substations, per mile per kilovolt- 
ampere-year at 50 per cent annual load factor 


For explanation of identification letters, see 

Figure 1. Costs per mile per kilovolt-ampere- 

year at 35 and 75 per cent annual load factors 

differ very little from the cost at 50 per cent 
annual load factor 


All prices are based ona cost of copper 
of 10!/gs cents per pound of ingot copper, 
and on a cost of lead of 4.6 cents per pound, 
fob, New York. Cost of fabricated steel 
of shapes involved in substation struc- 
tures is taken at $102 per ton, fob, Pitts- 
burgh. 

The kilovolt-ampere rating of power 
transformers at both ends of the system 
having been increased to cover appropriate 
losses in system parts, the losses thus 
become capitalized. 


Discussion of System Capital Cost 


Capital cost of the systems under study 
is calculated per kilovolt-ampere trans- 
mitted and per kilovolt-ampere-mile for 
the system as a whole, including terminal 
substations, and for the underground line 
alone. The total capital cost figures are 
given in Table V. The capital cost of the 
entire system is represented in Figures 1 
and 2, and that of the transmission line in 
Figures 3 and 4. The costs of major sub- 
divisions of the costs of the substations 
and of the transmission line, in per cent 
of their total costs, are represented in 
Figures 5 and 6. 

The results obtained show that there is 
a definite relationship between the block 
of power transmitted (system rating) and 
the transmission voltage. As the block of 
power transmitted increases, the cost of 
the entire system and of the transmission 
line per kilovolt-ampere and per kilovolt- 
ampere-mile at first decreases; then, hav- 
ing reached a certain minimum, it in- 
creases again, The most economical 
block of power, therefore, is not the larg- 
est that may be transmitted with a certain 
type of cable at a certain voltage. 

At a rating under 65,000 kva the 69-kv 
solid cable is unquestionably the most 
economical. As the system rating in- 
creases, the 69-kv oil-filled cable comes 
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Figure 9. Cost of the transmission line per 
kilowatt-hour 


For explanation of identification letters, see 
Figure 1. A\lll costs at 50 per cent annual load 
factor except as follows: 


C1...15..138 at 35 per cent 
C2...15..138 at 75 per cent 
annual load factor 


definitely into the picture. The over-all 
cost of the entire system, and of the un- 
derground line alone, for this cable is the 
lowest when somewhat over 100,000 kva 
is transmitted. With system ratings 
above 65,000 kva and up to almost 
100,000 kva there is very little difference 
in the cost of the underground line alone 
whether a 69-kv oil-filled or a 138-kv cable 
is used; with still higher system ratings, 
a 138-kv oil-filled cable is very much 
more economical. When, however, the 
system as a whole is considered, the lower 
cost of the 69-kv terminal equipment ex- 
tends the application of the 69-kv oil-filled 
cable up to ratings as high as 125,000 kva. 
For the 138-kv oil-filled cable the over-all 
cost of the entire system is the lowest 
when about 150,000 kva is transmitted; 
for the cable line alone the lowest cost is 
obtained with a transmission of about 
200,000 kva. The different economical 


power limits in the two cases, when the - 


costs of the entire system and of the trans- 
mission line alone are-considered, is due 
to the high cost of the terminal substa- 
tions compared with the cost of the under- 
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Figure 10. Cost of the transmission line per 
mile per kilovolt-ampere-year at 50 per cent 
annual load factor 


For explanation of identification letters, see 


Figure 1. Costs per mile per kilovolt-ampere- 

year at 35 and 75 per cent annual load factors 

differ very little from the cost at 50 per cent 
ee _ annual load factor 
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ground line in systems of this voltage. 
The 138-kv oil-filled cable may be eco- 
nomically applied for transmission up to 
somewhat over 300,000 kva when the 
underground line alone is considered; and 
it may be used up to 375,000 kva when 
the entire system is evaluated, including 
the terminal substations. When still 
larger blocks of power are transmitted, 
then either a 230-kv oil-filled cable may 
be used, or the block of power should be 
split into a greater number of 138-kv oil- 
filled-cable circuits. Within the econom- 
ical range of power quantities investi- 
gated, the cost of transmission with the 
230-kv cable changes rather little. It is 
quite likely, however, that as the block of 
power exceeds 600,000 kva, the trans- 
mission costs will rise again, and either a 
different type of cable will have to be se- 
lected or an increased number of circuits 
will have to be used. The differences in 
the cost of transmission, as affected by 
the magnitude of the block of power, on 
the one hand, and the type and voltage 
of cable, on the other hand, are so great 
that a thorough study of any project is 
certainly warranted. 

The division of the system capital cost 
into its three component groups, given in 
Table V, shows that in the great majority 
of cases the underground line is the largest 
cost item in the total cost, the percentage 
cost depending on the relationship be- 
tween the total cost of the line and the 
cost of the terminal equipment required 


for the transmission of the block of power 
involved. The analysis of the costs of the 
substations, given in Figure 5, shows that 
the power transformers constitute the 
largest cost item of both the sending and 
the receiving substations in all the sys- 
tems except the two rated at 600,000 kva, 
where the circuit-breaker interrupting 
capacity is so high that the cost of the 
high-voltage switching equipment exceeds 
that of the power transformers. The per- 
centage division of the capital cost of the 
transmission line into its main component 
parts, given in Figure 6, indicates that in 
the systems rated at 106,000 kva and 
more the cost of the underground cables 
forms the largest item of the cost of the 
line. Only in systems of smaller rating 
the cost of the duct banks represents the 
largest of all items; this is due to the 
high proportion of labor costs in the duct 
banks. The cost of cable accessories in 
the 230-kv oil-filled cable lines is very 
much higher than that in the 69- and 138- 
kv cable systems. 

The percentage division of the capital 
cost into its component parts makes it 
possible to evaluate the effect of changes 
in the cost of system parts or in the cost of 
basic materials, when it is desired to con- 
sider costs different from those employed 
in the paper. By multiplying the per- 
centage change in the cost of a particular 
item, or, for example, in the price of cop- 
per, by the corresponding percentage 
given for that item in the figures, the de- 


Table V. Capital and Annual System Cost 


In Thousands of Dollars 


Total Annual 
System Cost at 
System We Capital Cost 50-Per-Cent 
Identification Entire Sending Receiving Transmission / Annual Load 
Number System Substation Substation Line Factor 
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The total annual system cost at 35- and 75-per-cent annual load factors closely approximates the cost at 


the 50-per-cent factor. 
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Table VI. Annual Fixed Charges and Annual Expenses for Maintenance and Operation on 
System Parts 
In Per Cent of Their Capital Cost 
Annual Fixed Charges 
= Annual 
Depreciation Interest Expenses for 
and on Money Maintenance 
Item Taxes Insurance Obsolescence Invested Total and Operation 
Sending substation.......2.0......,0.4 1.823. AUO Metal MORSP-B te Benccg antes 2.0 
Transmission line........ Dears cw ceed. Aitcktekis 1.823. 640% ley QYBZSi Bide. se). 1.3 
s 0 0.5 1.823. BG, OF 718; B23) ee, ae 2.0 


Receiving substation.....2.0....... 


Charges for depreciation and obsolescence calculated by the sinking-fund method, at six per cent per annum 


money cost, for a 25-year life span of all system parts. 


sired changes may be evaluated® and ap- 
plied, on a percentage basis, to the calcu- 
lated costs per kilovolt-ampere or kilovolt- 
ampere-mile. Changes in the system de- 
sign, in the accepted permissible current 
rating for particular cables, or in the 
amount of equipment used, changes in the 
percentage allotted to cover the indirect 
expenses, or in the cost of money during 
construction, may be similarly introduced. 


Method of Estimating System 
Annual Cost 


The system annual cost is taken as the 
sum of the annual fixed charges and the 
annual operating expenses and is calcu- 
lated for annual load factors of 35, 50, 
and 75 per cent. Both the annual fixed 
charges and the annual expenses for main- 
tenance and operation are calculated as 
percentages of the capital cost separately 
for each of the three major groups into 
which the capital cost structure is divided. 
These are givenin Table VI. The cost-of- 
energy loss, forming a separate part of the 
annual operating expenses, is taken equal 
to the sum of the cost of generation and 
the cost of transmission. 


Figure 11. Division of annual cost of the 

entire system, including terminal substations, 

at 50 per cent annual load factor, in transmis- 
sion systems ten miles long 


A—fixed charges 

B—Expenses for maintenance and operation 

C—Cost of energy loss 

Division of annual cost at 35 and 75 per cent 

annual load factors differs very little from that 
at 50 per cent annual load factor 
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The capital cost of the steam-power sta- 
tion is taken at $100 per kilowatt for all 
systems designed. The annual fixed 
charges of the power plant are taken at 
the same rate as for the substations of the 
system, that is 10.323 per cent. The cost 
of maintenance and operation of the 
power plant consists of three parts: 
fixed operating costs, taken at $1.25 per 
kilowatt per year; variable maintenance 
costs, which at the annual load factors of 
35, 50, and 75 per cent are taken corre- 
spondingly at $0.875, $1.25, and $1.85 per 
kilowatt; and operating supplies (labor) 
taken at 0.25 mills per kilowatt-hour. The 
cost of fuel at the annual load factors of 
35, 50, and 75 per cent is taken corre- 
spondingly at 1.897, 1.795, and 1.70 mills 
per kilowatt-hour. 

The losses in various system parts are 
given in Table VII. For simplification 
purposes, losses in the underground-cable 
line have been taken as fully dependent on 
load, although, strictly speaking, this is 
not entirely correct, especially in the 230- 
kv cables. It will be observed from the 
table that losses in the cable line represent 
the largest single item of the system losses. 
A careful design of the cable line is there- 
fore exceedingly important. 

The cost of energy loss per kilowatt- 
hour for the entire system is given in 
Table VIII. Itis calculated for an 85-per- 
cent power-factor load. 


Discussion of System Annual Cost 


The total annual system cost at 50- 
per-cent annual load factor is given in 
Table V. The cost of the entire system 
per kilowatt-hour (at 85-per-cent power- 


factor load) and per mile per kilovolt- 
ampere-year is represented in Figures 7 
and 8. Corresponding costs for the 
underground transmission line are given 
in Figures 9 and 10. ; 

The shape of the annual-cost curves is 
similar to that of the capital-cost curves, 
because the annual fixed charges form the 
largest part of the total annual cost. In 
view of this, identical conclusions may be 
drawn from the annual-cost curves as 
from the capital-cost curves. 

The division of the annual cost into its 
three major component parts at the 50- 
per-cent annual load factor is given in 
Figure 11 for the entire system and in 
Figure 12 for the underground line alone. 
The fixed charges form by far the largest 
percentage of the total annual cost. Any 
changes which may take place in the 
capital cost may be introduced into the 
annual cost through the percentages 
which the fixed charges form of the total 
annual cost. Similarly, the effect of 
changes which it may be desired to make 
in the rate of taxes; in the insurance, in the 
rate of depreciation and obsolescence, or 
in the interest on money invested may be 
estimated easily. When the mainte- 
nance and operation costs, the cost of the 
energy loss, or the cost of generation are 
other than those taken in the study, their 
effect on the annual cost of the entire 
system, or on the cost of the underground 
line alone, may be evaluated in like 
fashion. 


Effect of Design Conditions and 
Economic Factors on System Cost 


Within the scope of this paper it is im- 
possible to estimate the effect which the 
modification of the various design condi- 
tions adopted and of the economic factors 
assumed in the study would have on the 


Figure 12. Division of annual cost of the 
transmission line at 50 per cent annual load 
factor, in transmission lines ten miles long 


A—Fixed charges 

B—Expenses for maintenance and operation 

C—Cost of energy loss 

Division of annual cost at 35 and 75 per cent 

annual load factors differs very little from that 
at 50 per cent annual load factor 
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cost of the system or on the cost of the 
transmission line. 

Among the design conditions affecting 
the cost is the condition of service re- 
liability. This could have been modified 
either by installing an extra single-con- 
ductor cable, or by requiring that systems 
carry full load with a loss of one circuit. 
The length of the oil-filled cable section 
and the number of joints and manholes 
assumed per mile could be changed in 


Table VII. 


terminal equipment, of the underground 


cable, of labor, and installation on 
foundation; financial methods of cost 
estimates; annual fixed charges; and 


the cost of maintenance and operation, 
may also vary from those taken in the 
study and may affect the system cost. 
In estimating the magnitude of error in 
the final cost figures of this study, it may 
be said that the error in the design is very 
likely less than ten per cent. Of the same 


System Losses in Kilowatts 


Losses Independent of Load 


Losses Dependent on Load 


System Sending- Receiving- Sending- Receiving- 
Identification End Trans- End Trans- Total End Trans- End Trans- Total 

Number formers formers Losses Line formers formers Losses* 
225 € |) Dye Ae a aed 194. Rides 37 ek. ye as 291 

W3dla MRSS LOG ene PR: 176". 37 15206). (028). 281. 

Passa UME Mas 230. yt Te ad 4 1,040))4.0:5 55 344. 

U-35a 195. Eetes ee oe 3 LOS). ciao 293. 

U-351a 193.. ATG mn 369. WSLS diac 289 

Ce SOG ean tetas 231.. 215.. 446. ‘lp ct aia 347. 

WESBL ase. S50 269.. A lpepaee aia a a20. ees STU 2 402 

UF -S6 26 un ees ees 270. » Fi, ae ee 52 Sf SOB ia oe sui 405. 

(ES Tee Oe oe Ug i 2ay 120 2 ce. 413 

ie) ae 278.. 255 OSs 2.4 417. 

eos Ghia. aise. cine 358. 345 O55 ae 536. 

(OSS yA eee = 1 ee 353 1433)..> 2153 549. 

OS pee ae eS 361. 341 i ba io eee = 541 

PFSO8 S, aie nin, seek 359. 345. 1,433.5 ¢2le 537. 

GSO Bich a cede 368. 353 2A SBO, x sy beves 552 

P-AQ Gig cee Bh.0 363. 341 UGGS oy. oat 546 

PAO EOS oS 533: 498. TSA 799. 

a, 535. 498. DA07 Gomerete.. ¢ 803.. 

PU AOSGE «Joe atne: Bote = 23s 498. 2A7BIESA 804. 

Ce AOke..* STAI. SBS... 210 5 498 | SOO teen io 809. 

U-405a eer 527. 12155 ...5 818. 

LEANG A, FeSO . 548... 527. a ee 822. 

U-Ala 845.. 840. 1 884.540": 1,373 

At ef. ee 732. 705. 1484 ok. ots 1,100 

(VEE NS phot aes 840. Ber B27 Berek. 1;836:3. 

Pi AMG Ate cwty Pde’ WE OES TOs seve > 705. POU; Wea TOs ; 

yy JS. 1s i pee i et TOTO. ean tied OS 147105. Sita AAO OOM tome eels 

Pes AP a gurzeien RITA. Ae FBG 5. OS fy aa 1,906 

(Ee ee ee art! | a eee p DB ht ee re! aes OY ees 2,665 ; 

DD Ds nw AGO f wteke ca D.G70 2 ona Me DOO ot nave ot Opie 
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Line losses are the sum of copper losses and dielectric losses in cables. 


*These include losses in the current-limiting reactors. 


either direction. The power factor of the 
load could be taken other than the as- 


sumed 85-per-cent lagging power factor, 


with its consequent effect on kilowatt- 
hour cost. Self- instead of water-cooled 
power transformers could be used, and 
their spare capacity could be modified. 


Finally, the system of high-voltage busses ° 


and their sectionalization, the number of 
high-voltage circuit breakers and their 
interrupting capacity, calculated for a 
certain assumed load, could be made 
somewhat different from those taken in 
the study. f 

The method of cost estimating has by 
itself an important bearing on the final 
cost. For example, had the winter rating 
been used for the cables instead of the 
summer rating, or had credit been al- 


‘lowed for the charging current of the 


underground cables, the total costs could 
have been appreciably lowered. The 
various economic factors, such as the 


price of copper and lead; cost of the 
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order is the error in the cost figures ob- 
tained from various manufacturers. The 
error in estimating costs of labor and in- 
stallation, and other miscellaneous costs 
is around 15 per cent. 


Summary and Conclusions 


Results of design and cost estimates of 
cable-transmission systems and tie lines 
may be summarized as follows: 


1. The type and voltage of the under- 
ground cable selected for a certain trans- 
mission line or tie line depend on the 
magnitude of the block of power to be 
transmitted. It is shown in the paper 
that, as the block of power increases 
beyond certain values, it becomes more 
economical to use a cable of higher volt- 
age—or of a different type—rather than 
to employ a cable of the type and voltage 
which are more suitable for a smaller 
block of power. In particular this is evi- 
dent when the 69-kv solid and oil-filled 
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cables are being compared with the 138-kyv 
oil-filled cable. 


2. The most economical block of 
power is neither the smallest nor the 
largest that may be transmitted at a 
particular voltage. When properly se- 
lected, however, it will lower consider- 
ably the cost per kilovolt-ampere-mile, 
as well as the annual cost. 


3. At prices for the 230-kv oil-filled 
cable and its accessories as taken in this 
study, this cable can compete with the 
138-ky oil-filled cable only as a tie line: 
between two 230-kv systems with avail- 
able 230-kv terminal equipment. If an 
underground cable line requires installa- 
tion of new terminal equipment, it will 
be very much less expensive to employ a 
138-kv oil-filled cable. Otherwise a 230- 
kv cable tie line alone, without terminal 
equipment, is not much more expensive 
than a 138-kv cable line when a block of 
power of optimum value is transmitted, 
and at some system ratings it is the more 
economical, 


4. The cost of the 230-kv oil-filled 
cable accessories as taken in this study 
appears to represent a very high per- 
centage of the cost of the cable tie line. 
It is the cost of these accessories that 
limits the application of the 230-kv cable, 
and the lowering of it will extend con- 
siderably the region of the economical ap- 
plication of this cable. On the other hand, 
it might perhaps be possible to use sec- 
tions of greater length and to place the 
normal joints farther apart than would 
follow from present-day practice. 


5. Since cables in this country, as a 
general rule, use greater insulation for a 
certain voltage and operate at higher 
temperatures than is the practice in some | 
European countries, the thought is ex- 
pressed that it perhaps would lead to use- 
ful economic results, should a broad study 
be made of the relationships of the cable 
insulation for a certain voltage, the maxi- 
mum operating temperature, the cable 
current-carrying capacity, and the cost 
of the cable. The relationship between 
the insulation and the current rating at 
the operating temperature must not be 
more favorable than that which would 
result in a satisfactory cable of a minimum 
cost. Such a study probably would in- 
volve an analysis of the various parts of 
the cable structure, such as the diameter 
of the hollow core and the thickness of the 
lead sheath. Even if such studies are 
being made by some companies, indica- 
tions are that more extensive studies 
carried on by the industry as a whole, as a 
co-operative effort between the producers 
and the consumers, would bring gratify- 
ing results both to the cable manufac- 
turers and the public utilities. 


6. Figures are given showing the 
division on a percentage basis of the sys- 
tem capital and annual costs into their 
major component parts. Tables show the 


TRANSACTIONS 859 


Table VIII. Cost of Energy Loss Per Kilowatt- 
Hour 
in Mills 

System Annual Load Factor 

Identification 35 50 75 
Number Per Cent Per Cent Per Cent 
TUPSS A 7ichiteeytint Oley easier G00 sae. 4.98 
DESETRRR ere ie (alaifog 6 6.c'o 0 GHOM eeteusratns 4.98 
WT =SA GH Stott AO te meee HOTA A Bacon 4.73 
USB og cisrags ee meee GR20. eae 4.82 
U=3610 20 ae. Mie OO tetera (Ga ee eee 4.82 
(Ofeesaye? Samra en oll MO beed 6.00 GLO Aasepe atlewe 4.82 
USS6L Gs iiccan 3 ee eee ks iitateW eae Re 4.60 
USO 2G eA eee tore Par ae: GO Dir wee ees 4.72 
l= SOOO. teas am eee Oe cae EDS Pita supiniént 4.59 
Wi <BO40 A rah ticOl .laniaae Gel Maen a 4.98 
UST Gumacite He pss Orval sis 3B BO eeete sF 4.55 
Sil ahs ai.te toi.ay Hh Be RC ind Ging aie tarea 4.52 
Wie SSaiee tasiititg Ge 42 a ieayecse Bie SD icra Spee 4,57 
TBO Ge ei aienac Mev, OO levaree scusiie Tg Saigta Onna 4.65 
DB h rie Gains othe eh are (ests ota TIbw 4.61 
U=A0 Gb, a. seile te OO Re ache nhs DO Opener =e 4,64 
LESAN Of ri eerie a Tek hago hacia OO. tae aes 4.64 
U-402¢) ns JF A 7TRSORT Le! 6,090 cog 2 4.75 
PANS A Se ced AO s Macrae 588 sae 4.60 
e404 Gea ew ek HO9n tee -ces GRO erecta 4.69 
WeAOGG) ee cnet MY AOe seewiea ss DRL asters 4.59 
U=40602.% 2. dVs084. fe 38 DrAcage0s. 4.64 
Di DE een hat te Iie Seamer aes 5 RS ree. oc 4.60 
U-42a Bu vomits s. « Omoo errs es 4.94 
WEES OM, eicicvas vere 1 OS kets «Be De Scne sie g 4.67 
aA area aches See Os Remtiaas; + G)pane tk age 5.04 
AAV GS Aree ct0s Ce UOese histor ts GLOGIS Ati 4.72 
AA intone. ihe Oe tices: Soe BEET Gens 5c 4.80 
U-45a Teak LEA GTO4RG.s vege 4.71 
U-46a Mt OO's suck ac (ay ae 4.80 


Cost of steam generation is taken at 6.20 mills per 
kilowatt-hour at 35-per-cent annual load factor, 
4.97 mills at 50-per-cent annual load factor, and 
3.99 mills at 75-per-cent annual load factor. 


Cost of transmission is calculated from the sum of 
the annual fixed charges and annual expenses for 
maintenance and operation, both taken for the 
entire system, terminal substations including. 
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amount of various equipment used in the 
system, Through their use, changes in 
the system cost may be evaluated when 
costs other than those used in this study 
are taken for the cable-and its accessories, 
for the system equipment, for labor and 
installation, or for the duct banks; 
when prices of basic materials change; 
or when some of the financial factors af- 
fecting the capital or annual cost struc- 
ture are modified. Similarly, the data 
may be used for estimating the cost when 
the design of some system parts, or the 
amount of terminal tquipment, is modi- 
fied; when it is desired to modify the 
current-carrying capacity of the cable 
line; when the duct banks or the number 
of cable accessories is changed, while at 
the same time the costs and economic 
assumptions made in the study are re- 
tained. The tablesand figures may be used 
either for complete systems, including ter- 
minal equipment, or for-the underground 
cable line alone, whether it be a straight 


‘transmission line, a tie line, or a cable ter- 


mination of an overhead transmission line 
approaching the power station. The cost 
curves given may be interpolated within 
the range of values investigated. 


7. This paper is an indication of the 
general trend of costs of underground 
power-transmission and tie lines. For an 
exact determination of the capital or 
annual costs of a projected system, or of 
an underground cable line, the costs 
must be calculated in detail. In some 
cases, with certain combinations of the 
various factors involved, costs lower or 
higher than those given in this study 
may be obtained. The relative costs and 
the effect of various factors, however, will 
remain as presented. 
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The Direct- and Quadrature-Axis 
Equivalent Circuits of the 


Synchronous Machine 


A. W. RANKIN 


ASSOCIATE AIEE 


HE EQUIVALENT-CIRCUIT 

method of analysis is a tool of un- 
questioned competence in the solution of 
machine and system problems involving a 
number of simultaneous equations. Its 
efficacy in obtaining practical results has 
been demonstrated in many diverse appli- 
cations. In particular, the complete 
equivalent circuit of the synchronous 
machine—complete in the sense that the 
field-winding circuit and the multiple 
damper-winding circuits are individually 
included—is used whenever a detailed 
knowledge is needed of the operation of 
all the rotor circuits. Specific examples 
of its use are in the design of the damper- 
winding circuits, in problems involving 
single-phase and asynchronous operation, 
in the determination of damping and 
synchronizing torque, and in the deter- 
mination of the transient and subtransient 
impedances; these few by no means ex- 
haust the list. 

When we consider the many practical 
applications of the complete equivalent 
circuit of the synchronous machine, it is 
somewhat surprising to note that it has 
been analyzed only somewhat super- 
ficially in the technical literature and has 
been the subject of very few technical 
papers, the most important of these being 
the papers of Linville! and Liwschitz.’ 
Linville presented an equivalent circuit 
which was complete within the limits of 
certain well-defined approximations and 
also derived formulas for all the machine 
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impedances. Liwschitz recognized that 
there were many applications in which the 
complexity of Linville’s equivalent circuit 
would not be warranted and accordingly 
presented simplified equivalent circuits 
which were easier to use. The simplified 
circuits of Liwschitz give satisfactory re- 
sults in many important problems, but in 
those applications which require a knowl- 
edge of the details of damper-winding 
operation the complete equivalent cir- 
cuits are indispensable. 

Because these complete equivalent cir- 
cuits of the synchronous machine are be- 
coming of ever-increasing importance, 
especially in these times with systems and 
machines being subjected to higher and 
higher specific loadings, it is the purpose of 
this paper to derive more complete and 
more exact equivalent circuits than here- 
tofore have been available. These cir- 
cuits are developed primarily for use on 
a-c network analyzers, since the modern 
analysis of problems of the type discussed 
in this paper tends more and more toward 
the use of such mechanical aids. 

This paper also presents formulas for 
all the impedances needed by the equiva- 
lent circuits. An assemblage of the im- 
pedance formulas such as is here given is 
necessary when presenting an equivalent 
circuit in order to be certain that all the 
impedances areain accord and calculated 
on the same’base. It will be found that 
the per-unit impedance formulas pre- 
sented in this paper differ from those of 
Linville in that, in addition to improved 
permeance coefficients, the rotor current 
base is the xqq base” which is more familiar 
to designers than the magnetomotive- 
force base of Linville. These impedance 
formulas are presented in this paper in 
a direct systematized form which con- 
siderably simplifies the determination of 
the per-unit values, and which is not sub- 
ject to the misinterpretation which some- 
times causes errors in the determination 
of the per-unit impedances of the multiple 
rotor circuits. 

The permeance coefficients which are 
an integral part of the reactance formulas 
are determined in this paper by means of 
a gap-reluctance expression whose accu- 
racy is proved by comparison with similar 
coefficients evaluated from flux plots. 
These permeance coefficients are evalu- 
ated numerically for a typical pole con- 
figuration and presented in tabular form. 
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The specific results and a discussion of 
their superiority over presently available 
data are given in the following section. 


Results and Discussion 


The complete direct-axis equivalent cir- 
cuit of the synchronous machine is given 
by Figure 1. The quadrature-axis equiva- 
lent circuit is obtained from Figure 1 
merely by substituting g for d. This cir- 
cuit is an improvement over previous 
equivalent circuits in the following par- 
ticulars: 


(a). The impedances are given in their 
most general form and are all present, 
although some can be eliminated by a suit- 
able choice of base-current ratio in the 
calculation of the per-unit impedances. 
For instance, this paper uses a base-current 
ratio which makes Xgnna=Xyna, and, ac- 
cordingly, if the end-ring impedances can be 
neglected, the coupling transformers of 
Figure 1 are unnecessary. 


(b). The end-ring impedance is correctly 
represented, and is separated from the field- 
winding circuit by means of 1/1 coupling 
transformers. 


(c). The component impedances are given 
directly in terms of resistance and capacitive 
reactance, so that the circuit can be set up 
on an a-c network analyzer without intro- 
ducing the resistance errors of inductive re- 
actance. The circuit impedance %q(jw) is 
obtained by direct measurement of the 
terminal voltage and current. 


The equivalent circuit of Figure 1 is 
developed directly from the operational 
equations of the synchronous machine by 
noting the physical relations which exist 
between the various impedances. This 
development is given in the section, “‘De- 
velopment of Equivalent Circuits.” 

The per-unit impedances for use in the 
equivalent circuit of Figure 1 are de- 
veloped in the sections, “‘Impedances of 
Direct-Axis Circuits’? and ‘‘Impedances 
of Quadrature-Axis Circuits.”, Because 
of the large number of formulas so ob- 
tained, it is not practical to collect and 
present them in this section. The origin 
of most of the difficulties in the deter- 
mination of these multitudinous imped- 
ances is in the stator-rotor turn ratio of 
the short-pitched damper-winding cir- 
cuits. In order to maintain a consistent 
stator-rotor tum ratio and thereby 
obtain an harmonious system of per-unit 
impedances, the latter are evaluated 
herein by first determining the physical 
ampere-inch-second impedances, and con- 
verting these to per unit by the direct 
conversion factors previously published 
by the author.’ In the author’s judg- 
ment, this method is superior to any other 
method presently available, since the 
physical concept of the impedance is 
maintained up to the last step at which 
point the per-unit impedances are ob- 
tained merely by introducing the con- 
version factor. In addition, the stator—- 
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rotor turn ratio is used systematically 
without possibility of error. 

The rotor-current base selected for the 
per-unit impedances of this paper is the 
so-called xq base which is the base which 
makes Xayq numerically equal to Xaa. 
This base has been selected, because it is 
the base in most common use among de- 
signers, and most design formulas are 
based onit. If desired, however, the per- 
unit impedances can be converted to any 
other base by the consistent expressions 
previously published. 

The permeance coefficients necessary 
for the reactance formulas of the multiple 
damper-winding circuits are evaluated in 
Appendixes I and II by numerical in- 
tegration of definite integrals based on a 
reluctance expression developed from a 
study of the work of Doherty and Nickle.4 
These coefficients are evaluated for a 
typical pole configuration, and the re- 
sulting numerical values are given in 
Table I. Design experience has indi- 
cated that these permeance coefficients 
are more accurate than any previously 
published, especially in the quadrature 
axis. A direct indication of their accu- 
racy is given by comparison with the work 
of Wieseman® who evaluated similar 
quantities for the field-winding circuit 
from actual flux plots. The correspond- 
ence with the work of Wieseman is given 
in Table II. 

The definite-integral expressions for the 
pole-shape coefficients as derived in this 
paper are not intended to compete with 
any future evaluation by flux plotting but 
instead are offered as an acceptable and 
satisfactory solution until more accurate 
values can be obtained from flux plots 
and design experience. The author be- 
lieves, however, and the correspondence 
with the work of Wieseman substantiates 
this belief, that these integrals are 
sufficiently accurate that future investi- 
gations can be directed at complementary 
correction factors for strategic points 
rather than at complete new integrals or 
tabular values. 


Numbering of Damper-Bar Circuits 


Particular attention is called to the 
numbering of the damper-bar circuits. 
This numbering system is shown on 
Figure 2. The numbering of the physical 
bars proceeds outward from the polar 
axis. Ifa single bar lies directly on the 
polar axis, it should be hypothetically 
divided at its center line with the two 
halves thus becoming bar 1 on each side of 
the polar axis. | 

The numbering of the direct-axis cir- 
cuits is identical with the numbering of 
the physical bars, and proceeds outward 
from the direct or polar axis. In contra- 
distinction to the direct-axis circuits, the 
numbering of the quadrature-axis circuits 
proceeds outward from the quadrature or 
interpolar axis. The advantage of this 
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method is that all the logic and equivalent 
circuits developed for one axis are im- 
mediately applicable to the other axis 
with only a change of subscript from d to q 
or vice versa. The disadvantage is that 
the term 7, upon superficial examination, 
seems somewhat ambiguous since the 
same bar has one number in the direct 
axis and another in the quadrature axis. 
This superficial ambiguity is eliminated 
by noting that the subscript » followed by 
d specifies the nth circuit numbered from 
the direct axis, the subscript followed by 
q specifies the nth circuit numbered from 
the quadrature axis, and the subscript 1 
without either d or g following specifies the 
nth physical bar numbered from the 
polar axis. 


Analysis 


DEVELOPMENT OF EQUIVALENT CIRCUITS 


The generalized per-unit equations la, 
b, ... and 2a, b, ... were derived in a 
recent publication by the author.’ 


Wa=X opal pat X aaliat+X aaloat 


Eya= PV zat Real gat Rpahat 


Rpaloat --- (2a) 
Eya=bViat Ripalpat Rualiat 

Ryalsat+ see (2b) 
Exa=pPVeat Regal pat Raahat 

Rogaloat...  (2¢) 


The corresponding equations in the quad- 
rature axis can be written from equations 
la, b, ... and 2a, b, ... by substituting q 
for d. 

If all the rotor-circuit voltages are zero, 
the foregoing equations reduced to equa- 
tions San. 


va=X asalpatX aahiatX araloat 
rae —Xalq 


R R 
0= ( opfat Vat pate Nat 


R;. . 
(art At ...—Xyaata (3b) 


(3a) 


R R 
0= (Xr +A Vt (na et 


R 
(Suet At at ... —Xiaataq  (3¢) 


1.2 Nata (1a) 
Wa =X gyal ga t+X pralia t+ poaloat Rosa Raa 
peek it «A LB) O=( Xoyat ’ Tra t\ Xeia+ > Tat 
Via =Xiyalyat XuahatX walsat Xooat 2 [Ree eS yh yichh 
: oa —Xiaata (1c) p : 
Woa =X oyalyat XuahiatX waloat It is evident from equations 3a, b, ... 
..-Xogatqa (1d) that Wg and-all tke rotor currents are 
<—— dm <#——Tram mee 


[xa -Xara | 


[xard-Xa3a] 


ray 
~— I3am 


Re33a7Re22a 77 


Rb33d 
jmv 


[Xaaa-Xaza | 


Rb22d 
i jmv 
Figure 1.  Direct- 
axis complete 
A x ‘ x -x 
equivalent circuit Paz aid] 
for five or six bars 
per pole, xa(jmv) 
Tay eos Ne re- 
ym 7 
me 
actance : 
X =resistance an 


The quadrature-axis 
complete  equiva- 
lent circuit is ob- 
tained from this cir- 
cuit by substituting q 

for d O 


[Xaia] 
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- (Xe3d-Xa3d) 


+ xeas4| | jmv 
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[Resea Fetia) 
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+(Xg2ad-Xe22d-Xe2q) 
~(Xgiid ~Xetid ~ Xela) 
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Table |. Pole-Shape Coefficients Evaluated 
for a Typical Pole Configuration 


p=1.50 a=0.70 pp, !¢=0.03 


Ynd, Ynq Ddonynd Dgonyng Dain Dain 
OT ees Out Aes cae 0 ee Oia ah 220 
0. Inc OST570---. 0.0316....0.198...0.0394 
Fo ak ROS see 0.0690... .0.388...0.0858 
Oeste Ore57 2 ee 0.123 ....0.562...0.148 
(Wa rgrate NAECT Bea: 02210) |. ..0.713. ..0.248 
OB con UM PISs nae OPE) onc RE oe KORRES 
OF Gis Bar OSA Oto 0.460 ....0.938...0.466 
Ong een OF O33 ere 0.598 ....0.996...0.558 
O28). 2 5..0.986..... 0.747 ....1.022...0.630 
OOS ee ale O24. 5e8 0.900 ....1.034...0.676 
ROR Nerd O80... 1.056 ....1.087...0.692 

linear operational functions of 7g. If tis 


assumed to have the vectorial form, 
equation 4, then yg and the rotor currents 
must have the vector forms, equations 5a, 
b,c. The mv notation of equations 4 and 
5a, b, cis used, because it is adaptable to 
different machine operating conditions. 
The m specifies the order of the harmonic 
when any are present, and the 2 is a 
generalized rotor-velocity term. For 
asynchronous operation at constant slip s 
and with only fundamental currents flow- 
ing, v is replaced by s, and m equals unity 
only and may be dropped. For asyn- 
chronous single-phase operation, har- 
monics are present, and m is needed to de- 
fine the particular harmonic being studied, 
and‘v becomes equal to the rotor velocity. 


4a= tame (4) 


~ ; ot. a jmot . 
va= vane; Iya=Lame; 
Ina =i. nam€ spel 


(5a, b, c) 


Substituting equations 4 and 5a, b, c into 
equations 3a, b, ..., using only the 
steady-state solution of the operational 
equations, and canceling the exponentials 
gives equations 6a, b, .... 


tam=X asal tam +X aaliam+ 
Xealram+ 11. —Xabam 


R R 
= (xt Ft Van +{ Ket FN at i 
jmv jmv ua 


(6a) 


R 
(net a 2 Ian te —Xyaatam (6b) 
jmv 


) R R 
On( Ket Vn t (Kaa et Van 
jm jm . 


R “4 
(xine SY dark atk Rawat thO0) 
jmv 


R ri! 
O= (ent 5 Nm +( Xue Fe act 
jmv jmv 
R. 
(Xn + 52! tnt vee —Xogatam (6d) 
jmv : 


Equations 6a, b, ... can be applied to 
the subject problem by recognizing the 
physical relations which exist between the 

self- and mutual impedances of the vari- 
cous rotor circuits. These relations are 
introduced in the following paragraphs. 
‘They are the foundation for the direct- 

and quadrature-axis equivalent circuits. 
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Consider the nth additional rotor cir- 
cuit in the direct axis. The reactance 
Xnna is the sum of the reactance due to 
the air-gap flux within the bars which 
form the uth additional rotor circuit, the 
reactance due to the leakage flux in the 
bar slots, and the reactance due to the 
end-ring flux. 


Xnnd=X gnnatX onnat+X enna (7a) 


The mutual reactance X nz¢ between the 
nth additional rotor circuit and any outer 
additional rotor circuit k is the sum of the 
reactance due to the air-gap flux and the 
reactance due to the end-ring flux; the 
bar-slot flux is pure leakage. 


X nta =X gnna +X enna (k> n) (7b) 


The mutual reactance between the nth 
additional rotor circuit and any inner 
additional rotor circuit is obtainable 
from the inner-circuit reactances. This 
important relation is a direct result of the 
reciprocal per-unit mutual impedances to 
which attention was directed in previous 
publications.*:5 

The mutual reactance between the nth 
additional rotor circuit and the field- 
winding circuit depends upon only the 
air-gap flux of the mth additional rotor 
circuit, since the bar-slot flux and the end- 
ring flux are not mutual with the field 
winding. These mutual reactances are 
reciprocal because of the reasons stated in 
the preceding paragraph. 

Concerning the resistance components, 
the resistance of the nth additional rotor 
circuit is the sum of the bar and end-ring 
resistances of that circuit. 


Rnna =Ronnat Renna (7c) 


The mutual resistance between the nth 
additional rotor circuit and any outer 
additional rotor circuit k is the end-ring 
resistance of the mth circuit, since the bar 
resistance is not mutual with the th 
circuit. ~ 


Rnia= Renna (k>1) (74) 


The mutual resistance between the uth 
circuit and any inner circuit is obtained 
from the inner-circuit resistances as these 
mutual impedances are reciprocal. 

There are no mutual resistances be- 
tween the additional rotor circuits and 
the field-winding circuits since these cir- 
cuits are coupled only magnetically. 

The impedances of the quadrature-axis 
circuits can be written directly from the 
preceding expressions by substituting q 
for d. 

When the physical relations of the pre- 
ceding paragraphs’ are introduced into 
equations 6a, b, ... the equations ob- 


tained can be electrically duplicated by 


the a-c circuit of Figure 1 with vam the 


alternating voltage across the terminals. 


Figure 1 is therefore the equivalent cir- 
cuit of the direct-axis equations of a syn- 
chronous machine. 
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In regard to equations 3a, b, ..., the 
relation between yz and 7g may be written 
operationally as in equation 8a. 


Va= —XalP)ta (8a) 


Substituting equations 4 and 5a, b, c 
and taking only the steady-state solution 
reduces equation 8a to equation 8b. 


An 


xq(jmv) = —en 
dm 


(8b) 


Reversing the direction of ig, in Figure 1 
permits x@(jmv) to be defined as the a-c 
impedance of the direct-axis equivalent 
circuit since Yam is the voltage across the 
circuit and —Zgm is the current into it. 
xq(jmv) can be obtained in an analogous 
manner from the quadrature-axis equiva- 
lent circuit. 

The current moduli Onam are defined 
as the rotor-circuit currents obtained 
when the terminal current 7g is equal to 
1.00/90. Onom is analogously defined. 
Onam=Lnam for tam=1.00/0 (9a), 
The rotor-circuit currents fngm and Lngm 
are obtained from the product of the 
actual terminal current ?%,, and the 
corresponding modulus as shown in equa- 
tion 9b, c. The terminal currents fam 
and 4, are determined by the machine 
operating conditions. 
lise A a UOndmtive fe ee iene (9b, c) 

The actual currents in the physical 
damper bars (as distinguished from the 
sub-d and sub-g currents in the hypo- 
thetical direct- and quadrature-axis cir- 
cuits which are introduced only to sim- 
plify the mathematics) are given by equa- 
tions 9d, e. It is evident from these ex- 
pressions that, in general, there is unequal 
loading of the bars in the leading and 
trailing pole halves. The degree of this 
inequality depends upon the pole saliency 
and lack of symmetry between the direct- 
and quadrature-axis circuits. Equal 
loading of the trailing and leading pole — 
halves exists only when [,q and Inq are in 
time quadrature. 

Bars on trailing pole halves: 


Loh t+framt+Lnam . (9d) 
Bars on leading pole halves: 
Lam= —Lnamt+Inom (9e) 


Due consideration must be given to the 
numbering system previously described 
by which the direct-axis circuits are 
numbered from the direct axis, and the 
quadrature-axis circuits are numbered 
from the quadrature axis. For instance, © 
the third bar from the direct axis in Figure 
2, is the second bar from the quadrature 
axis, and the total current in this bar (in 
the trailing half) is as given by equation 
Of. 


pes rs TRE) PES (9f) 
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IMPEDANCES OF DirEcT-AxIS CIRCUITS 


Experience in the use of these equiva- 
lent circuits has shown that the safest and 
shortest method of calculating the per- 
unit impedances is first to determine the 
ampere-inch-second values and convert 
these to per-unit values by the conversion 
factors previously published.* This 
method is followed in this paper. 

Unit field current as used hereinafter is 
that field current which will induce in 
each stator phase a voltage of xgaiao. Let 
this current be Iya,. The corresponding 
base-current ratio is given by equation 
10a. This base current has the advan- 
tage that it makes X qq numerically equal 
to Xqq and at once eliminates the necessity 
for differentiating between these two 
quantities. In a previous paper’. the 
author has suggested the universal adop- 
tion of this current as a preferred base. 
Ad gy CONT AEE 


vw Fa KyKaPi Nya 


Tyao 
(8/2i)a0 


The unit current for the additional 
rotor circuits as used hereinafter will be 
that current which when flowing in the 
additional rotor circuit of 100-per-cent 
pitch will induce in each stator phase a 
voltage xgaigo. Let this current be Izapo. 
The corresponding base-current ratio is 
given by equation 10b. A 100-per-cent- 
pitch circuit is not usually present in 
modern synchronous machines, but it is 
convenient to use it as a base circuit since 
it has maximum effectiveness. 


Trao aye Au N 
(3/2%) ao w Dar KyKq@Pi 


Base stator inductance L,, and funda- 
mental flux per pole at rated voltage will 
be needed for the evaluation of the per- 
unit impedances. These quantities are 
expressed in the following in terms 
of machine dimensions. 


(10a) 


(10b) 


F web ell 
B’maz= 3.19% B’tma=3.19-* Fay 


(lla, b) 
=12 76h F F 11 

or= 12. pe (11c) 
“I FE Ys 
—=19-"% = _ 11d 
Luo Yao 1.5Pi N oy \ 
Ut 10° K,KeP 

monet 3 (11e) 
Tee 19,14 Pate 


19.14= 1.5X12.76=1.5X4X3.19 
=1.5X%4X0.49X2.54  (11f) 


Stator Synchronous Reactance, %q. 
The stator synchronous reactance xg can 
be obtained most easily by arbitrarily 
separating it into the components xgq and 
(%a-Xaa). The former is the reactance of 
armature reactance, and the latter, some- 
what unfortunately, has been termed the 
“leakage” reactance. 

Assume the stator windings sinusoidally 


* See ‘“‘Results’’, reference 3. 
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distributed with three-phase currents 
i,o flowing therein. At the instant when 
the resulting sine wave of armature 
magnetomotive force is in the direct axis, 
the fundamental flux per pole will be as 
given by equation 12a. The correspond- 
ing per-unit generated voltage is given by 
equation 12b; this is %aq by definition. 


Fundamental flux per pole = 
3.19 4 1G 5Nigo 2 2rR1 


oy 2 ees (12a) 
PE Ke pkaPi T P, 
4 Aq A Z A 
CO apt as Sets Es ea ee (12b) 
Xad = an F, ae 


The quantity (x@-“aa) has been evalu- 
ated several times in the technical litera- 
ture. The most accurate published ex- 
pressions are probably equation 37 of 
Alger’ and equation 4a of Kilgore,® and 
the reader is referred to these references. 
In both cases, this quantity has been 
termed the armature ‘‘leakage’’ reactance. 


Field-Winding Reactance, Xjya. | With 
a current of one ampere flowing in the 
field winding, the flux per pole due to air- 
gap flux is given by equation 14a. The 
corresponding inductance in henrys for 
the entire field-winding circuit of P; poles 
is given by equation 14b. 


N 
Flux per pole =3. se = Fag 


27R!1 


P, ee (14a) 


Ri 
Lengid db SAO Nya? Fao (14b) 


Let ¥, and ¥, be the effective permeancet 
of the pole-body and pole-tip “leakage” 
paths per axial inch of machine length per 
pole, respectively. The inductance. in 
henrys of the field-winding circuit of P; 
poles due to the pole-tip and pole-body 
flux is given by equation 14c. 


Lyyag=3.19 X10 Nya P (Lp + ¥;) (14c) 


The total inductance in henrys of the 
field-winding circuit is given by equations 
14d, e. Introducing equation 10a gives 
the per-unit value of the field-winding 


’ reactance, equation 14f. 


Lyra =3.19 107 sNyePl ee 


(14d) 


jase sNurPal Mt Ti+3.1900 +) | 
(14e) 


+The permeance factor (Wp+W) is difficult to 
evaluate and depends considerably upon the charac- 
teristics of the machine type being studied. Its 
complete derivation would be too long to be in- 
cluded in this paper. Satisfactory expressions have 
been given by Kilgore and Linville, and the perme- 
ance factor previously given is related to the corre- 
sept quantities of Kilgore and Linville as fol- 
ows: 


3.19(Yo+Wt) =Arst+Are=Lo+Le 


wherein Avs and \F¢ are evaluated in equations 15a 
and 16a of Kilgore, and Lj and L; are evaluated in 
equation 14a of Linville. 
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Figure 2. Pole and damper-bar dimensions 
and numbering of damper-winding circuits 


ya and yy are measured in per unit of half the 

pole pitch (0.5py). Ynaand Yng are the values 

of yg and y4, respectively, tocircuit n, measured 

from and numbered from the corresponding 
(d or q) axis 


“AL 
X pra = RaaK oXaat3-19% ea? gah ec (14) 
= f 


Mutual Reactance Between Stator and 
Field Winding, X aya. The fundamental 
flux per pole per ampere field-winding 
current is given by equation l5a. If 
sinusoidal distribution of the armature 
winding is assumed, the corresponding 
mutual inductance in henrys is given by 
equation 15b. Introducing equation 10a 
into equation 15b gives X qq as shown in 
equation 15c. 


Fundamental flux per pole 


Nya 2 2aRl 


=3. ory, fa (15a) 
1 

te 4Ri N 
L 3.19 X10-*§—— Fa ——— 15b 
afd x tp KpKa (15b) 

4AnA A 

Xig=- =k ; 
afd as oe ‘ad F Xad (15¢) 


Equation 15c illustrates a major advan- 
tage of the selected base-current ratio: 
X aga and Xgq are numerically equal. 


nth Additional-Rotor-Circuit Reactance, 
Xnna- With one ampere in the nth 
additional rotor circuit, the average flux 
density in the air gap within the bars 
which bound the nth circuit is given by 
equation 16a. The corresponding in- 
ductance in henrys for the entire circuit 
of P; poles is given by equation 16b. 


3.19 2 
Bavg = <a Dion (16a) 
go@r 
Riow 
Lonna= 12.76 X10°% Daondna (6b) 


The: inductance due to el bar-slot 
leakage flux is given by equation 1é6c. 
This expression neglects the small amount 
of leakage flux around the bars where 
they emerge from the pole body. Equa- 
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- 


o 


= 


tion 16c assumes that the slots are in 
open round slots as shown in the nomen- 
clature; for rectangular slots, the factor 
0.625 within the bracket should be re- 
placed by (0.333 d;,/ws,); for closed slots, 
the bracketed expression should be re- 
placed by test or estimated values of the 
slot permeance. 


d 
Lonna =6.38X 10-*Pal © +0.025) (16c) 
f. 


The inductance due to the end-ring 
leakage flux can be approximated by con- 
sidering the end rings as two wires of a 
single-phase transmission line with a dis- 
tance between centers of D, and an 
(effective) cross-sectional radius of r¢. 
This inductance is given by equation 16d. 


D 
Lenna = 0.508 X 10 Pend 92 logio cae 1) 
Te 


(16d) 


The per-unit values of equations 16b, c, 
d, based upon the base-current ratio 10b, 
are given by equations l6e, f, g respec- 
tively. 


4 Au 4A Daon 
Xgnna=\— = é 16 
gnnd (: ga) win Ynd (16e) 
4An\?A Pg (d; 
x SOS (a a les: 
Ee (¢ se) Fy sae ‘ 
(16f) 


4 Aw y A Pug lena 


x =0.04 
ennd ( F, FR F 


t Dar 


D, 
9.2 logis -—-+1 (16g) 
Te 
The per-tunit reactance of the nth addi- 
tional rotor circuit is given by equation 
16h. 


Xnna=X gnnat X bund +X ennd (16h) 


Mutual Reactance Between Stator and 
nth Additional Rotor Circuit, Xnaa- 
With one ampere flowing in the nth addi- 
tional rotor circuit, the maximum value 
of the fundamental component of flux 
density is given by equation 17a, and the 
mutual inductance in henrys between the 
stator and the nth additional rotor circuit 


is given by equation 17b. 


3.19 , 
Bruna =——Dain (17a) 
g 
Rh ealy, 
Phen) =12.76X Loge ——Dan (17b) 


Pig KpKa 
If the base-current ratio 10b is used, the 


_ per-unit mutual reactance corresponding _ 
to equation 17b is given by equation 17c. 


: 4 Au \ A Dan Dar 
=i — —_=_—= —as= rr ise 17¢c 
Ao € sa g 1% di D az * ( 


_ Note that with the base-current ratio 
10b, the mutual reactance Xnga becomes 
numerically equal to aq for the xth addi- 
tional rotor circuit. 


Mutual Reactance Between Additional 


is 
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Rotor Circuits, Xnzq (k>n). The 
mutual inductance Lyrq between the nth 
additional rotor circuit and any outer 
rotor circuit k is equal to the sum of Lynna 
and Lenng since the fluxes which define the 
latter inductances are mutual with the 
outer circuit. Lyxq is therefore as given 
by equation 18a. The per-unit mutual 
reactance Xnxq of equation 18b is based 
on the base-current ratio 10b. Xgnnqand 
X enna are given by equations 16e and 16f, 
respectively. The mutual reactance be- 
tween the nth additional rotor circuit and 
any inner circuit can be obtained from the 
impedances of the inner circuit, since all 
mutual impedances in this article are 
reciprocal. 


Enka = Lonna to Lenna 
X nea =X gnnat+Xenna (k> n) 


(18a) 
(18b) 


Mutual Reactance Between Field-Wind- 
ing Circuit and nth Additional Rotor Cir- 
CU, aN nga. The mutual inductance 
Lia between the field-winding circuit 
and the nth additional rotor circuit is 
Nyalgnna, Since the flux which defines the 
latter inductance is mutual with the field- 
winding circuit. Lnyq is given by equa- 
tion 19a, and the corresponding per-unit 
value, based on the base-current ratios 
equations 10a and 10b is given by equa- 
tion 19b. 


Ri 
Lusa= Nealegnna = 12.76 X 1078 = Daon¥naN sa 


(19a) 
4A D7, 
Xya=(= <2) et naked (19b) 


cs Fa Daz 


Stator Resistance, ¥q. The stator re- 
sistance is a definitive impedance, and its 
per-unit value is given by equation 20a. 

Yo 


ta= 


(20a) 
Xao y 
A 
Field-Winding Circuit Resistance, Ryya. 
Rya is easily obtained from the design or 
name-plate data. The corresponding 
per-unit value, based on the base-current 
ratio 10a, is given by equation 21a. 


R ey £40V A R 
14 @oPi\m Fa] Nya? of ie 


(no external resistance) (21a) 


Table Il. Comparison of Pole-Shape Co- 

efficients Obtained in This Paper by Numeri- 

cal Integration With Corresponding Values 
Obtained by Wieseman 


p=1.50 a=0.70 pp 'g=0.03 


Aa Aq Fai K¢ 


ay 
1 0.874........ 0.472....... 1,037.2..... 1.020 


2 0.876........ OCAST cess aiese 1.062....... 1.010 
aa essen en ce seen 


1=vyalues obtained in this paper by numerical in- 
tegration. 


9 =values obtained by Wieseman! from flux plots. 
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Resistance of nth Additional Rotor Cir- 
cutt, Runa: The resistance of the two 
bars which form the nth additional rotor 
circuit in each pole is given by equation 
22a. The resistance of the corresponding 
end-ring section is given by equation 22b. 
The resistance of the entire uth additional 
rotor circuit of P; poles is given by equa- 
tion 22c, and the corresponding per-unit 
value is given byequation 22d. 


I 
Rinai= 1671076 P, 


aon 


(22a) 


l 
Renna = 3.331076 “4 P, 


end 


(22b) 


1 l 
Rana =1.67 10-47, (2849 (22c) 


Zon Gend 


R np AUS, 4 Aa nome 
eS aaa oy nnd 


Mutual Resistance Between Additional 
Rotor Circuits, Rnxa (R>n). The mu- 
tual resistance between the mth additional 
rotor circuit and any outer rotor circuit k 
is the end-ring resistance of the mth addi- 
tional rotor circuit. Rnyzra is given by 
equation 23a, and the corresponding per- 
unit value by equation 23b. The 
mutual resistance between the mth addi- 
tional rotor circuit and any inner rotor 
circuit is obtained from the latter, since 
in this article all the mutual impedances 
are reciprocal. 


(22d)* 


1 
Rupe = Rica (23a) 
end 
108 /4 Aq \?A 
[eae | S — Raz 23b)* 
nkd le is) Be nkd ( 


IMPEDANCES OF QUADRATURE-AXIS 
CIRCUITS 


The currents in the additional rotor 


‘circuits in the quadrature axis are ex- 


pressed in per unit of I,a, which is the 
base current of the direct-axis additional 
rotor circuits. This base is adopted so 
that the per-unit currents in the direct- 
and quadrature-axis additional rotor cir- 
cuits may be added directly. 

The concept of a field winding in the 
quadrature axis appears academic, but it 
is convenient to assume such a winding 
(but of infinite resistance), with a base 
current defined analogously to Iya. By 
this concept the stator flux which is leak- 
age with respect to all the rotor circuits is 
(xa—xaa) for both the direct and quadra- 
ture axis. In addition, the assumption 
of the existence of a quadrature-axis field 
winding is convenient, since it maintains 
symmetry between the direct- and quad- 
rature-axis equations. 

The equations of the quadrature-axis 
circuits, including the quadrature-axis 
field winding, are identical with the direct- 


*Equations 22d and 23b are evaluated for copper at 
75 degrees centigrade. For any other material 
at/or any other temperature, these equations should 
be multiplied by the material resistivity in per unit 
of the resistivity of copper at 75 degrees centigrade. 
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axis equations with the d replaced by gq. 
It would appear therefore that the for- 
mulas for the quadrature-axis impedances 
could be obtained from the corresponding 
direct-axis formula by merely substituting 
qg for d. This is actually true for the 
ampere-inch-second values (ohms and 
henrys), but is not true for the per-unit 
values because Ipa) is the base current for 
the additional rotor circuits in both axes. 
The per-unit quadrature-axis impedances 
are obtained by substituting g for d in the 
corresponding direct-axis ampere-inch- 
second impedance formula, and convert- 
ing the result into a per-unit value based 
on the base-current ratio 10b. 


Stator Synchronous Reactance, Xq. 
xq is evaluated by separating it into the 
two components xg and  (x%g—%Xaq) 


analogously to the method used in the 
evaluation of xa. Xa, is given by equa- 
tion 24a. (x,—xqa,) is independent of 
the rotor position and is equal to (xa— 
Sea): 


(24a) 


X%q—Xaqg=Xa—Xaa (24b) 


nth Additional-Rotor-Circutt Reaciance, 
aan The components of Lyng can be 
obtained from the corresponding com- 
ponents of Ly»q by substituting g for d. 
If the base-current ratio 10b is used, the 
corresponding per-unit values are given by 
equations 25a, b,c. The total reactance 
Xnnq is given by equation 25d. 


- in 4 An Ee 
pli | t Dar Fy Fa 


4Au\iA P 
Xone =0.5(5 “) i Zt (#+.0.005) 


(25a) 


Tv Dre Fy Fark Wr 
3 (25b) 
4°Aqg \?A-Pig''l 
X onng=0.04( = —* ee 
wv Daz F, FoR 1 


D 
(92 logio pat 1) (25c) 
é 


Xnng a XgnngtX onng TX enng : (25d) 


Mutual Reactance Between Stator and 
nth Additional Rotor 
Lnaq Can be obtained from equation 17b 
by substituting g ford. The:correspond- 
ing per-unit value, based on the base- 
current ratio 10b, is given by equation 
26a. 


x -(: sate Des De, 
he Geb bed tele a) eae 


(26a) 


Mutual Reactance Between Additional 
‘Rotor Circuits, Xnzq (R>n). In a man- 
ner similar to that used in the derivation 
of Xnxa it can be shown that X yx, is given 
by equation 27a. 


X nkq=X gnng+X ennqg (k> 1) (27a) 
Resistance of nth Additional Rotor Cir- 


‘cuit, Rang: Rung as given by equation 
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Rotor slots 


Figure 3. 


28a is obtained from equation 22c by sub- 
stituting gford. The corresponding per- 
unit value, based on the base-current 
ratio 10b, is given by equation 28b. 


1 l 
Rnng=1-67X iors, ( "421 ) (28a) 
Don Geng 
10°/4 Aw ya 
oe a(: Daz/ $f i : 


Mutual Resistance Between Additional 
Rotor Circuits, Rnrq (k>1): Rnxg as 
given by equation 29a is obtained from 
equation 23a by substituting q for d. 
The corresponding per-unit value, based 
on the base-current ratio 10b, is given by 
equation 29b. 


l 
Roig = Renng = 3-33 X 107 ** P, (29a) 
eng 
10° /4 Aa \?4 
Rr teat ( eC ee (7) 29b) * 
a mace Aa.) or awa ( \ 


Appendix |. Evaluation of Pole- 
Shape Coefficients 


The pole-shape coefficients Dagon, Dgon, 
Dan, and Day must be evaluated by flux 
plots if extreme accuracy is desired since the 
actual magnetic gap obviously cannot be 
represented exactly by any known mathe- 
matical expression. However, the flux- 
plotting method is too time-consuming to 
be used in the majority of actual problems. 
A more practical method is to obtain, by 
any means, whatsoever, a_ satisfactory 
mathematical expression for the gap perme- 
ance, and by means of numerical integration 
then evaluate the pole-shape coefficients. 
Such a method is used in this appendix. 

The gap-reluctance expression by which 
satisfactory values of the pole-shape co- 
efficients are obtained in this paper is given 
by equations 30a, b, ...h; these expressions 
give the gap length in per unit of the mini- 
mum gap g. 


Ly = gain the region 0<yq< Qn (30a) 
£y = Zq in the region a, <vq<1 (30b) 
‘\2 
ge=1+(0-1)(2") (30c) 
ae a) Var Ay \T. 
Sq= Sy 1 Bg, sin R (30d) 
l—ay /2 
ay 
ee a ae (30e) 


*Equations 28b and 29b are evaluated for copper at 
75 degrees centigrade. For any other material at/ 
or any other temperature, these equations should be 


multiplied by the material resistivity in per unit of © 


the resistivity of copper at 75 degrees centigrade. 
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S: wiih, jade ae 
g=—1+ Fi (-5=) (30f) 
vitG Pp 1880 
Qn =a—3.dpPp_ lg (30g) 
yatyy=1.0 (30h) 


Daon Daon Dan, and Dan are defined in 
the following subsections, and definite- 
integral expressions for each are derived in 
terms of the reluctance expression 30a, b, 
_-.h. Numerical values obtained from 
these definite-integral expressions are given 
in Table I for a typical pole configuration. 


Evaluation of Ddon 


(2/m)D aon is defined as the factor by which 
the maximum gap density must be multi- 
plied to obtain the average density within 
the damper circuit of span 2ynq with the 
machine excited by the damper circuit of 
span 2ynq in the direct axis. Expressing the 
corresponding flux per pole in the two ways 
shown by equation 31a leads directly to the 
evaluation of DaonVna aS given by equation 
31b. 


af "423.19 3.19 2 
p=2 —— Va=2——e D aon¥na(31a) 
0 g8y Ee 


r Und 
Daon¥na= 2 gy dya 
0 


Evaluation of Dgon 


(31b) 


(2/r)Dgon is analogous to (2/7)Daon, but 
in the quadrature axis. Its value as given 
by equation 32a is obtained by the same 
derivation as was used for Dagn. The in- 
tegral value given by equation 32b is ob- 
tained from equation 32a by changing the 
origin of integration by means of equation 
30h. 


- Yng w : 
Don¥nag of gy axe=5 gy ‘dya 
0 1—VYng 


(32a, b) 


Evaluation of Dain 


Duan is defined as the factor by which the 
maximum flux density must be multiplied 
to obtain the maximum of the fundamental, 
component of flux density with the machine 
excited by the th additional rotor circuit in 
the direct axis. The flux density per am- 
pere turn at any point along the gap can be 
written as in equation 38a; the maximum 


value of the fundamental component is 


then given by equation 33b. By the 
definition of Dan, the maximum value of 
the fundamental component can also be 
written as in equation 33c, and Dan can be 
evaluated as in equation 33d by equating 
expressions 33b and 338c. 


3.19 


B= 33a 
A £8y ae) 
Ynd 3.19 T 
By fund =2 — cos = yqdyqg (33b) 
0 88y 2 
3.19 
Byting-= Tou Dan (33) 
Und a : “ 
Dan=2 gy 3 60855 yal Ya (33d) 
0 
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Evaluation of Dan 


Don is analogous to Dap, but in the 
quadrature axis. Its value as given by 
equation 34a is obtained by the same 
derivation as was used for Dain. The in- 
tegral value given by equation 34b is ob- 
tained from equation 34a by changing the 


origin of integration by means of equation 
30h. 


Ung = 
Don=2 Sy * Cos 5 Vol Vq 
‘ 2 
a Tv 
Dan=2 gy ‘sin 5 yada 
1—Yng < 


Appendix Il. Accuracy of the 
Derived Pole-Shape Coefficients 


(34a) 


(34b) 


It is obviously not possible at present to 
obtain complete checks on the accuracy of 
the foregoing integral expressions, because 
the necessary experimental information is 
lacking. If such information were avail- 
able, the reluctance expression 30a, b, ...h 
would be unnecessary, since the pole-shape 
coefficients could be obtained directly from 
the experimental data. It is possible, how- 
ever, to use the work of Wieseman as follows 
to check the accuracy of the limiting points 
Yna=1.00, yng=1.00, and thereby obtain a 
qualitative estimate of the over-all accuracy. 

Wieseman presented curves, based on 
actual flux plots, for the quantities Aa, Aq, 
Fu, and Kg. A check on the reluctance ex- 
pression 30a, b, ...h, can be obtained by 
evaluating these same expressions by nu- 
merical integration based on equation 30a, b, 
...h, and comparing these derived values 
with the corresponding quantities calculated 
by Wieseman. Ag, Aq, Fu, and Kg are 
defined in the following subsections, and 
definite-integral expressions for each are 
derived in terms of the gap-reluctance ex- 
pression 30a, b, ...h. Numerical values as 
obtained from these definite integrals are 
given in Table II for a typical pole con- 
figuration and are there compared with the 
corresponding values obtained by Wieseman 
from flux plots. The agreement with 
Wieseman’s results is sufficiently close as to 
warrant fully the use of the integral expres- 
sions for the pole-shape coefficients Daon, 
Doon, Dain, and Dan until absolutely accu- 
rate values can be obtained from actual flux 
plots. 


Evaluation of Aa, 


Aa is defined as the factor by which the 
maximum flux density must be multiplied to 
obtain the maximum of the fundamental 
component of flux density with the machine 
excited by a sine-wave armature magneto- 
motive force in the direct axis. Assuming a 
sine-wave magnetomotive force of one 
ampere turn peak value in the direct axis, 
the flux density at any point in the gap is 
given by equation 35a, and the maximum 
value of the corresponding fundamental 
component of flux density is given by equa- 
tion 35b. Based on the definition of Au, 
the maximum value of the fundamental 
component can also be written as in equa- 
tion 35c, and Aq can be evaluated as in 
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equation 35d by equating expressions 35b 


and 35c. 


3.19 T 
ye COa Va (35a) 
£Sy < 
Sy GN hea 
By fund >= 2 . a cos? a yadVa (35b) 
0 7] a 
3.19 
By fund =—— A a (35c) 
1 Tv 
Aqg=2 Qe cos? 5 yada (35d) 
0 om 


Evaluation of Ag, 


Aq is analogous to Aq but in the quad- 
rature axis. Its value as given in equation 
36a is obtained by the same derivation as 
was used for Aq. An alternative expres- 
sion for Ag in terms of yg measured from 
the polar axis is given by equation 36b; 
this was obtained by substituting equation 
30h into equation 36a. 


1 wv 
A=: gy cos? = yd 
‘ 2 
1 ety 
Ag=2 gy isin? — yqdyq 
3 % 


Evaluation of Fa,* 


(36a) 


(36b) 


Fa is defined as the factor by which the 
maximum flux density must be multiplied to 
obtain the maximum of the fundamental 
component of flux density with the machine 
excited by the direct-axis field winding. 

The field winding links only the flux 
which enters the pole, and its effective span 
or pitch is accordingly somewhat less than 
100 per cent. However, the effective span 
is greater than the physical-pole arc, because 
the field winding links the flux which enters 
the side of the pole tip. Hence, the effec- 
tive span of the field winding approaches but 
remains slightly less than the full 100-per- 
cent value. A study of Table I, however, 
shows that Dan is relatively constant (for 
given values of p,.a2, and pp 1g) for values of 
yna in the neighborhood of 1.00. Rela- 
tively little error is introduced therefore by 
assuming that Fa is given by Dan for 
yna=1.00. Wieseman’s values of Fa thus 
may be compared directly with Dan for 
Yna=1.0 as obtained in this paper by 
numerical integration. 


_ Evaluation of Kg 


Kg is defined as the factor by which the 
total fundamental flux per pole must be 
multiplied to obtain the total flux per pole, 
with the machine excited by the direct-axis 
field winding. By means of the previously 
justified assumption that the field-winding 
circuit is equivalent to a damper-winding 
circuit of 100-per-cent pitch (with negligible 
error), Kg can be evaluated in terms of 
Daon and Dain, for Yna=1.00, as shown in the 
following. 

By the definition of Daon and Dain, the 
total flux per pole and the total fundamental 
flux per pole are given by equations 37a, b, 
respectively, with yna taken as unity. The 
ratio of equation 37a to equation 37b then 
gives Ky as in equation 37c, by definition. 
ap ha at Oa ORS 2S Re 


*Wieseman called this quantity A1. 
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3.19'2 
Total flux per pole=- ; 5 1B pe (37a) 
3.19 2 
Fundamental flux per pole =- = Dan 
6 M05 
(37b) 
‘Deel 
Ky= eas (37¢) 
din|Ynd=1.0 
Nomenclature 


The quantities given below are per-unit 
values unless in bold-face type in which case 
they are in the physical ampere-inch-second 
system (amperes, ohms, henrys, andsoforth). 
Quantities such as NV, P, R, 1, for which it is 
obviously unnecessary to distinguish the 
ampere-inch-second values by a special 
script are in standard type only. Vector 
values are indicated by a circumflex (7) 
over the symbol. 

All dimensions are in inches. 

The subscript notation is as follows. 


a, b, c=armature phases 


f =field-winding circuit 


n, k, x=damper-winding circuits. 1 is the 
general term; k refers to a damper- 
winding circuit external to n(k >); 
and x refers to the 100-per-cent-pitch 
(most external) circuit which is used 
as a base 

d, gq, 0=direct, quadrature, and “‘zero’”’ axes 

o=base quantities 

m=order of harmonic 

Only the direct-axis quantities are de- 
fined in the following, as the quadrature-axis 
quantities are obtained from these by 

merely substituting g for d. 


@pn = cross-sectional area of bar 

denq= average cross-sectional area of end 
ring for bar n 

A =flat-topped armature reaction at base 
stator current 

_ 1.5taoN 
” KpKeP: 

Am =defined in Appendix IT 

Daon Dain= defined in Appendix I 

D,=axial distance between end rings minus 
axial length of pole, or twice the dis- 
tance between one end ring and side of 
pole : 

€q9 = peak value of rated stator phase voltage 

Eya, Ena =totor-circuit applied voltages 

Fao=Daon for Yyna=1.0 " 

Fa=defined in B3 

F,=field-winding ampere turns for rated 
air-gap-line stator voltage 

g=minimum gap, effective 

gy=gap length at any point yg, in per unit 
of g 

i,) = peak value of rated stator line current 

Tyao Trdo = base-current; field winding, and 
xth additional rotor circuit, respec- 
tively 

tas Lyra 1, na=direct-axis currents; stator, 
field winding; and mth additional 
rotor circuit, respectively 

T,= total current in nth physical bar 

4 Aa 


kaa — iz 


Ky, Ka=pitch and distribution factors, 
respectively (greater than 1.0) 
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Kyg=defined in Appendix II 

]=machine stacked length 

lyn =length of bar n 

lena=Circumferential length of end ring 
measured from direct axis to center 
of bar ” 

L=ampere-inch-second inductance corre- 

sponding to per-unit reactance x 


Lao= base stator inductance 


10" Wee" Xho 
Dye a 
Tao ) 
N=stator series turns per phase 
N,qa=turns per pole of field winding 
d 


d(wt) 


p=differential operator = 


F 27R 
Pp = pole pitch =— 
Py 


P,=number of poles 

fg =stator resistance per phase 

r= effective radius of end-ring cross section; 
TT? =Cend 

Ronna Renna=resistances of nth additional 
rotor circuit; bar and end ring, 
respectively 

Ryraw Rnna=tesistance of field-winding and 
nth additional rotor circuits, respec- 
tively 

Rara, Rnna= mutual resistances, nth addi- 
tional rotor circuit to field winding 
and kth circuit, respectively 

s=slip in per unit 

Unam=current modulus defined in equation 
9a 

v=general rotor-velocity term of equation 4 

Xqgo= base stator ohms 

Xao= <a =wLgo 

Tao 

Xaq=reactance of armature reaction 

xa, X spa, X nna = direct-axis reactances; sta- 
tor, field winding, and mth additional 
rotor circuit, respectively 

Xara Xanw Xnfa Xnra= mutual reactances; 
stator field, stator—nth rotor circuit, 
nth rotor circuit to field winding, and 
nth rotor circuit to kth rotor circuit 

X bund> X ennd> X gnna=reactance components 
of nth rotor circuit; due to bar-slot 
flux, end-ring flux, and air-gap flux, 
respectively 

xq(p) =operational stator impedance as 
viewed from stator terminals 

Ya: Yq=peripheral distances on pole face 
measured in per unit of half the pole 
pitch; see Figure 2 

a=ratio of pole arc to pole pitch 

B' max B'tuna = Maximum flux density and 
maximum value of the fundamental 
component of flux density at normal 
voltage no load 

p=ratio of maximum gap to minimum gap; 
see Figure 2 

¢p=fundamental flux per pole at normal 
voltage no load 

Wao= peak value of rated stator phase link- 
ages; €g9=107-8uv g, 

va Vya, Vna=direct-axis linkages; stator, 
field-winding, and mth additional 
rotor circuits, respectively 

Wy, V;=effective permeance of the pole-body 


and pole-tip leakage paths per axial 


inch of machine length per pole 


Modern Practice in Power-Plant 


Auxiliary Equipment and Systems 


H. N. MULLER, JR. 


MEMBER AIEE 


HIS DISCUSSION of central-station 

auxiliary equipment and systems can- 
not cover the entire field of practice, but 
must touch only selected high spots. The 
particular points selected were chosen to 
include those items where the user may 
exercise judgment in choosing alternate 
arrangements of supply or items of appa- 
ratus, or where his specifications may in- 
fluence apparatus design by emphasis on 
particular requirements. 

The discussion is timely, because 
power-plant auxiliary equipment has 
undergone important development in the 
past several years, and because the inter- 
ruption in normal construction of new 
facilities, necessitated by war activities, 
provides an opportune moment for analy- 
sis of what is available and how to apply it. 

Supply systems for auxiliaries have re- 
ceived extensive study with the result that 
loop and network systems now find ap- 
plication along with the more conven- 
tional radial distribution system. The 
change in equipment is keynoted by the 
swing to air circuit breakers and the cur- 
rently marked trend toward the use of 
air-cooled transformers. Both motors 
used for central-station auxiliary service 
and the associated motor starters have 
been given close attention with the gen- 
eral result that more economical reliable 
drives will be available to meet rigid re- 
quirements. One fact is ever apparent: 
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the central-station operator demands 
maximum reliability. Nowhere else on 
the entire power system is the require- 
inent of reliability so great compared to 
the investment in equipment involved. 
There follows, thus, a discussion of par- 
ticular design features of motors, desir- 
able arrangements of switchgear and con- 
trol, and data on distribution systems that 
may be helpful when selection of the 
method of supply is under consideration. 


Motor Design 


As in the past,the squirrel-cage in- 
duction motor for across-the-line starting 
is the-best selection for an auxiliary drive 
wherever constant-speed operation is de- 
sired. The simplicity, reliability, and low 
cost all enter to make it the number-one 
choice. Its control is simple as well. The 
higher power factor and efficiency of syn- 
chronous drives is offset by the increased 
complication of synchronizing control 
and a source of excitation. Also, since the 
cost of both real and reactive power is a 
minimum at the generator bus, higher 
efficiency and power factor is not a large 
incentive. 


Rotor DESIGN 


Draft fans and some pulverizers have 
high inertia, and motors for these loads 
are best designed to limit the tempera- 
tures and expansion of the rotors to safe 
values. The WR? of each drive of this 
nature should be supplied to the motor 
designer for an analysis of the particular 
application. Certain types of pulverizers 
are subject to jamming, and it is known 
from experience that operators may try 
several times to start them. Motors for 
these pulverizers require an extra margin 
in rotor thermal capacity. An ample air 
gap is especially desirable for motors on 
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these two types of loads because of rotor 
expansion and should not be discouraged 
by unnecessary emphasis on high power 
factor. Similarly, adequate thermal 
capacity with ample starting torque may 
require higher starting current than might 
be obtained with a less reliable design, 
and unnecessary restrictions in this re- 
spect should not be imposed. Motors 
for high-inertia loads also should be de- 
signed to withstand the high transient 
torque which occurs when the motor is 
energized. 

Another consideration which affects re- 
liability but does not appear on the per- 
formance sheet is magnetic stability. 
This requires a satisfactory relation be- 
tween the stiffness of the shaft and the 
unbalanced magnetic pull which occurs 
when the rotor is displaced radially with 
respect to the stator. Such displacement 
may be either deflection of the shaft and 
other structural parts caused by vibration 
or an initial displacement caused by ma- 
chining tolerances. Here again an ample 
air gap is required for a reliable motor. 


INSULATION OF WINDINGS 


The insulation of motor windings for 
central-station auxiliary service should be 
highly resistant to moisture, coal dust, 
and fly ash. Although the atmospheric 
conditions are no more severe than in 
many industrial plants, the extreme im- 
portance of reliability of the auxiliaries 
requires the best possible insulation job. 
The smaller motors should be given ample 
varnish dips and bakes with carefully con- 
trolled visccsity and temperature, and the 
larger motors should be impregnated by 
the vacuum-pressure method. Mica in- 
sulation is to be used where practicable. 
The insulation between turns should be 
tested by a high-frequency testing set in 
addition to the conventional high-po- 
tential tests between the winding and 
ground. 

Insulating :materials good for higher 
temperatures and adverse moisture con- 
ditions have been written about widely 
during the last year. These are silicone 
varnishes that are now available in forms 
similar to the usual varnishes used by the 
electrical industry. They have been used 


with mica, glass, and asbestos to produce - 


high-temperature insulations. The im- 
proved thermal endurance can be utilized 
in a number of important ways in the de- 
sign of electric equipment, such as reduc- 
tion in size and weight, increased service 
life for conventional size and weight, and 
operation in ambient temperatures be- 
yond the limits permissible for usual 
types of insulation. A few cases of power- 
plant operation may justify trial of sili- 
cone insulations. One likely application 
is for motors driving induced-draft fans 


“subject to high ambient temperatures. 
At the present time quantities of sili- 
~ cone products are limited, and their cost 
is high compared to good insulating 
varnishes. Much is still to be learned 


Ve 
a oe 


about processes of handling and manu- 
facturing that will have to be studied be- 
fore application to motor equipment be- 
comes general. 


Motor BEARINGS 


Both antifriction and sleeve-type bear- 
ings are furnished today. Each type has 
its advantages and consequently is to be 
preferred for certain applications. The 
sleeve bearing has advantages for many 
general applications. It requires less pre- 
cision work both in manufacture and 
maintenance, it inherently is suitable for 
operation in locations where coal dust 
and fly ash are present, and it can be op- 
erated at higher peripheral speeds. The 
antifriction bearing may find preference 
because of smaller space requirements, 
because of its ability to take thrust loads, 
or because of the low starting friction in- 
herent to its design. This last point 
refers particularly to vertical pump mo- 
tors where heavy thrust is encountered. 
Prelubricated ball bearings are now used 
on some small motors. This practice 
stands to become more popular since field 
experience with it has been excellent. 
These bearings have shown unusual free- 
dom from trouble. 

Boiler-feed-pump motors generally are 
connected to the load through flexible 
couplings. Certain of these couplings 
have a natural tendency to lock into a 
fixed running position while transmitting 
torque, thus preventing the motor and 
pump from moving axially with respect 
to each other. Because of shaft expan- 
sion which results from high-temperature 
operation of the pump in handling feed 
water, heavy thrust can be imposed upon 
the motor bearings. Failure of these bear- 
ings may result, since this thrust is be- 
yond the capacity of simple sleeve-bear- 
ing shoulders. Occurrence of such phe- 
nomena can be prevented if the “‘limited 
end-float”’ type of coupling and a motor 
having shaft end play more than the end 
play of the coupling is specified. 


Noise LEVEL oF Motors 


Although the noise level in different 
power plants may vary somewhat, an 
average figure can be taken to be about 
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100 decibels in the general vicinity of the 
turbine and principal auxiliaries. If the 
noise level of motors is to be kept to a 
value that will not contribute seriously 
to powerhouse noise, it is logical to as- 
sume that no motors should have a level 
as high as 100 decibels. 

The greatest source of noise in large 
high-speed motors is windage and the 
siren effect resulting from jets of air from 
the rotor vent ducts. A system of axial- 
flow surface cooling of the rotor is used 
today that effectively reduces noise level 
on the very large two-pole motors. Fig- 
ure 1 illustrates the construction of a 
large 3,600-rpm motor employing this 
type of design. Careful selection of slot 
combinations in the stator and rotor will 
reduce noise in addition to keeping stray 
loss and parasitic torques to a minimum. 


ADJUSTABLE-SPEED DRIVES 


There are several auxiliaries which re- 
quire adjustable-speed drives. Cranes, 
coal bridges, and similar material-han- 


‘dling equipment can be driven best by 


wound-rotor induction motors. The most 
suitable electric drive for stokers is a 
series variable-voltage a-c-d-c drive. 
Boiler-feed pumps are usually driven at 
constant speed, but when speed adjust- 
ment is desired a wound-rotor induction 
motor with a multipoint drum furnishes 
adequate control. 

Adjustable speed is very desirable for 
draft-fan drives in order to reduce losses 
and erosion. Two speeds can be obtained 
with a pole-changing squirrel-cage motor, 
and this combination is used frequently 
with inlet-vane control. Thirteen or 20 
speed steps can be obtained with a 
wound-rotor motor and drum, but this 
still requires the use of dampers or vanes 
for continuous control of gas flow. A 
squirrel-cage motor with a hydraulic 
coupling gives continuous speed control 
over about a four-to-one range. The cou- 
pling requires cooling water and involves 
extra bearings. Electric couplings do not 
require cooling water and give ten-to-one 
speed range but involve extra bearings, 


Figure 1. Cutaway view of 3,600-rpm 
squirrel-cage induction motor 


an excitation system, and relatively high 


operating temperatures. A wound-rotor 
motor with a new type of liquid rheostat 
for secondary control has been used re- 
cently for large draft fans. This combina- 
tion provides three-to-one speed range. 
It requires cooling water and an elec- 
trolyte, but eliminates extra bearings 
and rotating apparatus. The liquid rheo- 
stat appears to offer an attractive solution 
for future application. 

The cost and efficiency of all of the 
afore-mentioned drives are comparable, 
so that the choice of drive should be made 
primarily to give maximum reliability 
with the particular operating conditions 
which will be encountered. 


Switchgear and Control 


As pointed out in the introduction, re- 
liability is the outstanding qualification 


for all central-station auxiliary devices, 


and switchgear is no exception. Safety 
of operation, ease of installation, ease of 
maintenance, and so forth, are all im- 
portant qualifications desirable here, just 
as in other classes of service, but dependa- 
bility is paramount. Circuit breakers, 


contactors, fuses, and assemblies of these 


component parts all stress this virtue. 


MeETAL-CLAD GEAR 


These requirements all are met by up- 
to-date metal-clad gear in its various 
forms. The service record of metal- 
enclosed gear is enviable, and the manu- 


_ facturers continue to make improvements 


in the breakers, housings, and other parts. 
Purchasers of metal-enclosed switchgear 
can rely on receiving the benefits of all 
new developments promptly. 

_ All breaker and auxiliary units are ar- 
ranged for line assembly. They can be 
throat-connected to liquid-cooled trans- 
formers or supplied as part of an integral 
structure with air-cooled transformers. 
These unit substation arrangements form 


870 TRANSACTIONS 


Figure 2 (left). Cell 
and air breaker for 
2,300-volt auxiliary 
feed (five-kilovolt 
insulation, 150,000- 
kva interrupting ca- 
pacity) 


Figure 3 (right). Cell 
and air breaker for 
600 volts or below; 
breaker shown is 
800-ampere unit 


a most satisfactory assembly of trans- 
forming and distributing apparatus. 
Switchgear structures, or the switchgear 
portion of unit substations, can be shipped 
fully assembled or in groups as large as 
the purchaser’s handling equipment can 
accommodate. This usually saves con- 
siderable installation cost. Factory con- 
nections on control wiring are not dis- 
turbed, so that tests need not be repeated. 
, The reliability of metal-clad switchgear 
is now so well recognized that double- 
breaker arrangements for load circuits 
seldom are considered necessary, and even 
auxiliary or transfer busses are not com- 
mon. Special circuits may have double 
feeds, usually from different breaker 
groups, but duplication of breakers be- 
yond this is not often justified. Where 
motors may require frequent starting, air 
breakers in metal-clad gear are well suited 
for this service. Duplicate power supply 
or normal and alternate power supply to 
auxiliary busses with automatic transfer 
is frequently provided. Relays for this 
function and for other normal protective 
functions are mounted on the gear. Re- 
lays are preferably of the Flexitest type 
with removable elements and built-in 
test switches. Functioning of all such 
control circuits is tested at the factory. 

Switchgear for service voltages below 
600 is now usually supplied with drawout 
breakers which have safety interlocking 
features similar to those in high-voltage 
metal-clad switchgear. Increased use 
and improved manufacturing methods 
have brought the prices of drawout gear 
so close to the equivalent enclosed break- 
ers with fixed mountings that the ad- 
vantages of the removable breaker types 
easily justify the difference. 

Low-voltage metal-clad switchgear is 
well suited for distributing power in 
radial, loop, or low-voltage network cir- 


Standard units are available which 
contain the limiters and loop-cireuit dis- 
connecting switches when the switchgear 
is part of a network system. The flexi- 
bility with which the various units can be 
grouped permits arranging the limiter 
sections and supply circuits wherever 
they best tie in with the plant distribution 
system. The network breakers which are 
used in network systems may be mounted 
on the transformers or in a unit of the 
switchgear assembly. 

Unit substations and power centers, 
usually with air-cooled transformers, form 
the most modern arrangement for supply- 
ing low-voltage power. These assemblies 


cuits. 


_ also may include high-voltage gear if the 


plant distribution system makes this 
arrangement desirable. The transformers 
used in network distribution arrange- 
ments also can be provided as parts of 
unit substations or power centers. A co- 
ordinated housing is provided which gives 
good uniform over-all appearance and 
full accessibility to the transformers and 
switchgear. 


Arr CIRCUIT BREAKERS 


Air circuit breakers virtually have re- 
placed oil for power-plant auxiliary work. 
The switchgear for central-station auxil- 
iary service is built around air breakers, in 
practically all ratings up through the 
15,000-volt class. Various forms of high- 
voltage air breakers have been used since 
1929, and all have given satisfactory 
operation. Their reliability has been 
definitely proved. The many advantages | 
of air interruption, particularly for this 
service, are well recognized, and conse- 
quently they are usually included today 
in the purchaser’s specifications. 

Figure 2 shows a typical five-kilovolt | 
removable unit, 150,000-kva interrupting 
capacity, equipped with its own wheels 
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for movement outside the steel cell. 
Units of five-kilovolt insulation class (for 
2,300-volt auxiliary service) with 60-cycle 
test of 25 kv and impulse test of 60 kv are 
supplied in interrupting ratings up to 
150,000 kva and in current ratings up to 
2,000 amperes. These ratings adequately 
cover the larger central-station auxiliary 
field. 

The low-voltage breakers are available 
in all ratings to cover the necessary ap- 
plication to central-station auxiliary 
drives. Interrupting ratings at 600 volts 
go as high as 100,000 amperes, and cur- 
rent ratings as high as 6,000 amperes at 
this highest interrupting rating. Figure 
3 shows an electrically operated 800- 
ampere removable breaker and cells for 
600-volt application. 

Low-voltage breakers often are applied 
on the cascade principle, an arrangement 
which permits the lower breakers in the 
series to open fault currents in excess of 
their interrupting rating. This is per- 
mitted on the basis that the main or 
group breakers shall be free to open in- 
stantaneously to assist the smaller breakers 
in the interruption. It is obvious that such 
an arrangement does not provide selective 
tripping and that feeder circuits other than 
the one in trouble may be deenergized. 

The standard duty cycle is not possible 
with breakers applied in cascade arrange- 
ments, and it is necessary that they be in- 
spected before being reclosed if they have 
opened currents above their interrupting 
ability. This is indicated by the breaker 
next higher in the cascade having opened 
to assist in clearing the fault. 

Because of the limited selectivity which 
exists in cascaded circuits, the applica- 
tion of this arrangement in central-sta- 
tion auxiliary service seldom will be found 
satisfactory. It usually will be necessary 
to make breaker applications in the same 
way that they are made with hi gh-voltage 
circuits, with all interrupters of adequate 
capacity for the faults to which they will 
be subjected. This will frequently mean 
that the cost of breakers for a given in- 
stallation will be somewhat more, but it is 
the only way in which the essential full 
selective tripping on faults can be ob- 
tained. On nonessential auxiliaries, cas- 


caded arrangements might be considered, , 


but in general their application in central- 
station auxiliary installations requires 
careful scrutiny. 


Table |. High-interrupting-Capacity 
Contactors 


Air Break, 600 Volts and Below 
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Currently, consideration is being given 
to mechanical timing as a means of co- 
ordinating breakers in series to avoid un- 
necessary tripping of circuits other than 
the faulted one, since breakers with means 
for instantaneous tripping will fre- 
quently go out simultaneously under 
heavy currents. Such co-ordinated tim- 
ing is not permissible with cascaded 
breakers. All breakers in a time-co- 
ordinated scheme must have fully ade- 
quate interrupting capacity. 


CONTACTORS, STARTERS, AND FUSES 


There has been considerable discussion 
of the use of interrupters other than cir- 
cuit breakers for protecting load circuits 
during high fault currents. High-inter- 
rupting-capacity contactors at 600 volts 
and below, of the air-break variety, are 
now available. Typical ratings are shown 
in Table I. 

The contactors listed in Table I are de- 
signed and rated in accordance with 
National Electrical Manufacturers Asso- 
ciation Standards. They are furnished 
with overload relays which provide ther- 
mal time-delay characteristics suitable 
for motor starting and protection in com- 
bination with instantaneous trip to take 
care of short-circuit conditions. The 
overload relays can be connected for 
alarm only on essential auxiliaries. 

Still another idea has been receiving 
consideration to provide a motor starter 
which has a high interrupting capacity 
at a moderate cost. This is the combina- 
tion of an oil-immersed contactor with 
overload relays and a current-limiting 
power fuse. 

These starters may be applied safely to 
2,300-volt circuits having a short-circuit 
capacity of 150,000 kva and to 4,600-volt 
circuits having a short-circuit capacity 
of 250,000 kva. They are available with 
either 100- or 200-ampere contactors. 
When determining the size of fuse to be 
used with a-motor of a given rating it is 
necessary to give consideration to the 
locked-rotor current as well as the full- 
load current of the motor so that a co- 
ordinated design will result and the fuses 
will furnish the necessary short-circuit 
protection without blowing under ordi- 
nary motor starting conditions. 

For essential circuits, such as most 
power-plant auxiliaries, it is believed that 
interrupting means that can be electri- 
cally or manually closed after fault clear- 
ing should be used. If an interrupter 
must be replaced after each short circuit, 
valuable time is lost that in the extreme 
case could be disastrous. For a few of 
the less essential auxiliary circuits, and 
particularly where short circuits are least 
likely to occur, the suggested combination 
starter can provide a very economical 


‘installation. 


A blanket recommendation of this 
starter-and-fuse combination is impos- 
sible. Each case must stand on its own 
merits, or be discarded in favor of an air 
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circuit breaker. If rapid restoration of 
service is of value in any given case, air 
breakers are dictated. If the available 
ratings of current-limiting fuses do not 
completely satisfy the individual require- 
ments, breakers are again the answer. 
Central-station auxiliary service can be 
considered as the application requiring 
the utmost of dependability. As such, 
engineering and economics require very 
careful balancing before a decision to use 
the fuse and starter is reached. 


Power-Distribution System 


The radial system of power supply, 
studied carefully in many alternate forms, 
for decades has provided satisfactory 
service. It is characteristic of a radial sys- 
tem that the degree of reliability is some- 
what proportional to its cost, and a high- 
performance system or a very skimpy 
system can be designed, depending upon 
just how far the engineer will go in 
sacrificing economics. The author be- 
lieves that the more popular and time- 
proved forms of the radial system are well 
known to central-station operating men 
and that detailed description has no 
justified place in this discussion. Figure 
4 pictures a typical radial system of 
supply to auxiliaries. 


Tur SECONDARY NETWORK FOR 
POWERHOUSE SUPPLY 


The application of a secondary network 
to auxiliary supply is rather novel, and 
detailed description, at least of the salient 
principles of application, will be in- 
cluded. The fact that central-station 
engineers have had a long-time knowledge 
of secondary networks for urban dis- 
tribution has misled many when power- 
plant application is under consideration. 
The different forms that an auxiliary sys- 
tem network may take frequently are 
overlooked, since the engineer pictures 
only the city network and hence does not 
consider flexible arrangements applicable 
particularly to central-station auxiliary 
supply. Factors pertinent to the selec- 
tion of a network system for auxiliary 
supply will be discussed. 

The a-c secondary network system has 


Figure 4. Radial distribution ‘system for 
central-station auxiliary supply 
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been used for almost a quarter of a cen- 
tury in the commercial areas of some 
cities. Today there are 167 cities in the 
United States whose business districts 
are served by a-c secondary network sys- 
tems, and this type of system is now 
recognized as the standard for serving 
heavy-load-density areas where the high- 
est grade of service is required. During 
the last three or four years the advan- 
tages of the secondary network system 
have begun to be recognized in the in- 
dustrial field, and the system has been 
installed in about 50 industrial plants. 
To date, however, the system has been 
used very little for supplying generating- 
station auxiliaries. One installation oper- 
ating at 120/208 volts was made in a 
small station about eight years ago. Four 
installations operating at 460 volts have 
been made during the last four years. 
The performance of these five a-c second- 
ary networks supplying generating-sta- 
tion auxiliaries has been up to expecta- 
tions. 

Each generating station is a separate 
problem requiring individual study. The 
network system for a plant may take the 
form of a grid, a loop, one or more spot 
network busses, or a combination of 
these. It is dangerous to generalize, but 
detailed studies on 12 stations ranging in 
size from 10 to 100 megavolt-amperes, 
indicate several things that are general 
enough to be of assistance in laying out a 
network for a particular power station. 

First, in more than 50 per cent of the 
cases, a network grid will be more eco- 
nomical than a secondary loop or spot 
busses. Small stations are the exception 
to this rule. Next, a 460-volt grid is 
cheaper than a 208-volt network, except 
im very small stations. And also, unless 
maximum motor size exceeds 600 horse- 
power, all auxiliaries should be supplied 
from a 460-volt network. Motors above 
600 horsepower should be supplied di- 
rectly at 2,300 volts, or from a grid or 
spot networks at this voltage. The same 
primary windings are used for both the 
2,300- and 460-volt networks. If 208 
volts should prove economical in a small 
station, then all motors larger than about 
50 or 75 horsepower should be served di- 
rectly at 2,300 volts, avoiding the third 
voltage classification. A typical network 
for auxiliary supply is shown in Figure 5. 

Four points afford a reasonable crite- 
tion for a distribution system in a power 
plant: reliability, flexibility, simplicity 
of operation and ease of maintenance, 


' 


and economics. The secondary network . 


will be analyzed briefly with respect to 
these qualifications. 


The secondary network system pro- 
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GRID VOLTAGE 120/208 OR 440 V. 


Figure 5. Secondary-network distribution 
system for central-station auxiliary supply 


vides maximum reliability and flexibility. 
The many years of experience with city 
network systems indicates that they are 
substantially as reliable as their source of 
supply and that they can be readily and 
economically expanded to take care of 
load growth. The network system is at 
least as simple as any type of system 
which will give somewhere near the same 
degree of reliability. The fact that any 
primary feeder together with its asso- 
ciated transformers can be removed from 
service without any interruption to serv- 
ice facilitates the operation, maintenance, 
and expansion of the system. Based on 
a number of careful economic studies, 
the investment cost of the network sys- 
tem has been found to vary from about 
15 per cent more to about 14 per cent less 
than the cost of a radial system. In 
about 75 per cent of these studies the 
network system showed a saving of from 
6 to 14 per cent. The result of any cost 
comparison will depend upon the form of 
network system used and the form of 
radial system with which it is compared. 


If lesser reliability is accepted, a radial 


system always can be designed that is the 
cheapest usable scheme. The foregoing 
figures refer to radial systems currently 
used and considered adequate. 

The matter of short-circuit current on a 
secondary network is something that must 
be watched in designing the system; 
otherwise the fault currents may run con- 
siderably higher than on a radial system, 
and the cost of the load circuit breakers 
will become excessive. The following are 
methods of keeping the interrupting duty 
on the load circuit breakers down. 


1. Limit the amount of load on any one 
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secondary grid or loop to a maximum of 
around 5,000 or 6,000 kva. This usually 
means a separate secondary grid or loop for 
each 100,000 kva of generating capacity or 
thereabouts, and less if small generators are 
involved and all load is supplied at low 
voltage. 

2. Where necessary, two or more separate 
secondary grids or loops can be supplied 
from the same group of primary feeders 
The secondary networks preferably should 
be supplied over three or four primary feed- 
ers to keep the amount of spare-network 
transformer capacity to a small value. 

3. The network transformers should have 
an inherent impedance of around ten per 
cent. This high impedance has the addi- 
tional advantage of improving load division 
between the transformers supplying a net- 
work, and of minimizing circulating currents 
between primary feeders whose voltages 
may be slightly different in magnitude and 
phase angle. 

4. Tf a spot network system is employed 
instead of a grid or loop form, the amount of 
load per spot bus should be kept down to 
1,500 to 2,500 kva. 


If the foregoing points are kept in mind 
as guides when a network system is being 
designed for supplying power to generat- 
ing-station auxiliaries, the advantages of 
reliability, flexibility, and simplicity of 
this type of system usually can be ob- 
tained at less cost than those forms of 
radial system which will give somewhere 
near comparable reliability. 

As stated, each generating station re- 
quires individual study. If the best sys- 
tem for a particular station is to be 
chosen, such study should be started 
early, before physical details of station 
design place limiting factors on the ap- 
plication of one type of system or the 
other. Whether new generation involves 
a new plant or simply additions to exist- 
ing plant, of course affects the choice, 
although this fact is not necessarily limit- 
ing in itself. 


Conclusion 


In conclusion the author wishes to re- 
peat that the foregoing paragraphs were 
selected as high lights, not as a general 
coverage on the subject of auxiliary ap- 
paratus and distribution systems. The 
selection of items and the discussion of 
them prove that central-station auxiliary 
performance will be improved through 
better supply-system layout and more re- 
liable individual motors and control. It 
is sincerely hoped that the discussion may 
prove of help to central-station engineers 


when auxiliary apparatus specifications _ 


and auxiliary power-supply problems are 
under consideration. 
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Fundamentals of the Amplidyne 


Generator 
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HE PRIMARY PURPOSE of this 

paper is to provide for the system de- 
signer a logical basis for the understand- 
ing and use of Amplidyne generators. 
Because of the point of view adopted, 
much interesting material on Amplidyne 
design has been omitted. No attention 
has been given to the solution of equa- 
tions representing specific applications of 
the Amplidyne generator, since it is the 
purpose of this paper to furnish only the 
basis for such analyses. 


Introduction 


DISCUSSION 


Commutation. The characteristics of 
an Amplidyne are greatly dependent upon 
commutation effects, particularly in the 
quadrature axis. Since this is a point fre- 
quently neglected, a brief explanation 
will be devoted to it. 

Looking at the equations which de- 
scribe the forms of the quadrature regula- 
tion, total saturation, and total regula- 
tion curves, and the quadrature time 
constant, we find that all are affected to 
a large degree by variations in R,’. As 
given in the nomenclature, R,’ includes 
a term, Ny, which is controlled by the 
location, relative to mechanical neutral, 
of the effective quadrature commutating 
zone. Brush position, of course, and the 
strength of the quadrature commutating 
field determine this location. Brush re- 
sistance across the face of the brush, the 
circumferential dimension of the brush, 
and surface contact resistance also are 
factors since they affect the short-circuit 
currents in the armature conductors 
undergoing commutation, which, in turn, 
contribute magnetomotive force in the 
direct axis. 

The processes involved are, in simple 
terms, about as follows: a change in 
brush position (or one of the other factors 
previously enumerated) alters the mag- 
netomotive force in the direct axis for a 
given quadrature current. This affects 


Paper 45-162, recommended by the AIEE com- 
mittee on electric machinery for publication in 
AIEE TRANSACTIONS. Manuscript submitted 
May 26, 1945; made available for printing Septem- 
ber 4, 1945. f 


J. L. Bower is with the Control Instrument Com- 
pany, Brooklyn, N.Y. At the time this Paper was 
written he was in the aeronautic and marine engi- 
neering division of General Electric Company, 
Schenectady, N. Y. 


The author is indebted to C. C. Lawry, Jr., for sug- 
gestions, especially on testing procedure. M. A. 
Baker, Alec Fisher, and B. H. Caldwell contributed 
greatly to the “Discussion” section of this paper 
through their valuable suggestions. 


1945, VOLUME 64 


the generated voltage in the quadrature 
circuit. Since this voltage increment is 
proportional to the quadrature current, an 
increment of quadrature resistance, R,’ 
has been introduced. The change in R,’ 
then increases or decreases the quadra- 
ture time constant and the slopes of satu- 
ration and regulation curves as men- 
tioned. An effect which necessarily ac- 
companies the change in R,’ is the altera- 
tion of My, the coefficient of inductive 
coupling between control and quadrature 
circuits. 

To the extent that the foregoing com- 
mutation effects permit the existence of 
linear relations between generated volt- 
ages and circuit currents, they are in- 
cluded directly in the analysis in this 
paper. The effects of nonlinearities often 
can be found by the study of incremental 
effects, using the linear-system equations. 
Effects of speed on steady-state currents 
and voltages can be found from the 
analysis without approximation. For ex- 
ample, the reason can be seen why termi- 
nal voltage of an Amplidyne does not, in 
every machine, rise as the square of 
speed. Using equation 46 and neglecting 
Nay, we have 


OVa’_ ——NagNag’ 
Di Ree Rs Niet Nas 


If the quadrature commutating zone were 
adjusted so as to make Ng, zero, and if the 
quadrature series field produced no 
direct-axis flux,” the voltage V’ would 
rise as the square of speed (all N’s being 
proportional to speed). Such conditions 
do not always exist; hence, Ng, and Nys 
are not always absent, and the voltage— 
speed relation is some power between 
first and second. 

It might be mentioned here that al- 


_ though there are many factors—com- 


mutating-pole strength, brush material, 
brush position, and so forth—which 
affect commutation, only brush position 
is mentioned in the sections on char- 
acteristics, since it is generally the only 
factor which can be controlled once the 
machine is installed. Asa matter of prac- 
tical experience, the ‘“‘resistance’’ method 
of setting brushes is much more accurate 
than the ‘‘inductive” method. Because 
of the simplicity of the latter, however, it 
is sometimes useful. Unless a machine 
is equipped with quadrature commutating 
poles, the quadrature brushes ordinarily 
are set off neutral in the direction of rota- 
tion. Practically all machines have di- 
rect-axis commutating poles, however, 
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and can be set on direct-axis neutral. In 
any case, it is wise to follow the advice of 
the designer if it becomes necessary to ad- 
just brushes. 


Fysteresis and Saturation. As men- 
tioned in the assumptions, no considera- 
tion is given to hysteresis and saturation 
effects. This, of course, does not mean 
that they are of no importance. A good 
approximation of the effect of hysteresis 
is an additional phase lag which is inde- 
pendent of frequency in the low-fre- 
quency range, and, therefore, cannot be 
represented in terms of a time constant. 
Amplidyne designers have reduced hys- 
teresis effects to a great extent by good 
design, so that they can often be neglected. 

Saturation, of course, is one of the limit- 
ing factors in the design of the Ampli- 
dyne. It comes into play in a rather in- 
teresting way in determining the shape 
of the total saturation curve. Since the 
direct and quadrature fluxes share the 
same paths in part, saturation produced 
by the relatively high quadrature flux 
affects any further increase of direct flux 
from the control circuit, and so on. 
Saturation also can enter into the deter- 
mination of the total regulation curves at 
high load currents when the distribution 
of compensating magnetomotive force is 
not perfect. A detailed discussion of this 
effect is, however, beyond the scope of 
this paper. 

Eddy Currents. To reduce effects of 
eddy currents to a minimum, all mag- 
netic circuits of an Amplidyne are lami- 
nated, except in a few cases where the 
maximum of performance is not required. 
To include the effects of eddy currents in 
the analyses presented here would re- 
quire that each of the K’s, N’s, L’s, and 
M’s be multiplied by an operational ex- 
pression to represent the time lag be- 
tween the application of a current and 
the appearance of flux. Although the 
effect is distributed throughout the mag- 
netic circuits, a fair approximation is 
given by using 1/(1 + T.p) as the opera- 
tional multiplier. This is equivalent to 
assuming a short-circuited electric cir- 
cuit around each flux path. Depending 
greatly upon the care taken to insulate 
the laminations, the value of T, may vary 
from a negligible quantity up to a few 
milliseconds. 


Relation Between M’s and N's. Be- 
tween an armature circuit and an adja- 
cent stationary one are two types of 
coupling: that due to speed voltage in 
the armature, and that due to mutual 
flux linkages. The first type is repre- 
sented by N and the second by M, as 
given in the nomenclature. There are 
certain interesting relations between the 
values of M and N. 

Let us assume that a current 7 the 
stationary coil produces a flux ¢ linking 
the » turns of an armature coil moving 
with an angular velocity » and having an 
instantaneous angular position a. Then 


873 


by the usual definitions, the mutual in- 
ductance is 


n 
M,=-¢ 
4 


if we use the subscript 1 to indicate con- 
stants of one coil. At the same time by 
definition of NV in this paper, 


From the foregoing relations: 
aM 


1 
da 


Since N and M for the entire armature 
are the sums, respectively, of the N,’s and 
My’s of the individual coils, the preceding 
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dry 
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Es CIRCUIT E, 
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Figure 1. Circuits of the Amplidyne 


relation applies exactly to the entire 
armature circuit for any instantaneous 
connection to the brushes. 

Under certain conditions the value of 
dM/da at one position is equal to the 
value of M 90 degrees away. For ex- 
ample, when the direction of the field is 
the same throughout the armature, M 
varies sinusoidally with a. If such a 
field is set up by the control winding for 


example, the relation between Ngyand May | 


is given by 
Nap= May 


However, the field set up by the control 
circuit is not usually unidirectional, and 
so this relation does not apply exactly. 


Typical Amplidyne Time Constants. 
Time constants of typical Amplidyne 
generators designed for high-performance 
control circuits are as follows: 


Control, L;/R;: 0.18 to 0.17 sec. 
Quadrature, L,/R,’: 0.02 to 0.07 sec. 
Direct, Ly’/Rq’: 0.008 to 0.028 sec. 


The machines selected range between 
1.5 and 25 kw. They all operate at 3,500 
rpm for two poles and at corresponding 
speeds for machines with larger numbers 
of poles. The time constants bear no 
regular relation to capacity for these ex- 
amples, 
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ASSUMPTIONS AND APPROXIMATIONS 


1. Mutual resistance coupling between 
quadrature and direct armature circuits is 
neglected because of its small magnitude. 


2. Hysteresis effects are neglected. 


3.. Eddy currents in the material compris- 
ing the magnetic circuits are neglected. 

4. Commutation is asstimed to be perfect 
and to take place at one fixed point under 
the brush. 


5. Saturation is not considered in the 
mathematical analysis. 


The presence of hysteresis and satura- 
tion does not invalidate the equations 
derived in this paper, provided they are 
applied only to incremental effects. Any 
use of the relations where hysteresis and 
saturation effects are being considered 
should be done in such a way as to make 
the coefficients, L, M, N, and K suitable 
functions of the currents. 


NOMENCLATURE 


The following symbols 
throughout this paper: 


are used 


L=self-inductance in henrys 
M=mutual inductance in henrys 
R=resistance in ohms 
N=coefficient of direct coupling in gen- 
erated volts per ampere 
K=coefficient relating flux in maxwells 
along a magnetic axis to amperes in 
some circuit 
B=coefficient relating generated volts in a 
circuit to maxwells through the 
proper magnetic axis, such that 
N=BK, with appropriate subscripts 
(B does not take a subscript) 
14=current in amperes 
¢=flux in maxwells 
V =load voltage in volts 
E=applied voltage in volts 
y =flux linkages in henry-amperes 
p =differential operator to indicate a first 
derivative with respect to time 
t=time in seconds 
f=subscript indicating the control circuit 
q=subscript indicating the quadrature ar- 
mature circuit 
s =subscript indicating the quadrature series 


circuit 

d=subscript indicating the direct armature 
circuit 

c=subscript indicating the compensating 
circuit 


Where a double subscript is used, the 
first refers to the circuit or axis in which 
the effect appears, and the second refers 
to the circuit in which the cause (usually 
a current) exists. 

Certain relations between the fore- 
going quantities are in the nature of 
definitions, and will be stated here for 
convenience: 


Mineee 
Na=BKg 


fb ; 
Naqg=BK qq 
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Ngs= pee 
Nas=BKas 
Nese bese 
Naa=BKga 
Naser 
Nac=BK «ec 
V/= ee 
Va’ = Va—Ec 


Myq!=Myt+ a 
My = Myst Moy 


ie aati 
May =Ma— Mes 


Mga! = Mga— Mget+ Msa— ue 
Mag’ = Maqg— Meq— Mas— Mes 


denied alee 
La’ =LatLe— Mac— Mea 


Ro! =RgtRstNoqtNas 
Ra! =Rat+Ret+ Naat Nac 


Neca Vet et 
Nag’ = Nagt Nas 


Signs of N’s and K’s are inherently 
positive for an Amplidyne whose direct 
and quadrature brushes are set off neutral 
in the direction of rotation. 

It will be noted that mutual induc- 
tances are given with two different orders 
of the same subscripts. Obviously such 
pairs of inductances as Ma, and M qa must 


— — QUADRATURE 
AXIS 


3piRECT! AXIS 2 


Figure 2. Quadrature and direct fluxes 


be equal in value. In order to show the 
direction of effects, the two orders of sub- 
scripts are used, since it results in no 
additional complication. 


CIRCUITS 
In the machine to be analyzed here 
the principal circuits (see Figure 1) are: 


1. The control-field circuit, to which is 
applied the voltage E;. 


2. The quadrature armature circuit, from 
which is taken the voltage V,. 


8. The quadrature series circuit, to which 
is applied the voltage F,. 


4. The direct armature circuit from which 
is taken the voltage V2. 


5. The compensating circuit (including 
commutation windings) to which is ap- 
plied the voltage F,. 


QUADRATURE- AND Direct-AxIs FLUXES 


The ‘‘direct axis’? may be defined as 
that surface which passes radially through 
the centers of the zones on the armature 
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QUADRATURE 
OPEN CIRCUIT 
VOLTAGE 


CONTROL CURRENT Q- 1 
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surface under which the conductors are 
undergoing commutation by the ‘‘direct”’ 
or “‘load”’ brushes (see Figure 2). 

The “quadrature axis” may be similarly 
defined with respect to the quadrature 
brushes. 

In Figure 2 4, do, ¢3, and ¢, are the 
fluxes issuing from the four segments into 
which the armature is divided by the two 
axes. The quadrature flux is: 


$g=¢14+ $2 (1) 


It is this flux which generates direct- 
axis voltage. Also since 


gitdget+o3+¢.=0 (2) 
$o= — (o3+¢u) (3) 
Similarly 

ga=b:to1= — ($2+¢s) (4) 


Now, the direct and quadrature fluxes 
are functions of the currents flowing in all 
the circuits of the Amplidyne. Accord- 
ing to our assumptions, the relation must 
be linear, in the absence of saturation. 


Then, 

g= — Kgsigt Kggigt Kgsts— Kgatat Kgcte 
(5) 

and 

a= — Kasigt+ Kagigt Kastst+ Kaata— Kacte 
(6) 


GENERATED VOLTAGES 


The generated voltage between either 
pair of brushes is propoftional to the flux 
crossing the corresponding axis, the rota- 
tional speed, and the number of armature 
conductors. Since the last two factors 
are the same for the direct as for the 
quadrature flux axis, we may use the one 
ratio of proportionality between gener- 
ated voltages and flux. This ratio will be 
called B, 


FLux LINKAGES 


Let us now define the flux linkages of 
all circuits. It should be noted here that 
the flux linked by the quadrature- and 
direct-armature circuits need not be 
¢, and 4, respectively. 


Field linkages: 
¥y=Lyig— Mygig— Misia MyaiatMycic (1) 
Quadrature armature linkages: 

4 hae —M, ofitt Lgigt Mgsist+ Mgata— Macte 


(8) 
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Figure 3a. Quadra- 
ture-control saturation 
curve 


Figure 3b. Circuit for 
obtaining Figure 3a 


Quadrature series linkages: 

¥s= — Moyiz+ M sqig+ Lgis+ Msata— M scic 
(9) 

Direct armature linkages: 


va= — Mazist+ Magigt MasistLaia— 
Mace (10) 
Compensating linkages: 
be= M ezis— M egtg — Mesis— M catatL£ cig 
(11) 


Basic Crrcuir EguaTIons 


We are now prepared to write the cir- 
cuit equations for the Amplidyne, Ex- 
ternal voltages will be designated in the 


CONTROL 
0. C. SOURCE 
fi VARIABLE 


RESISTOR 


case of applied voltages by E, and in the 
case of load voltages by V. 
Then, for the field circuit: 


E,— pey— Ryig=0 (12) 
for the quadrature armature circuit: 

— Boa bbq— Rgig— Vg=0 (13) . 
for the quadrature series circuit: 

Es—pls— Rsis=0 (14) 
for the direct armature circuit: 
' Bog— bva— Rata— Va=0 (15) 
and for the compensating circuit: 

Ey Wee Rd = (16) 


These equations may be rewritten, 
making use of definitions of fluxes and 
flux linkages from equations 5 through 11, 
as follows: 

From equation 12, 


(Ret Lyb)igt M pybigt Myspist 
Myapia— Mycpic= = Ey (17) 


From equation 13, 


(BKagt+ Mob)t7— (Rat BK agtLoh)tq— ’ 
(BKast+ Mgsh)is— (BKaat+ Mqab)tat 
(BEKact Mch)tc= Vg (18) 
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From equation 14, 


M sppit— Mgghig—(Rst+Lsp)is— Msabia+ 


M s-fi,= —Es (19) 
From equation 15, 
— (BK g— Marb)iz+ (BK gq— Magh)igt 
(BKqs— Masb)is— (Rat+BKgat+ 
Lap)tat+ (BKgct+ Mach)ic= Va (20) 
From equation 16, 
—Mephist+ Mcgbig+ Mesbis+ Meabia— 
(R-+L,p)ic= — Eee a(2 1) 


COEFFICIENTS OF DirREcT COUPLING 


In the foregoing equations, the coeffi- 
cients containing B relate generated volt- 
age in quadrature and direct armature 
circuits to currents in the same or other 
circuits. These may be referred to as co- 


QUADRATURE 
; TERMINAL VOLTAGE 


QUADRATURE CURRENT 


Figure 4a (above). Quadra- 
ture regulation curve 


Figure 4b. Circuit for obtain- 
ing Figure 4a , 


efficients of direct coupling. In the case 

of BK a, and BK a, the coefficients are the 

same in form and effect as quadrature 

and direct resistances, For simplicity 

in analysis, it is convenient to use coeffi- 

cients with subscripts as shown below: 
Let us substitute: 


BKa= Nog 
BK Ne 
BKaqg= Na 
BK qq= Nag 
BKas=Nqs 
Bee 
BKaa= Nea 
BKqa=Naa 
BKac= Nec 
rene 


With these substitutions the equations 
10 through 14 become: 


Control field: —(Ry+Lyp)iz+ Myghigt+ 
Myspist+ Myapia— Mpebic= — Ey (17) 


(22) 


Quadrature armature: (Ngt+ Mosp)is— 
(Rgt Nog+Lob)iqg— (Nast Mqsb)is— 
(Ngat+ Meap)tat (Nge+ Moch)ic= Ve 


(23) 
Quadrature series: Mspis— Msgbig— 
(Rst+Lsf) is— Msabiat 
Mscpic= — Es (19) 
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Figure 56. Circuit for obtaining Figure 5a 


Polarities—IF positive V,’ exists as a result 
of is, a resistor placed from A to B increases 
ig positively 


Direct armature: —(Nay—Marb)is+ 
(Nag— Magh)igt+ (Nas— Masb)is— 


(Rat NaatLah)iat (Nact 
M, acP) ic= Va (24) 
Direct compensating: — M,ypist+ Megbtg+ 
M eshis+ M cabia— (Re+ EP) 1g= — E, 
(21) 


In the Amplidyne which includes the 
five circuits mentioned thus far, the usual 
connection is with the quadrature arma- 
ture and quadrature series circuits con- 
nected in series, and a similar connection 
between direct armature and compensat- 
ing circuits. The resulting currents and 
voltages are such that 


Vo—Es= V4! eae 


ig=tq igmta 


(25) 


If we substitute these relations in 
equations 23 through 27: 


Control circuit: —(Ry+Lyp)t;+ (My + 
Mys) pig+ (Mya— Mye)bia= —Ey (26) 


Quadrature circuit: + [Mg++ (Mgy+ 
My) \ig— (Ra A Rst+ Nogt Nos) + 
(Lg tLs+ Myst M eq) lig— 
[(Nga- Nc) + (Mga— Mget+ Ma 
Ms.)p\ia=Vq' (27) 


Vig 


DIRECT AXIS 


CIRCUIT 
VOLTAGE 


DIRECT - 
QUADRATURE 
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ig —_ 
QUADRATURE AXIS 
CURRENT 


Figure 6a. Direct-quadrature 
saturation curve 
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Figure 6b. Circuit for 
obtaining Figure 6a 


vo (Ry+Lyl), My‘, + Mya'?, 
(a (Not Mzy'b), = (Rq'+Ly'), > (Nga’ + Mca'b): (34) 
—(Nas— May'b); +(Naq’—Ma'?), —(Rqa’+La'b), 


Direct circuit: — [Nay— (Mas— Mey) ligt+ 
[((Nagt+ Nas) aa (Mag— Meg+ Mas— 
Ms) pg [((RatRe+ Naa- Nac) =F 
(La+Le—- Mac— Mea)? Va oa Va’ (28) 


A great simplification may be made by 
lumping with quadrature armature and 
direct armature resistances, inductances, 
and coefficients of direct coupling, similar 
coefficients of quadrature series and di- 
rect compensating circuits. To do this, 
the following substitutions are made: 


Mygt+Mys=Myq' 

Mya— Mye= Mya’ 

Most Msy= May’ 

lop lasr Myst+Msq= Ly’ 
Mga— Mgc+Msa—M se= Mga 
Maqg—Meq+ Mas— Mes= Mad’ 
Lathe Mac Mca =L,’ 
RytRst Nggt Ngs= Ra’ 
Nga— Ngc= Nea’ 

Nagt+ Nas= Nag’ 
RatR-+Naa— Nac=Ra’ ) 


raz) 


SIMPLIFIED AMPLIDYNE EQUATIONS 


With equation 29 substituted in equa- 
tions 26, 27, and 28, for the control cir- 
cuit: 


—(Ryt+Lyp)ig+ Myq'bigt Mya'bia= — Ey 


(30) 
For the quadrature circuit: 
(Nos+Mos'byis— (Ra’ +L g'b) ig 
(Nea' +Mga'P)ia= Va’ (31) 
And for the direct circuit: 
—(Nay— May'b)iz+ (Nag’ — Maq'b)tq— 
(Ra’+La'p)ia=Va' (32) 


Solving for the terminal voltage, we have 


(Nest Moy'b) Nag’ — Mag'b) — 
E (Rq’ +Lq'b)(Nar— May'P) 
1 (Ry +L yp) (Ro! +Ly'b) — 
Myq'b( Not May'P) 
A 
“4 (Ry-tLyp) (Ra! + Lob) — 
Myq'b (Natt May'P) 
= (Ry+Lyp) (Naq’— May'P) rt 
Vv,’ Myq'b(Nas— May'P) 
© (Ry +} Lyp) (Ro +Ly'b) — 
Mo'P( Nott May'b) 
(33) 
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where A is given by equation 34. 


Steady-State Characteristics 


DEFINITIONS 


The steady-state characteristics of the 
Amplidyne generator may be obtained 
from several curves. In the order in 
which they will be discussed, they are: 


Quadrature-control saturation. 
Quadrature regulation. 
Compensation characteristic. 
Direct-quadrature saturation. 
Direct-control saturation. 
Total saturation. 

Direct regulation. 

Total regulation. 


COED CM Se) ow) ie 


It will be assumed that the Amplidyne 
is being tested with compensating and 
quadrature series fields connected. 


QUADRATURE - CONTROL SATURATION 
CURVE 
The quadrature-control saturation 


curve shows the relation between open- 
circuit generated voltage in the quadra- 
ture armature circuit and control-field 
current. Its slope is 0V,’/di, obtained 
from equation 31 by setting equal to zero 
p and all currents except ty. There re- 
mains 


Nosig= Va" (35) 
or, if we differentiate 
oV,’ 

= Nog (36) 
Our 


The general shape of this curve may be 
seen in Figure 3 for an Amplidyne gener- 
ator. 

The form of the quadrature-control 
saturation curve is dependent (for a given 
machine) upon speed. It is little affected, 
if at all, by 


Direct-axis brush settings. 
Quadrature-axis brush settings. 

The degree of compensation. 
Resistance of windings (temperature). 


POW 


QUADRATURE REGULATION CURVES 


The quadrature regulation curve shows 
for a fixed control excitation the variation 


CONTROL 


TO D.C. SUPPLY 


‘Figure 7b. Circuit for obtaining 
Figure 7a 
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Figure 8a. Total satura- 
tion curve 
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Figure 10a. Total regu- 
lation curve 
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in terminal voltage of the quadrature cir- 
cuit with quadrature current, when that 
circuit is opened at any point (see Figure 
4a and b). 

The slope of the quadrature regulation 
curve is 0V,’/di, V,’ may be obtained 
from OE Ps 31: 


Ifip = 
Ngris— Rq'ig = V,’ 


0 and zz = 0, 


The slope of the quadrature regulation 
curves are given by equation 37 by taking 
the partial derivative: 


OV4! 
=/PlsS 38 
(= 3 (38) 
The slope then, is 
—R,’ 5) eer (RgtRst+ Nqq+ Ns) (39) 


It should be noted that the slope not 
only is affected by the ohmic resistance 
of the circuit, but includes the generated 
voltage terms Ny and Nys. Ng can be 
adjusted in value by the quadrature 
brush setting. _ 
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Figure 8b. Circuit for 
obtaining Figure 8a 
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Figure 10b. Circuit for 
obtaining Figure 10a 


Figure 11a and 6b. Method 
of obtaining time constant for 
any linear inductive circuit 


The form of the quadrature regulation 
curves is affected by 


r 


1. Speed. 
2. Quadrature—axis brush setting. 
3. Copper temperature. 


It is not affected by 


1. Direct—axis brush settings. 
2. Degree of compensation. 


COMPENSATION CHARACTERISTIC CURVES 


As the name indicates, the compensa- 
tion characteristic curves show the de- 
gree and nature of the compensation in 
the machine. The points for the curve 
are taken by reading the open-circuit 
quadrature voltage while varying the cur- 
rent through the direct armature circuit 
and compensating winding in series (see 
Figure 5a and b). 

The slope of the curves is 0V,'/diq. 
The value of this derivative may be found 


from equation 31 by making p = O and 
tq = 0. 
Nosis— Noa'ia= Va" (40) 
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obtaining Figure 9a 
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Figure 12b. Circuit for 
obtaining Figure 12a 


Differentiating gives 
OV 
tg 

The form of the compensation char- 
acteristic curves is affected by 


qd = —(Nga— Ne) (41) 


1. Degree and nature of compensation. 
2. Speed. 


It is little affected by 


1. Direct brush settings. 
2. Quadrature brush settings. 
8. Copper temperature. 


DIRECT — QUADRATURE SATURATION 
CURVE 


The direct—quadrature saturation curve 
shows the variation of direct-axis open- 
circuit voltage with quadrature current 
(see Figure 6a and b). Its slope may be 
found from equation 32 with p = 0. 


— Narig+ Naq'tq— Ra'ia= Va’ (42) 
Taking the derivative gives 
OVa' 
IN i 43 
dq dig ( ) 


The form of the direct-quadrature 
saturation curve is affected by speed. 
It is little affected by 
1. Degree and nature of compensation. 
2. Direct brush settings. 

3. Quadrature brush settings. 
4. Copper temperature. 


Drrect-CONTROL SATURATION CURVE 


The direct-control saturation curve 
shows the variation of direct-axis open- 
circuit voltage with control current (see 
Figure 7a and b). Its slope may be found 
from equation 42. By taking the partial 
derivative with respect to z,, we have 


/ 
_ Va \ (44) 
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The form of the direct-control satura- 
tion curve is affected by 


1. Speed. 
2. Direct brush settings. 


It is little affected by 


1. Degree and nature of compensation. 
2. Quadrature brush settings. 
3. Copper temperature. 


Nay in the usual Amplidyne generator 
is very small or zero when the direct-axis 
brushes are on neutral, since the control 
fields are wound so as to produce direct 
flux only. 


TOTAL SATURATION CURVE 


The total saturation curve is a plot of 
direct-axis no-load voltage against con- 
trol current, with the quadrature circuit 
closed (see Figure 8a and b). The slope 
of the curve may be obtained from equa- 
tion 33 with p = 0. 


Wace =2,( 


or, since E,/Rs= 1s, 
Va'= 
A af N. aon c A N. da. 
= V ———<— = aaa = 
Taking the partial derivative of equa- 


tion 45 with respect to 7, we find the slope 
of the total saturation curve to be 


— Nay (46) 
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measuring control-field 
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Note that the second term is the slope 
of the direct-control saturation curve. 
The other term is ordinarily much greater. 

The form of the total saturation curve 
is affected by 


1. Speed. 
2. Quadrature brush settings. 
3. Copper temperature. 


It is little affected by 


1. Degree or nature of compensation. 
2. Direct brush settings. 


DirecT-REGULATION CURVE, 


The direct-regulation curve expresses 
the relation between direct-axis terminal 
voltage and direct-axis current, as all 
other currents in the system are held con- 
stant (see Figure 9a and b). Its slope 
may be found from equation 32 with p = 
0. 


— Narigt+ Naq’iq— Ra'ia = Va' (47) 
OV,’ 

# ——R,! (48) 
Otg 


The curve is taken by holding quadra- 
ture current constant while 7, is varied, 
with i, = 0. 

The form of the direct-regulation curve 
is affected by 


1. Speed. 
2. Direct brush settings. 
38. Copper temperature. 


It is little affected by 


1. Degree and nature of compensation. 
2. Quadrature brush settings. 


Figure 14a and b 
(left). Quadrature 
time constant and 
circuit for measuring 


Figure 15a and b 

(right), Alternative 

method for obtaining 

quadrature time con- 
stant 
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Bower—Amplidyne Generator 


ToTAL REGULATION CURVE 


The total regulation curve shows the 
variation of direct-axis terminal voltage 
with direct-axis current (See Figure 10a 
and b). Its slope may be found from 
equation 45 by taking the partial deriva: 
tive with respect to ta: 


, 
oVa' = aS (49) 
Dizper RR’ 
But, when p = 0 in equation 33, 
A= —RyRq!Ra!— Noa’ Naa'Ry (50) 


Then, with equation 50 in equation 49, 
(51) 


The form of the total regulation curve 
is affected by 


Speed. 

Degree and nature of compensation. 
Quadrature brush settings. 

Direct brush setiings. 

Copper temperature. 


Cu c 


Trai sient Characteristics 


SUMMARY 


The principal time constants of the 
Amplidyne are: 


A. Control-field time constant, L,/R; 
B. Quadrature time constant, L’,/R,’ 
C. Direct-axis time constant, Rq’/La’ 


In addition to these time constants, 
there are three mutual inductances which 
must be measured in order to determine 
the complete transient response of the 
Amplidyne. These are: 


Myq' = May’ 
May’ = Mya’ 
Mag’ = Mga’ 


CONTROL-FIELD TIME CONSTANT 


Equation 30, with 77 — t¢ = 0 de- 
scribes the rise of iy with time after a 
field voltage Ey is applied. Solving, we 
have 

BE, yd Bp 


is= ele 
RAEL GOR 
stLyp Ky (+2) 
f 


(52) 
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Figure 16a. Direct time constant 


Control field (not shown) is open 
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Figure 166. Circuit for measuring direct time 
constant 


The value of the time constant, L;/R, 
may be found by the simple method of 
suddenly applying E; to the control field, 
and reading the rise of 7, with time. If 
the time constant of decay is also desired, 
the field may be supplied from a voltage 
divider whose resistance is low compared 
to that of the field (see Figure 12a and b). 
The oscillogram, Figure 12a may be 
analyzed to find the time constant L;/Ry. 

Another method of finding the time 
constant, L,/Ry in certain cases is sug- 
gested by the solution of equations 30 
and 31 for V,’ when 7 = 0 and 1, = 0. 
In this case from equation 31: 


q = (Nast Mos'b)ty (53) 

But from equation 30, 
Ey panes 
ip=——— =: (54) 
1 (Ry+L yb) Ry Ly 
LPP 
Ry 
Then, from equations 53 and 54, 
NytMiy’ 

Vy = 2. apt May'P (55) 


Ry Ly 
1 — 
“f RP 
Now, where the quadrature brushes are 
on neutral and no quadrature fields are 
used which have magnetic coupling with 
the control field, 


Myy' =0 (56) 
In this case 
Es 1 
V,/=—N (57) 
Br 1424p 
Ry 


The time constant of rise of V,’ is then 
that of the control field, within the as- 
sumptions of this analysis. The circuit of 
Figure 13 may be used to determine 
Ly/Ry: 

This second method is such that, if 
eddy-current and hysteresis effects in- 
troduce any measurable time delays, 
they are included as increases in the 

ective control-field time constant. Thus 
the entire delay between the application 
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of a control voltage and the generation of 
a quadrature voltage is measured. 


QUADRATURE TIME CONSTANT 

Equation 31, with 7; = 0, and V,’ = 0 
relates 7, to ig. Solving, we have 
. Nea’ +Ma'b 


1 

tg =1, 

qd d R, wed 
Tei 


(58) 


4 


If the magnetic circuits of the Ampli- 
dyne are such that the quadrature and 
direct axis are not coupled, M,q’ = 0. 
If the current ig flows through the com- 
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Figure 17a. Circuit for quadrature-brush setting 
by resistance method 
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Figure 17b. 
quadrature-brush setting by resistance 


Interpretation of curves for 


1—Armature stationary 
9—Brushes off neutral in direction of rotation 
—armature rotating 
3—Brushes off neutral against direction of 
rotation—armature rotating 
4—Parallel to 1—brushes on neutral—arma- 
ture rotating 


pensating field only, it becomes 7, and 
Nya’ is replaced by —N. Then we 
have 


N 1 
ig=ie—* (59) 
By en 
ie 


Thus, the value of the time constant, 
L,//R,’! may be found by applying in- 
stantaneously a constant current 7, and 
reading the rise of quadrature current 
(see Figure 14 a and b). 

For accurate results in this test, 


Uy 


Ry 
Ro = 10L, eae 


Ly’ (60) 


It may be more convenient in some 
cases for the rise of Va’ to be recorded 
rather than the rise of i,. In this event, 
the time constant, L,’/R,’ may be found 
by applying an instantaneous current 7, 
and recording the transient values of 
V2’. The equation for V,’ in differential 
form may be found from equation 32 with 


Bower—Amplidyne Generator 


tr = 0 and ig = 0. If we have assumed 
that Mjq’ is zero, then Mj,’ must also be 
zero, and 


Val = Naq‘tq (61) 
Then, using equation 59 gives 
. _ . NgeNag’ 1 
ig=i . (62) 
Rg 42 
Re 


See Figure 15a and b. Here, again, it is 
necessary for reasonable accuracy that 


R , 
Ro=10L,— 
Lq 


(63) 


The measured quadrature time constant 
will vary with those factors affecting 
R,’ (see the section, ‘(Quadrature Regula- 
tion Curves’’). 
Direct TIME CONSTANT 

If, in equation 32, 


= 4 SO) 


1 
iam] Per Mar) —Mag a ee 


64) 
Ra’ Ry? 


If, as before, Ma,’ is negligible, we have 


(05) — 


ys Ea f 
Va =1¢ ; © ; 
Ra ( Le ) 


Thus, if Vz’ is reduced to zero by 
short-circuiting the direct-armature cir- 
cuit through the compensating circuit 
with control current zero, the time con- 
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Figure 18a and b. Quadrature-brush setting 
by inductive method 


stant which regulates the’ response of 
direct-axis current is Lg’/Rq’. If a con- 
stant i, is applied instantaneously, ig will 
rise with a time constant L,’/R,’ (see 
Figure 16a and b). The direct time con- 
stant will vary with those factors affect- 
ing R,’ (see the section, ‘Direct Regula- 
tion Curves’’). 
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Circuit for direct-brush setting by 
resistance method 


Figure 19a. 


DIRECT-AXIS 
\ TERMINAL 
. VOLTS 


Vig 


DIRECT -AXIS CURRENT 


Figure 19b. Interpretation of curves for direct- 
brush setting by resistance method 


4—Armature stationary 
9—Brushes off neutral in direction of rotation 
—armature rotating 
3—Brushes off neutral against direction of 
rotation—armature rotating 
4—Parallel to 1—brushes on neutral—arma- 
ture rotating 


For a reasonable accuracy, in Figure 
16a, 


, R a’ 
(REN Oya (66) 
ia 

If the direct axis is well compensated, 
La'/Ra’ will be quite small and may, for 
that reason, be difficult to measure accu- 
rately. 


COEFFICIENTS OF MuTuAL INDUCTANCE 


The internal construction of an Ampli- 
dyne generator consisting of the circuits 
already described, is such that the mu- 
tual inductances between circuits are 
zero or very small, when the brushes are 
set on neutral. However, if it is necessary 
to know the values, they may be deter- 
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mined by applying a sinusoidal voltage 
to one circuit and reading the induced 
open-circuit voltages in the others with 
the armature stationary. The frequency 
should be sufficiently low that eddy cur- 
rent and hysteresis effects will not intro- 
duce important errors. Under certain 
conditions the brushes will allow circulat- 
ing currents to flow by short-circuiting 
armature turns; hence it is wise to raise 
all brushes not needed during mutual 
measurement. 


Commutation 


BRUSH SETTING 


Quadrature Brushes 


Resistance Method. See Figure 17a and 
b. Quadrature brushes may be set on 
neutral by a method which permits the 
variation of direct flux with quadrature 
current to be determined under running 
conditions. One method of accomplish- 
ing this is suggested by examination of 
equation 18. If we make all currents 
zero except i,, we have, for steady state 


(p = 0). 


—(R,t+ BKagiq= Va (67) 


Ka for this equation, as defined by 
equation 6 relates direct flux to quadra- 
ture current and is zero when the quadra- 
ture brushes are on neutral. 

If the armature is stationary, B = 0, 
and equation 67 becomes 


—Ryig=Vo (68) 
Then we have, for the machine running, 

ov, 

sp 7 Ra BEay) (69) 

tq 

and for the stationary machine 

OV, 

—4=—R 7 

7 a (70) 


If we find the effective resistance of 
the quadrature-armature circuit both 
running and stationary, and if we set 
the brushes so that these two resistance 
values are equal, the brushes must be on 
neutral. 


Figure 20a and b. 
Direct-brush setting 
by inductive method 
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Figure 21. Circuit 
for black-band com- 
mutation tests 


Bower—Ampblidyne Generator 


Note in Figure 17b that the residual 
may cause V, to have a value other than 
zero when i, = 0. This does not affect 
the method of setting brushes. 

Inductive Method. See Figure 18a 
and b. A second method of setting the 
quadrature brushes comes from equation 
7, since direct-flux and control-flux link- 
ages are zero under approximately the 
same conditions. In equation 7, with all 
currents except i, at zero, we have: 


v= —Myrta (71) 


If My, is made to be zero by some 
method, the value of Ka, in equation 69 
is also very nearly zero, and the brushes 
are on neutral. . 

If we take the derivative of yy with 
time, we have the induced voltage in the 
control field as 7, varies: 


bby = — Myqhig 


With the machine running, a plot can 
be made of galvanometer deflection (see 
Figure 18b) against brush position, as the 
switch is closed. “When the brush posi- 
tion is such that the swing is nearly zero 
for repeated closing of the switch, the 
quadrature brushes are on neutral. 


(72) 


Direct Brushes 


Resistance Method. See Figure 19a 
and b. The setting of the direct brushes 
may be made by a method similar to 
method 1 for the quadrature brushes. 
Thus, from equation 48 we get, for the 
armature rotating at steady state (pb = 
0): 


oVa! 
dia 


= — Ry! =— [Rat R-+B(Kea- 
Kqe)] (73) 


If the compensating winding is sym- 
metrical about the direct axis, Ky, = 0. 
We then have 


OVa’ 
re (Rat R.+BK ga) (74) 
ta 
When the armature is stationary, 
Va’ 
Vial ae (RatR) (75) 


In this test, the compensating and 
commutating fields are included in the 
measurements of effective drop, since 
their inclusion reduces nonlinear effects 
such as saturation and poor commutation. 

Inductive Method. A second method 
of setting the direct brushes is similar to 
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A Generalized Circle Diagram for a Four- 
Terminal Network and Its Application to 
the Capacitor Single-Phase Motor 


J. G. TARBOUX 


FELLOW AIEE 


Te MAIN PURPOSE of this paper 
1s to present an operating circle dia- 
gram for the capacitor motor, showing 
that the input-current vector follows a 
circular envelope, as the mechanical 
shaft power is varied. A secondary aim 
is to review the theory of the generalized 
four-terminal network, thereby develop- 
ing circle-diagram equations which can be 
applied to any linear network which de- 
livers its output power into a variable im- 
pedance of constant power factor. This 
generalized method of approach can be 
applied quite readily to the three-phase 
induction motor, obtaining the same re- 
sults which now are available in practi- 
cally all textbooks on a-c machinery. The 
same point of view can be extended to 
single-phase motors, the capacitor motor 
being a good example. Considerable work 
still remains to be done in order to make 
the single-phase circle diagram as useful 
as the one commonly used for three-phase 
motors,! but the author believes that the 
generalized treatment offered in this pa- 
per may be a step in the right direction. 
From the point of view of the teacher of 


Paper 45-93, recommended by the AIEE com- 
mittee on electric machinery for publication in 
AIEE TRANSACTIONS. Manuscript submitted 
August 5, 1944; made available for printing March 
12, 1945. 


J. G. Tarsoox is professor of electrical engineering, 
the University of Tennessee, Knoxville, Tenn. 


a-c machinery the generalized method is 
quite worth while, in that it emphasizes 
the common nature of all machinery, 
rather than particular differences. This 
method of approach has been used by the 
author for a good many years with very 
encouraging results. 

Since the work of this paper follows 
this generalized point of view, the review 
of this theory is given first, followed by its 
specific application to the capacitor motor. 


The Generalized Circuit 


THE FourR-TERMINAL NETWORK 


Undoubtedly the three-phase induction- 
motor equivalent circuit and circle dia- 
gram are the most widely understood 
diagrams of this nature which are found 
in electric-machinery literature. The gen- 
eral method usually adopted in the de- 
velopment of this circle diagram is first to 
present the equivalent motor network, 
which in its initial form is a T circuit as 
shown in Figure 1. Quite often this T 
circuit is converted into a cantilever cir- 
cuit by connecting the shunt or exciting 
impedance Z directly to the input ter- 
minals. This step somewhat reduces the 
amount of analytical work without intro- 
ducing appreciable errors in the general 
results. ,- 

Several suggestions of a generalized 


« 


method 2 for the quadrature brushes. 
This method can be used when the 
Amplidyne generator is equipped with a 
quadrature series field (see Figure 20a 
and b). 

From equation 9, if all currents except 
tg are zero, we have 


¥s=Msata (76) 
Then, differentiating gives 
bYs= M sabia (77) 


By reasoning similar to that used for 
method 2 for quadrature brushes, we may 
say that, when M,, is zero, the direct 
brushes aré on neutral. If the direct- 
brush position is such as to produce mini- 
mum deflection, the brushes are on 


neutral. 


BLACK-BAND COMMUTATION TESTS 


Although the assumption is made in 
this paper that the commutating field has 
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been adjusted to give good commutation, 
a black-band commutation test may be 
run to check this. The circuit for the 
test is shown in Figure 21. 

The interpretation of the results of the 
black-band test is the same as for any 
d-c generator and need not be discussed 
here. 
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Tarboux—Generalized Circle Diagram 


method of analyses have been presented 
from time to time. In 1930, Gabriel 
Kron? presented a generalized theory of 
electric machinery based upon energy 
content and energy utilization. In his 
paper he considers an electric machine as 
a device which receives energy and 
through a process of energy storage and 
energy transmission finally delivers a part 
of the total input energy into a load. 

A similar development is presented in 
this paper following, however, the circuit 
point of view. The idea of a generalized 
four-terminal network is not new. It has 
been used extensively by the transmission- 
line engineer to include transformers and 
alternators as well as transmission lines. 
In general, therefore, a four-terminal net- 
work is defined as any electric circuit com- 
posed of resistances, inductances, and 
capacitances, so connected that there is 
only one point of energy input and only 
one point for energy output. For normal 
analytical treatment it is customary to 
assume that this network is linear and bi- 
lateral. 

From the energy point of view the 
capacitor motor, as well as the three-phase 
induction motor, corresponds to a four- 
terminal network; the electric power in- 
put being supplied to the input or send- 
ing-end terminals while the output 
energy is in mechanical form. This point 
of view corresponds to that suggested by 
Mr. Kron? in 1930. The basic problem, 
therefore, is to represent the mechanically 
absorbed power by an equivalent electri- 
cal impedance element, and to incorpo- 
rate in the network a suitable circuit 
which represents the electrical and mag- 
netic features of the motor. 

The generalized circuit equations must 
define the input voltage and current in 
terms of the electric equivalent output 
current and voltage for any type of cir- 
cuit. Figure 2 indicates such a general 
circuit, which is defined by the use of the 
so-called generalized constants A, B, C, 
and D in the form of the two generalized 
equations: 


V,=AV,+BI, 
,=CV,+DI, 


The four-terminal network may be a 
simple series circuit, a simple shunt im- 


(1a) 
(1b) 


$93-1 


Z| Z2e 


Figure 3. Cantilever circuit 


pedance, a T circuit as used for trans- 
formers and three-phase (per phase) in- 
duction motors, or any other combination 
of resistances, inductances, and capaci- 
tances. Each particular type of network 
has its own particular constants, A, B, C, 
and D. These may be obtained directly 
from basic circuit analyses applied to the 
particular circuit involved. Example 
solutions are available in a good many 
textbooks on network theory including 
the author’s.® 


SIMPLE CIRCUIT CIRCLE DIAGRAM 


As an example consider the simple cir- 
cuit of Figure 3, composed of an inductive 
reactance X, in parallel with a series ele- 
ment of inductive reactance X and vari- 
able load impedance Z. The total cur- 
rent of such a circuit is 


V, 
fare 
: oT 7 44x 


(2) 
Three cases are considered, namely, 
(a). Resistance load, Z =R/0. 


(b). Resistance and inductance load of 
constant power factor, Z= R/¢, ¢=constant. 


(c). Resistance and capacity load of con- 
stant power factor, Z=R/¢, ¢=constant. 


Case a. Resistance Load. Equation 
1 becomes 
Tene (3) 
OT R+5X 


For R=0 (load short-circuited) the load 
current is equal to V,/jX. This current 
will lag the voltage vector V, by 90 de- 
grees, as indicated by the length BC of 
Figure 4a. The total current input to the 
circuit of Figure 3 is given as AC of 
Figure 4a. As the load takes on positive 
values of resistance, the load-current vec- 


Figure 4. Circle diagrams for Figure 3 
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tor will follow a circle locus ODB wate 
load current being zero for R=infinity 
(open circuit) at poimt B. For negative 
resistances the load-current vector will 
follow the lower half of the circle locus, 
the point B corresponding to positive or 
negative infinite resistance. The total 
current is equal to the vector sum of the 
shunt current J, and load current J, as 
given by the vector AD in Figure 4a. 


Case b. Resistance and Inductance 
Load, Equation 2 is modified to the 
following: 


Sain Vg 
Zlo+jx * 

Vi/ 

(Z+X sin ¢)+jX cos ¢ 

The results of this expression are indi- 
cated by Figure 4b in which the circle 
diameter is equal to (Vi/¢)+(jX cos 4). 
It will bé noticed that the distance BC= 
V,/jX. As before the load-current vector 
follows a circle locus, a particular point 
being shown at D, the total circuit input 
current being equal to AD. 


h=h+ 


Case c. Resistance and Capacity Load. 
Equation 2 now is modified to the form, 
V; 


Mesa Ears 

V,/¢ 
=I ot r 
(Z—X sin ¢)+jX cos ¢ 
(5) 
The graphical representation of this case 
is similar to that under ‘“‘Open-Circuit 

Current’’ and is shown in Figure 4c. 

The results of Figures 4a, b, and c will 
be found to be similar to Figures 3b, 3c, 
and 3d presented by Mr. Kron,” except 
that his diagrams represent energy distri- 
bution instead of currents. 

The results of equations 2, 3, 4, and 5 
could have been obtained directly from 
the generalized equations 1, as will be 
demonstrated. 


DEVELOPMENT OF GENERALIZED CIRCLE 
D1AGRAM EguatTions® 


Dividing equation 1b by la and con- 
sidering that V,=J,Z gives: 


(6) 


(b) z= R/¢ 


Tarboux—Generalized Circle Diagram 


It also can be shown‘ that AD—BC=1, 
for linear bilateral networks. Multiply- 
ing numerator and denominator of equa- 
tion 6 by A, and substituting AD= Bc+1, 
and rearranging the result yields 


ys 
Cc A? 
== Vien ane (7) 
veal Gz 
A 


To illustrate the application of equation 
7 it now will be applied to the circuit of 
Figure 3. The generalized constants for 
this particular circuit are easily found to 
be 
A=1, B=jx,C : avi 

Sos a ba aed ae x 
Therefore, when these results are sub- 
stituted into equation 7 it is found that 


1 
jXo 
In the general equation 7, let Z =R/¢, 
as was done in equation 4, then 
V, Ve 


Sealine eee (8) 


L : 
(R+r)+jx 


in which 
A 


Z0= Gi 


Vie Vi B atin alse 
saatee ¢ and An oes 

The first term of equation 8 is recognizable 
as the network current with the load 
impedance R=infinity. This current is 
shown as the length OA of Figure 5. 

The most important deduction which 
can be obtained from equation 8 and re- 
ferred to in the example of Figures 3 and 4 
(proof of which has been indicated‘) is 
that the fraction 


eo Yoo 

(R+r) +jx 
represents a family of vector currents, so 
long as V, and x are constant while R+r 


or merely R take on all possible values 
from minus infinity to positive infinity. 


Tes 


(c) z=R/e 


AIEE TRANSACTIONS 


This result is indicated in Figure 5, the 
diameter of the circle being shown by the 
line AB. The total input current J, is 
represented by the vector od, the point d 
being free to move along the circumfer- 
ence of the circle as the value of R, or 
load impedance is changed. Thus it 
follows that equations 7 or 8 may be re- 
ferred to as one form of generalized circle- 
diagram equation. 

The point B for R+r=0 cannot be 
realized, unless R is made negative. For 
R=0 the operating point would fall some- 
where on the upper part of the circum- 
ference such as at E. The total current 
vector OE corresponding to a value of 
R=0, is obviously the total current with 
the receiver terminals short-circuited. 

Another form of circle-diagram equa- 
tion may be obtained from equation 6 by 
dividing numerator and denominator of 
that expression by Z and utilizing the 
following identities: 


itt 
Y=> and BC=AD-1 


thus giving the result, 


Vi 
B? 


D 
eit tt (9) 


Ag, 

B 

which may be simplified to 
he K. 


Be (10) 


rE 
; (G+g)+jb 


where 
B 
=Z~V/9; Ze=H 
/¢ A 
Roepe ; and phd 


The first term J;3= Vi/Zs- corresponds 
to the value of equation 10 for G=infinity 
or R=O of equation 8, since G=1/R. 
Thus this first term represents the input 
current for a short-circuited load and 
must be represented by the vector OE of 


R=oOR G=0--, 


F G+g=0 
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Figure 5. The second term of equation 10, 
namely, 


pene het. h., 
(G+g)+jb 


Tez 


represents a family of vector currents, so 
long as K, and 6b are constant while 
G+g or merely G take on all possible 
values from minus infinity to positive 
infinity. This result also is shown in 
Figure 5, the circle diameter being shown 
as EF. 

Thus, equations 7 and 9 may be de- 
fined correctly as the circle-diagram equa- 
tions of a four-terminal network when 
loaded with a variable impedance Z= R/¢ 
of constant power factor. The difference 
in the two expressions is found in the na- 
ture of the first terms of each equation, 
namely, 


Cc 


1,,=—V,=—-=input current with open- 
1s A 1 vay p 9) 
circuited load 
and 
D Viter ae 
ha=ph =—=input current with short- 
SC 


circuited load 


Though equation 7 and 9 are referred 
to as the generalized circle diagrams, ac- 
tual applications must be made from the 
modified forms of equations 8 and 10. 

The application of these generalized 
circle-diagram equations to the solution 
of motors, normally would be carried out 
in the following order: 


(a). First, an equivalent circuit is obtained 
from an analysis of the particular problem. 
With the three-phase induction as an ex- 
ample, this would mean that the standard T 
circuit first must be evolved. 

(b). The second step would call for the 
determination of the four generalized con- 
stants A, B, C, and D. This step is rela- 
tively simple for T or cantilever circuits of 
the type of Figures 1 and 3. 


(c). The last step involves merely a proper 
substitution of these constants in the general 
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Figure 5. Circle 
diagram of four- 
terminal network 


Tarboux—Generalized Circle Diagram 


Zim Za 599-be 
U 
ae ——_— 
Im Io VA 
v\ 
Zum VLA 
A—Main winding 
Zo $939-6L 


B—Auxiliary winding 


Figure 6. Schematic circuit diagram of 
capacitor motor 


forms of equations 7 and 9, modified to the 
forms of equations 8 and 10. 


In more complicated cases it might be 
more desirable to convert the basic laws 
of the motor into the forms of equations 
7 and 9 without attempting to establish 
an equivalent circuit. This is the method 
of approach which is followed in this 


paper. 


The Capacitor Motor 


INPUT CURRENTS 


The capacitor motor offers a more com- 
plicated problem because of the lack of a 
relatively simple equivalent circuit, such 
as the T circuit of the three-phase induc- 
tion motor. The analyses which follow, 
therefore, will not begin with an equiva- 
lent circuit, but rather with the funda- 
mental cross-field expressions as developed 
by Puckstein and Lloyd,®.” which accord- 
ing to the notation adopted in this paper 
are as follows: 


V; =ZyuUu— Pe) +IyZiu 
Vi =Zyala—Toye) +1 a(ZiatZe) 


(11a) 
(11b) 


Ieee 
Zum Ue — Tore) +7 G2ua la ove) + 
ToyeX oA) —IozeZom =0 (11¢) 


Zu ad a—Loye) —2K [JZuu Ua — Lore) + 
InzeX om] —ToyeLo4 =0 (1 1d) 


These equations refer to a double 
coupled circuit with the additional effect 
of two sets of speed voltages as illustrated 
by the circuit diagram of Figure 6, in 
which 


=— 12a 
Vua=—J My, (12a) 
Vi 4=KIyX2 ; (12b) 
Ty—Lore)Z. 
View Si KE u—Lore) Zum (12¢) 
nu 
Vim = —Klh;X2 (12d) 


Expressions of total input current will 
be obtained from equations 11, and these 
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expressions will be seen to be similar to 
the basic expressions of equations 7 and 9, 
and possessing all of the circle-diagram 
properties. 

The first step in this analysis is to solve 
the four basic equations 11 simultane- 
ously, thereby eliminating the two rotor 
currents Jor, and Izye. This will lead to 


two expressions as follows: 
aZsu AZ) . Z' saZir 
ata =jKI AP 
oes Ztt) eee eZ a 
ZsuZ 
jexa ol uct =) (13a) 
Zum 
Zsa on zieu) ( 72:1) 
v,( 284 —j——™ Ja 24+ J- 
(a Zaz ee pee Zi, 
Z' suZ 
jon, (782+ jen) (13b) 
MM 


In the foregoing expressions as well as 
in later developments, it was found con- 
venient to introduce a certain number of 
abbreviating terms. These are defined 


elsewhere in this paper under the title, © 


“Symbols and Notation.” 
With the necessary substitutions, the 
two voltage equations 13 become 


V,(aD+jKD’) =jKI4Z' 4t+alyZyu 
V, (D —jaKD’) = T,Za —jaKIyZ' u 


(14a) 
(14b) 


Solving these two equations for Jy, and 
I, leads to the following: 
_ WU(DZ4—K*D'Z' 4) +jeK rem) 
ZsZu a KZ! 42’ M 
re Vi[(DZy— K*D'Z' 4) —jaKr.u) 
FE: ZsZyu—K°Z’ 4Z' u 


Tn 


(15a) 


(15b) 
The total current obviously is equal to 
the sum of Jy and J4, thus 


7, VilD(ZatZa) —K'D'(Z' gt 2’) 
os 
Zalu—K?Z' 4Z' yy 


(16) 


BLOCKED-ROTOR CURRENTS OF 
CAPACITOR MOTOR 


A special case of interest is that of 
blocked rotor. The individual winding 
currents and the total current can be 
found by putting 


K=N/Ns=0 


Zam 
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A—Main winding 


ZiT 


B—Auxiliary winding 


Figure 7. Circuits for equations 17a and 17b 
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and utilizing the identities listed under 
“Symbols and Notation.” 
Thus equations 15 and 16 become 


hese VDs. Vi 
aoe Zi ae Z,uZum (17a) 
Zut—y 
SM 
PibeViD ie sent Vi 
PAMOZ), URL RZ IS (17b) 
Z,.+-——— 
Zsa 
ee V,D(Z4+Zm) # V,D (170) 
ZsZu LZ 
where 
ZZ f ; 
= Sil lent impedance 
1-7 4 Zu e equivalent imp 


of Z, and Zy in parallel. 


The impedance terms 


Zu Z,.uZuM Za 
—=Z, ———— and — =Z 
D m+ as an D rt 
Zy,sZua 
Zsa 


are recognizable as the looking-in imped- 
ances of two T circuits as shown in Figure 
le 

Equations 17a and 17b are quite valu- 
able in that they indicate the nature of the 
motor circuit, at least during blocked 
condition. Each winding corresponds toa 
standard short-circuited coupled circuit 
or transformer, and these two composite 
circuits are connected in parallel. 


Capacitor Motor CURRENTS AT 
SYNCHRONOUS SPEED 


Let it first be emphasized that a capac- 
itor motor cannot operate at synchro- 
nous speed unless it is driven mechanically 
by some suitable prime mover. 

However, the current drawn by the 
motor under such conditions can be ob- 
tained by putting K= N/N;=1 in equa- 
tions 15 and 16, thus 


V,[(DZ4—D’Z4')+jarzu) 


IT — 

xe ae ee) 
_Vil(DZy—D'Zy") jar) 

ei Wy ae aa (18b) 
VAD Zi Zi y—Di zee zu 

ives (Za+Zm) (Z4'+Zu')] (180) 


ZaZyu—Za'Zy' 
OpEN-CIRCUIT CURRENTS 


A third special case of equations 15 and 
16 is that for infinite speed, which corre- 
sponds to the equivalent infinite load im- 
pedance. 

Thus for K =infinity 


V,D’ 
Into ne (19a) 
Fees 
AO ay Ts (19b) 
V,D'(Z4'+Zy') 
Tho ROE AEE (19¢) 


Tarboux—Generalized Circle Diagram 
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Figure 8. Equivalent circuit 


CrrcLtE DIAGRAM FROM SYNCHRONOUS- 
SprED CURRENT, OR K=1 


The general theory of the circle dia- 
gram of a three-phase induction motor 
was discussed in the first part of this paper. 
The circle diagram equation was shown to 
be 


M 
C. A 
h=— Vit—— (20) 
As Bs, 
beg 


in which Z, represents the equivalent 
circuit load resistance which replaces the 
mechanical output of the motor. 

The subscript s is used in this equation 
in order to distinguish the present con- 
stants from similar values used later. 

Reatranging equation 20 gives 
_C; Vi 


IL=— JV; 
WIM rr Ee 


(21) 


This form of the four-terminal network 
equation is valuable in that it indicates 
that the total input current is equal to 
the sum of two currents: a constant cur- 
rent and a variable current. Further- 
more equation 21 suggests an equiva- 
lent circuit of two parallel branches hav- 
ing impedances 


As 
— and (A;sB;+A,?Z5) 
C; 


as illustrated by the circuit of Figure 8. 

Let the constant current J,s of Figure 8 
and equation 21 represent the motor cur- 
rent at synchronous speed, namely equa- 
tion 18c, thus 


Vi[D(Z4+Zm) —D'(Z4'+Zu")| 


V hype Been AD ihe (22) 


Now, notice from Figure 8 that the 
current flowing through the equivalent 
load impedance Z; is 


Ts=h—hs 


This may be applied to the actual motor 
circuit by subtracting equation 22 from 
equation 16, thus 


FA APES ay OE a 
Vi[DZa+Zu) —D'(Z'at+Zu')] 
Zulu eZ le 


Tes 


Simplifying this expression, remember- 
ing that : 


D'Zy—DZy,' =lom 


AIEE TRANSACTIONS 


and 


D'Z,—DZ,'= aro 


we have 
I Mi 
es= , , , 
(ZaZy—Zy'Zy')Z4'Zy" 
(ZaZ4'+a°*ZyZy')rou 


(ZsZu—Za4’Zy')? 
(Z4Z 4’ +0?ZyZy')ro (1 —K?) 
(23) 
Combining equations 22 and 23 we 
have a result of the form of equation 21 


which also complies with the equivalent 
circuit of Figure 8, provided that 


Cy_D(Zs+Zy)—D'(Za'+Zu') 


A, Zee ery Pik ore 
Lith  Lalwy— LaLa 
ALD Se cE AZM a mu’) (24b) 
(Z4Z4’+0°?ZyZy')tou 
(Z4Zy—Za4'Zy')? 
DNV ha ; 
(Z4Z4'+a@?ZyZys’)roy — (1—K?) 
(24c) 
ZaZy—Z4'Zy' 
= A x 12 (244) 
LZ4Z4'+a°ZyZy' 
Z4Z4 t+eZyZ’' y 
J i 
¥ (1—K*)roay Cae 
From whieh: 
Za'Z2y 
B,= get sled (24f) 
ToM 
D(Z44+Zy) —D'(Z4/+Z)’ 
ra (Za i” ( = mu’) (24g) 
ZZ +eZyZy 
Now let 


R face 
the armere /¢s=equivalent load impedance 


where 


*_ —absolute value’ of Z; 
1-—kK? 


Equations 22 and 23 can be combined 
into a form similar to equation 20, thus 


L=— Vi+ - (25) 
‘ Bs /os+ ag 
Aso LK? 


The term (B,+A;)/¢s may be expressed 


in the form 7,;+7xs, from which the circle 
diameter is equal to 


vias 

ae <5 

jxs 

At synchronous speed, K. will have a 
value of unity. The equivalent load im- 
pedance for such a value of K will be 
- equal to infinity, as Z,=R;/(1—K’) and 
the circuit of Figure 8 will degenerate to 
a single open-circuit impedance of A;/C;. 

The application of equation 25 to a 
specific motor is given later and is shown 
in Figure 11 by points A and B. 
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CircLE D1AGRAM FOR OPEN-CiRCUIT 
CURRENT, OR K = + INFINITY 


At infinite operating speed or K= + 
infinity, the input current was found by 
equation 19c to be: 


_D'(Z4'+Zy') 


yf 
7 2 ee 


(26) 


If this current is subtracted from the 
total motor current of equation 16, we 
obtain the following 


vi 
242 Zu Z' x 
(ZgZ! g+a*ZyZ’ y)rom 
K2(Z! 4Z' x4)? 
(Z4Z! gt@ZyZ' y)rou 


Ie9= 


(27) 


Putting K=-=+infinity in equation 27 
will result in a value of zero for the cur- 
rent Io, thus suggesting an open-cir- 
cuited load. The combination of equa- 
tions 26 and 27 represents a cantilever 
circuit as shown in Figure 9. 

The constants of this circuit are, from 
equations 26 and 27, 


C, D'(Z'4+Z'u) 


A, az Ze 5a) 
Zz’ (A 
ABS Zs slut (28b) 
(Z4Z’ 4+@?ZyZ' y)rom 
KZ’ ,Z'y)* 
Ai Zee (28c) 
(Z4Z! g+a*ZyZ' y)tou 
VAPV AGT 
L\gS = eS SS 28d 
0 Lgl! ba ZyZ' 28a) 
Zyut' 2Z ulm) K? 
ye aS Wee Mi (28e) 
fom 
ZZ. 
Bee (28f) 
f2M 
D(Z',+Z' 
a AMEE 2 (288) 
Z4Z ataLyZ'y 
1+B,€, D(Z,4+Z 
Des +B, om (Z4t+Zm) (28h) 
A, Tom 


Now let the equivalent load impedance 
Z,=R,K?/¢., where R,=absolute value 
of Z,. Then equations 26 and 27 can be 
combined and arranged in the form of 


AoBo 
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Figure 10. Equivalent circuit 


Tarboux—Generalized Circle Diagram 


the generalized circle-diagram law (see 
equation 20) as follows: 


V, 
— /¢o 
_C, A%, 
Li Vit+ (29) 
7 leet nae 


i) 


B 
As already outlined, the term ree 


) 
may be expanded into rectangular form 
Yo+jxXo, from which the circle diameter be- 
comes equal to 


V; 
ak /0 
A, 


jXo 
The application of equation 29 to a 


specific motor is outlined later and is 
shown by points C and D of Figure 11. 


CrrcLE DIAGRAM FROM BLOCKED-ROTOR 
CURRENTS, OR K=0 


Equation 9 is another form of the circle 
diagram law for a four-terminal network, 
in which the first term represents the in- 
put current for short-circuit receiver or 
blocked-rotor condition of the motor. 
The entire equation represents a canti- 
lever circuit as shown in Figure 10. 

Equation 9 is of the form 


D V; 
i= “Vit : 
Bz wiper sie (30) 
BPB Zp 
Of 
h=hetles (31a) 
or 
Tep=h—-heg (31b) 


We are now ready to apply equation 31 
to the capacitor motor and determine 
whether or not a circle diagram is appli- 
cable. 

The block-rotor motor current is given 
by equation 17c. This current should be 
subtracted from the total current of 
equation 16 as indicated by equation 31b, 
thus 
I, Ma —a 

PO ZZ! ZZ n 
(Z4Z'g+oZyZ' u)rou 
pea A Wns 
KU(Z4Z' 4+0ZyZ' yom 


(32) 


It will be noticed that equation 32 has 
all of the properties of a circle diagram, 
as it is similar to the previous two circle- 
diagram equations. Comparing this 
result with the general form of equation 
30, it is apparent that 


Dz_D(ZstZu) 


(33a) 
Bz Z4Zu 
pap ee ant ae) aly x (33b) 
(Z4Z' g+@?ZyZ'u)rom 
885 


2 2 
B g (Z4Zu) (33¢) 
Zz K*(Z4Z' 4t+oaZyZ' u)tou 
Y il Tom see 1 
B°Z_ K*Z,Z'4t+@ZyZ'u) Zo 
(see equation 28e) (33d) 
ZsZy 
B,=——" =B, (see equation 28f) (33e) 
f2M 
the gh 
A= A&M sa: 


Zyl! atoZyZ'u 
(see equation 28d) (33f) 


p, -DZat Zu) _ 


B 


D, 
12M 


(33g) 


Now, let equation 30 be changed to the 
form 


(see equation 28b) 


Vv; 
D B? 
hee Vit rr 2 
B a ig 
B 


ie 
Yp=7,/¢8 
Via 
— /os 
D B 
h=—Vi+ , . (34) 
B ped ite 
Bea Re 


Computations also have been carried 
out for the circle diagram as outlined 
above, and it is seen that all three meth- 
ods give the same final diagram. This 
last method is illustrated by points EZ and 
F of Figure 11. 


EXAMPLE SOLUTION OF CIRCLE DIAGRAM 
FOR A Capacitor Motor 


The following data are taken from 
reference 7, page 390. 


General Data. A four-pole one- 
fourth-horsepower 60-cycle 110-volt ca- 
pacitor motor with core loss equal to 24 
watts and friction and windage loss 13 

watts is used. 


Main Winding. 
Zim =2.024j2.79 =3.45 /54.1 
jX um =j66.8 =66.8 /90 (core loss neglected) 
Auxiliary Winding. 
Z,4=7.13+93.22=7.83 /24.35 
jX ma=J92.9 =92.9 /90 (core toe neglected) 
Z,=9-jl72 
Zip=Ziat+Z_= 16.13 —j168.78 =169. /84.5 


Na 
a=—=1.18, a*=1.39 
Nu 
The core loss of 24 watts is taken into 
account by estimating the resistive ele- 
ment of the magnetizing impedances. 
It was shown by Puchstein and Lloyd 
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that the main-winding magnetizing cur- 
rent is 1.51 amperes. Ifit is assumed that 
the core loss is divided equally between 
the two windings, the exciting resistance 
may be estimated as 


12 
ee 5.3 ohms 


R = 
SAS 


The corresponding resistance in the 
auxiliary winding is 


Rya=1.39X5.3=7.47 

Finally 

Zum =5.3+j66.8 =67.1/85 

Zya=7A47+j93 =93.5/85 
Rotor Circvit. 

Zyy = 4.12 +j2.12 = 4.62/27.25 

Zy4=5.744j2.95 = 6.43/27.25 


The solution follows the definitions as 
outlined under ‘‘Symbols and Notation,” 
the results of which are substituted in 
equations 24, 28, and 33. 


Zsu=ZuutZom =5.3+j66.8+4.12+j2.12 
=9.42+4 768.92 =69.7/82 
=5.3+ 768.92 =69.0/85.5 
=13.21+j95.95 =97/82 

Z' sa=Luatjxes =747+j93 42.95 
=7.47+795.95 =96.0/85.5 

_Zsu _ 254 69.7182 © 97782 
Zum Zua 67.1/85 93.5/85 
=1.04/3 
Zsm’ Zsa’ 69.0/85.5 96.0/85.5 
~ -93.5/85 


=1.03/0.5 


Zy=DZimt+Zom =1.04/3 X3.45/54.1 + 
4.124 721.12 


Figure 11. Circle 
diagram of capacitor 
motor 


Tarboux—Generalized Circle Diagram 


Zy =6.38+)4.88 = 8.04/37.5 

Zu! =D'Ziy teen =1.03/0:5X 
3.45/54.14 72.12 

Zu! =2.08-+4.99 = 5.4/66.5 

Z4=DZ,p+Zo4=1.04/3 X169/84.5+ 
5.744 j2.95 

Z,=11.83—f172.05=172.1/86.1 

Z4! =D! Zipt+jxea = 1.03/0-5 X 169/84.5+ 
72.95 

Z,'=16.7—j170.75=171/84.4 

Additional 
follows: 


ZZ 4! =172.1/86.1 171/844 ; 
=29,400/170.5 = —29,000 —j4,850 


WZyZy' = 1.39 X8.04/37-5 x 5,4/66.5 
=60.3/104 = —14.45+ 758.5 


Z4Z4' ta°*ZyZ' y = — 29,014 —j4,792 
=29,200/170.5 


ZsZy =172.1/86.1 X8.04/37-5 
=1,380/48.5 =915 —j1,032 


Za'Zy' =171/84.4 X5.4/66.5 =923/17.9 
= 876 —j285 


Z4+Zy = 11.83 —172.05+6.38+j4.88= 
18.21 —j167.17 = 168/83.7 


Z4'+Zy! =16.7 —j170.75+2.08+ 54.99 
= 18.78 —j165.76 =167/83.5 


D(Z4+Zy) =1.04/3 X168/83.7 
=174/86.7 =8.96 —j173.5 


D'(Z4'+Zy’) =1.03/0-5 X167/83.5 
= 172/83 =19.2—j171.8 


D(Z4+Zy) —D'(Za'+Zy') = —10.24— 
1.7 =10.3/169 


ZZ —Za'Zy' =915—F1,032 —876 +j285 
=39—j747 =747/87 


With the foregoing detail computations 
available we now may develop the specific 
circle diagrams as follows: taking Vi= 
110/90 as the reference vector. 


terms required are as 
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Synchronous-Speed (K=1). The 
equivalent circuit is that of Figure 8 in 
which according to equations 24 


747/87 
5" 29,200/170.5 0.0256/88.6 
As? =0.000655/167 
923/179 Le 
By, =—___— = 224 
2 RP) /17.9 
10.3/169 
5" 29,200/170.5 peneas 
& 29,200/170.5 7,080' ,=_= 
s= — = — /170.5 
R190 =k) t= 
Rs _ 7,080 
1=K?..1—K? 


CsV; 0.000353/1-5 110/90 
— <= =1.52/8 
As 0.0256/88.5 
V;/¢s 110/90 /170.5 
As? 0.000655/167 
Bs/¢s _224/17.9/170.5 
As _0.0256/83.5 
=3,120+ 8,200 


hs= 


= 168,000/93.5 


=8,750/69.1 


d i 168,000/93-5 
Diameter of circle = —————.—— 
8,200/90 

=20.5/3.5 


From the value of J,s and the diameter, 
it is possible to locate points A and B on 
the circle diagram of Figure 11. hata 

Open-Circuit Current (K = +Infinity). 
The equivalent circuit is that of Figure 9 
in which according to equations 28 


923/17.9 
29,200/170.5 
A,?=0.001/54.8 


A,=— =0.0316/27.4, 


1,380/48.5 As 
ewer =335/48.5 


172/83.5 ety 
29,200/170.5 . 589/02. 


_ 29,200/170.5K? 
re 4.12 


C,= 


=7,080K?/170.5 


R,K?=7,080K? 

_C,V; _0.00589/92 5X 110/90 

sepa 0.0316/27.4 
=20.5/24.9 = 18.6+ 78.65 


V,/0 _ 110/90 /170.5 
A,?_-0.001/54.8 
B, 335/48.5 /170.5 
ee /bo Se 
Aja ee O.08161.27,4 

= —9,150+75,360 


110,000/44.7 
5,360/90 


=110,000/44.7 


= 10,600/149.4 


Diameter of circle = 
=20.5/134.7 


The values of Ij) and diameter pre- 
viously given now are used to locate 
s \ f 
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points C and D of Figure 11. The diam- 
eter as computed is seen to check with 
previous calculations. 

Blocked Rotor Current (K=0). The 
equivalent circuit is that of Figure 10. 
According to equations 33 the constants 
Az and Bz are equal to the constants 
A, and B, of the case outlined under 
“Open-Circuit Current.” 

Thus 


Ag = A, =0.0316/27.4 
B,=B,=335/48.5, By? =112,000/97 


174/87.1 
eT polar 


eae ea Ks 


And 
Cz=C,=0.00589/92.5 
Zp =Z,=7,080K2/170.5 


Yp 


1 0.000141 

eee 70 Be 

7,080K? ape 
VOB a. = / 1705 


Gp_ 0.000141 
KK? \K? 
DzVi _42.2/87.1 110/90 


—_ =13.9/51.4 
ee 335/48.5 ae 


Lz= 


V;/¢ez 110/99 /170.5 
/ oe = [90 /170 5 _9.000981/16.5 


B;? 112,000/97 
_As/¢n_ _0.0316/27.4 /170.5 
Bz 335/48.5 
=0.0000944/30.6 
=0.0000811-++j0.000048 
0.000981/16.5 


Diamet ff <CIrcle = eae 
iameter of circle 0.000048/90 


=20.5/73.5 


The values of Ij, and diameter just 
given now are used in locating points E 
and F of Figure*11. 

Points B; D, and F of Figure 11 corre- 
spond to the following values of K: 


(a). Point B, see equation 25. 
Rs 
Ey es Oe 
or 
Rs 7,080 
K?=14+— =14+—— =3.37 
* Ys +3190 
K=1.835 
(b). Point D, see equation 29. 
R,K?+r;=0 
or 
fs 9,150 
tae 1.29 
rs hey 7,080 . 
. K=1.134 


(c). Point F, see equation 34. 
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Or 

Kt= ce Gey ‘e —0.000141 ES 
gp 0.0000811 

m= 32 


GENERAL SUMMARY OF CIRCLE DIAGRAM 


It is worth while at this stage to ex- 
amine the circle diagram of Figure 11. 
First, it will be noticed that Figure 11 is 
similar to the circle diagram of a three- 
phase induction motor and also to the 
circle diagram of a straight single-phase 
motor. 

Point A corresponds to synchronous- 
speed operation. The unit can turn only 
at synchronous speed if driven mechani- 
cally. However, the stator magnetic field 
still must be supplied from the stator 
input current Js. 

Proceeding around the circle in a clock- 
wise manner, the motor speed is seen to 
decrease, until blocked rotor is reached as 
indicated by point EZ, where K=0, or 
slip=1. Thus the motor region of the 
circle is limited to the are AE. 

From point E to point C, the rotor is 
indicated as operating in a direction re- 
verse to that for straight motor action 
(arc AE). This action can take place 
only by the driving force of an external 
prime mover or a mechanical load which 
has become a prime mover. Since the 
stator still is drawing power from the a-c 
supply circuit, it appears that the motor 
now is acting as an energy-absorption 
device. At point C the speed is infinity 
in the reverse direction to normal motor 
action. 

Returning to point A and proceeding 
counterclockwise around the circle, we 
notice that K becomes steadily greater 
than unity, indicating operation above 
synchronous speed, the rotor turning in’ 
the same direction as that for regular mo- 
tor action. Infinite speed again is ob- 
tainedat point C, approached in a counter- 
clockwise fashion. This lower region of 
the circle corresponds to generator action. 

Several other papers have been pre- 
sented on some phase of the current loci 
for the capacitor motor. One such paper® 


is devoted to starting conditions only, - 


whereas others®" analyze the design ef- 
fects produced by possible variations of 
capacitive reactance and turns ratio. 
The present paper presents an operating 
circle diagram for the capacitor motor and 
develops a general circle-diagram tech- 
nique which can be applied to many cases. 
The general technique has been presented 
by Professor Karapetofi" for the case ofa 


-T circuit representing a three-phase in- 
The author’ has de-— 


duction motor. 
veloped the same result by considering a 


generalized four-terminal network of © 


which the T circuit is a special case. 

Since any four-terminal network can be 
represented by an equivalent T circuit 
and since the circle diagram of Figure 11 
possesses all of the general properties out- 
lined by Professor Karapetoff," it is rea- 
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sonable to expect that the circle diagram 
of Figure 11 may be used as the basis for 
obtaining a rather complete set of operat- 
ing data. 

To obtain the operating characteristics 
from Figure 115 it is first necessary to 
draw a sufficiently large number of lines 
from the circle and perpendicular to the 
diameter AB, such as ad or EP. The 
motor section of Figure 11 is shown in 
more detail in Figure 12. The circle en- 
velope of the vector Is applies to a simple 
equivalent series circuit with applied volt- 
age equal to V-=(Vi+ As”)/¢s and imped- 
ance (B,-+A;)/¢s+(R,+[1—K?]) (see 
equation 25) and illustrated by the circuit 
sketch of Figure 12. From equation 25 
and the data previously worked out 
168./93.5 
oe 7.08 

2 EA 
3.12+ i ape 8 


Power is absorbed by the two resist- 
ances of this circuit, namely, R,=3.12 
ohms and R:,=7.08-+(1—K?) ohms, the 
total power being proportional to the in- 
phase component of current as illustrated 
by the lines ad. For zero speed or K=0, 
the two resistances are R, =3.12 ohms and 
R.=7.08 ohms or a total of 10.2 ohms. 
Thus at K =0, the total absorbed power is 
proportional to the length PE=10.05 
amperes. 

The point M can be obtained in two 
ways. From previous analysis it was 
shown that line AC represents the value 
of I,; for K =infinity, under which condi- 
tion the resistance Ro,=0. The inter- 
section of line AC and line PE (Figures 11 
and 12) thus determines the point M. 
Point M also may be obtained by making 
the ratio EM/MP equal to the ratio 


les 


eH 


AMPERES 


; Kia or x= 
bd bd 


7.08/3.12.. Thus it follows that EM= 
6.95 amperes, while 14P=3.07 amperes. 

For any operating point d, the circuit 
resistance can be expressed as R,+ Ri+ Re, 
where R,+R,=3.12+7.08=10.2 ohms, 
from which R,=7.08K?~+ (1—K?) or K?= 
R,+(R,+7.08). The power absorbed by 
these three resistances (R,, Ri, and Re) 
will be proportional to the lengths cd, ab, 
and bc of Figure 12, from which it fol- 
lows that 


(35) 


From Figure 12 it is possible to obtain 
certain operating characteristics as fol- 
lows: 


Gross output = Vi(cd) watts 

Equivalent rotor copper loss = Vi(bc) watts 
Rotor input = Vi(bd) watts 

Stator input = Vi(de) watts 

(de is taken parallel to vector Vi) 

Ratio of operating to synchronous speed, 


Input current = Od amperes 


de 
Power factor in per unit = — 


Od 


The net power output and net efficiency 
may be approximated by introducing line 
A'E (Figure 11) where A’ represents the 
no-load operating current on the circle. 
The line A’E may be drawn as a straight 
line without introducing appreciable er- 
ror. Then from Figure 11 


Net power output = Vi(c’d) watts 


: : . ed 
Net efficiency in per ie 
e 


12. Motor 
diagram 


10 Figure circle 


Tarboux—Generalized Circle Diagram 


To test the accuracy of this analysis, 
detailed calculations have been carried 
out for several items, followed by a check 
of the results against the circle diagram. 

Stator currents Iy and J4 were ob- 
tained from equations 15. These results 
are indicated in Figure 12 and are seen to 
check with the circle envelope. 

Other items which were calculated are: 
Rotor equivalent currents Tore and Toye by 
equations lla and b. 

Equivalent mutual impedance voltages 
Vy and V4 (back electromotive forces) as 
follows: 


Vy= V, —IyZiu and V,= V,-—I4Zir 
Rotor input watts, 


Wr=V lore Cos (Vay Ioce) + 
V aloye cos (Va, Toye) 


Torque in synchronous watts, 
( Vu Toye) =F 


vs Tore Sit (Va, Loze) 


Wsr =a V ulove sin 


Torque in pound-feet, 


Wer 
L=Z04 — 
Ns 


Rotor copper losses, 
Poretom t+] ayeloA 


All of these results were in agreement 
with similar data obtained from the circle 
diagram, with the exception of the torque 
For balanced polyphase motor the torque 
is proportional to the distance bd, but in 
the case at hand the two windings are 
considerably unbalanced with the result 
that no method has been found to indi- 
cate torque on the circle diagram. 

Finally, the assumed values of K used 
in the detailed calculations were checked 
by equation 35. The resultant motor 
characteristics are shown in Figure 13. 
All were determined from the circle dia- 
gram of Figure 12 with the exception of 
torque, stator copper loss, and core loss. 


Conclusion 


The mathematical material of this paper 
may appear to be somewhat formida- 
ble. However, the circle diagram (Fig- 
ures 11 and 12) can be obtained from a 
combination of test and computed data as 
follows: 


(a). Point A corresponds practically to no- 
load operation. 


(b). Point E can be obtained from a 
blocked rotor test. 


(c). Point C must be computed according 
to equations 19. For general work it is 
possible to take D’=1, with the simplifica- 
tion of Zy’ =ZiytjxemandZ4’=Zip+jxea. 


_ (d). Points A, E, and C are sufficient to 


determine the circle. Other details then are 
carried out as indicated in Figure 12. 


' In conclusion let it be stated that the 
incentive for this paper has been the de- 
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Figure 13. Operating charac- 
teristic 


A—Total input 


B—Power transferred to rotor 
C—Rotor copper loss 
D—Stator copper loss 


E—Total 
F—Main winding 
G—Output 


H—Torque power 
I—Auxiliary winding 


WATTS 


fe) 0.2 0.4 0.6 
PER-UNIT SPEED 


sire to obtain a basic generalized circuit 
point of view which can be applied to the 
classroom. It is believed that this aim 
has been at least partially fulfilled. The 
author will be doubly gratified if this 
paper should in a small way also find some 
application to commercial design. 


Symbols and Notation 


All complex quantities such as vectors 
and impedances are indicated in boldface 
italic type such as J or Z. Absolute values 
are indicated, J or Z, in lightface italic. 


V, =input voltage of four-terminal network 

V,=output voltage of four-terminal net- 
work 

Vu =MWi—Lu Zin = ZuuUu—lere) = main- 
winding mutual voltage 

Va=V —UgZir = Zu aa —T oye) = main- 
winding mutual voltage 

W,=rotor input power in watts 

Wgr=torque in synchronous watts 

I, =input current of four-terminal network 

I, =output current of four-terminal network 

A, B, C, D=four-terminal network general- 
ized constants 

Z=complex impedance 


ny=number of main-winding stator turns. 


(assume rotor as having one turn) 

na=number of auxiliary-winding stator 
turns (assume rotor as having one 
turn) 


“4 =a, generally greater than one 

M 

Ziy=leakage impedance of main stator 
winding , 

Z,4=leakage impedance of auxiliary stator 
winding 

Z,=external impedance of auxiliary stator 
winding 

Zum=mutual impedance of main stator 
winding 

Zua=mutual impedance of auxiliary stator 
winding , 
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J—Core loss 


0.8 1.0° 


V, =applied stator voltage 

Ty =total main-winding stator current 

Igy =exciting main-winding stator current 

Tore =1y —T¢ =rotor x-axis current re- 
ferred to main winding 

1,=total auxiliary-winding stator current 

Ig 4 =exciting auxiliary-winding stator cur- 
rent 

Lye=I4—Ig4=rotor Y-axis current re- 
ferred to auxiliary winding 

Z,y=rotor-circuit leakage impedance re- 
ferred to main winding 

Xo =rotor-circuit leakage reactance re- 
ferred to main winding =x2n x? 

Z,4=rotor-circuit leakage impedance re- 

a ferred to auxiliary winding 

X,4=rotor-circuit leakage reactance re- 
ferred to auxiliary winding = 2m 4? 

I,,=rotor current in x axis (main winding) 


=—Ihzptu 
I,y =rotor current in Y axis. (auxiliary wind- 
ing) 
=—hyena 
Z4 Zu 
Z,=rotor leakage reactance=—, =—, 
ns? ny? 


X,=rotor leakage reactance in either axis = 


xem Xe 


ny? na 


ae =mutual impedance of main winding 
M 
referred to rotor 
74 mutual impedance of auxiliary wind- 
A 
ing referred to rotor 
ém=main-winding magnetic flux 
¢4=auxiliary-winding magnetic flux 
¢m1=rotor, main-winding leakage flux 
¢4a1=rotor, auxiliary-winding leakage flux 
Vya=Main-winding rotor speed voltage 
due to flux ga 
V,4=main-winding rotor speed voltage 
due to leakage flux ¢1 
Vurm =auxiliary-winding rotor speed voltage 
due to flux dy 


Tarboux—Generalized Circle Diagram 


Vu =auxiliary-winding rotor speed voltage 
due to leakage flux yy 


K =— = ratio of actual rotor speed to syn- 


=|2 


chronous speed 


A few identities and certain other sim- 
plifications which are used in the paper 
are tabulated as follows: 


Zs = Zum+LZ.m Zou =ZyutZiu 
Zsa=ZuatLra, Zpa=ZuatZir 
Zsm’=Zuutjem, =Zsm—tom 
Zsa =Lyatjxa=Zsa-oa 


— hee , 
Zsa=OLZ gu, Zsa =VL gy" Lyua=vZyuu 


_2Zsu _2s ,_2su' _ Zsa’ 
Zum Zua’ Zum Za 
Fy eh yes YoM rye ToA 
Zum Za 
Z Z 
Ay= pe A= Pa 
Zum ZA 
ZsuhZi1 
Zy = + Zu =DZ.utZou 
Zum 
Zc AZ 
Za Daa DEirt Za 
MA 
Zsu'Z 
Zu! = + jem =D!Ziut+ 
Zum 
jxom =Zu— Ayfom 
Zsa'Z 
Zl = ite =D Zit 
Za 


jXoa=Z4— Aastra 


D'Zy—DZy' =", D'Z4— 
DZ A =.= 
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A Study of Wave Shapes for Radio- 
Noise-Meter Calibrations 


C. W. FRICK 


ASSOCIATE AIEE 


“g2TIIS PAPER presents the results of a 

theoretical and experimental study di- 
rected toward obtaining better agreement 
between measurements made with differ- 
ent radio-noise meters and proposes a 
modification of the present method of 
calibration. The need for work on this 
subject was pointed out in a paper! of 
which the writer was coauthor, presented 
before the Institute in 1943. Earlier 
papers?—4 have described the develop- 
ment of the radio-noise meter and meth- 
ods of calibration. 

It is the practice at the present time to 
tise radio-frequency sine waves for cali- 
brations and to control within close 
limits certain instrument characteristics 
considered as essential.®> It is presumed 
that instruments will be designed to come 
within these limits, but the problem of 
adequately demonstrating this by test 
has not been solved satisfactorily. Also, 
the checking of components or parts of 
the circuit which determine these essential 
characteristics does not preclude the pos- 
sibility of errors due to other character- 
istics which are not essential but may be 
present and may vary among different 
instruments. 

In the previous paper it was suggested 
that calibrating waves of representative 
shape and equivalent frequency might be 
‘standardized, as for instance square waves 
and sawtooth waves. It might then be 
‘specified that for a given magnitude of 
applied voltage of these waves the read- 
ings of instruments must not differ by 
more than a stated amount. Difficulties 
previously encountered in producing 
waves suitable for this purpose which 
can be reproduced and which remain 
‘fixed were overcome in this investigation. 

Practical means were found for utiliz- 
ing a simple type of wave such as the 
‘square wave for calibration purposes. 
‘This makes it unnecessary to produce 
pulsed radio-frequency or other waves 

sometimes used which require compli- 
«cated apparatus. The simple square 
wave is known to produce audible effects 
similar to continuous noise as produced 
by commutator motors, gas-discharge 


“Paper 45-146, recommended by the AIEE com- 
mittees on communieation and instruments and 
measurements for publication in AIEE TRans- 
ACTIONS. Manuscript submitted May 15, 1945; 
made available for printing July 23, 1945. : 


. W. Frick is in the general engineering and 
«consulting laboratory, General Electric Company, 
“Schenectady, N. Y. 


“The author expresses his indebtedness to Mrs. Fern 
-Green who conducted the experimental work which 
contributed in a large measure to the contents of 
this paper. 
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devices, and so forth. The square wave 
is analyzed and utilized for calibrations 
in tests described in this paper. 


Basis of Radio-Noise Measurements 


The term radio noise as commonly 
used® refers to electric disturbances (volt- 
age, current, or field intensity) capable 
of exciting a radio receiver in such a way 
as to produce acoustic noise. The dis- 
turbance as applied to a receiver or 
measuring instrument is a voltage. The 
function of the measuring instrument is 
to evaluate the noise-producing effect of 
the disturbance. A curve of the in- 
stantaneous voltage, the voltage wave, 
would not be sufficient, because the noise 
value depends also on certain apparatus 
characteristics which are essential to the 
reception of radio signals and certain 
characteristics associated with the con- 
version of the signals to sound and the 
effect on the ear. For waves of definite 
shape and frequency the noise effect is 
proportional to voltage. For different 
waves the noise effect depends upon shape 
and frequency as well as voltage. It 
would appear that the measuring instru- 
ment should be a voltmeter associated 
with a network which, in the case of con- 
tinuous noise, gives a reading propor- 
tional to the noise effect. As a practical 
approach to this objective a basic instru- 
ment has been set up which includes the 
elements of a representative radio re- 
ceiver and a particular arrangement of 
detector circuit and a voltmeter. 

It is necessary to calibrate the basic 
instrument in definite units so that differ- 
ent measurements can be compared. 
Two disturbance voltages are considered 
as equal radio noises if they produce equal 
indications on the instrument. If a dis- 
turbance of known noise value had been 
available in the beginning it could have 
been used as a standard for calibrating 
the instrument. Since there was no noise 
of known value, attention was directed to 
radio signals as a possible means of estab- 
lishing a calibration of the instrument. 
For calibration purposes a noise disturb- 


ance was considered as equivalent to a 
radio signal which gives the same reading 
on the instrument, and the customary 
unit for signals, the microvolt, was 
adopted for noise. Noise then could be 
measured either by the substitution 
method whereby a calibrated oscillator or 
signal generator is substituted for the 
noise, or by calibrating the noise-meter 
scale with known signals. One reason 
for making measurements in this way 
was to show a ratio between a desired 
signal and an unwanted noise. 

The difficulty with the use of radio sig- 
nals for calibration is that it involves a 
comparison of two quantities which have 
quite different characteristics. Radio 
signals are essentially smooth sine waves. 
Noise usually is made up of waves of de- 
cidedly jagged variety. The basicinstru- 
ment responds differently to the two kinds 
of waves. If a noise disturbance and a 
signal are compared on two instruments 
the results will not be the same unless 
the instruments are alike. Present stand- 
ards® aim to make all noise meters alike 
within practical limits. While noise 
meters have been produced according to 
these standards which give reasonably 
good results, the control of instrument 
characteristics does not remove the cause 
of the difficulty. The thing that is really 
needed is a reference wave of known noise 
value. 

The possibility of using a simple wave 
shape, such as a square wave, is demon- 
strated in this paper. The steep wave 
fronts of such a wave are representative 
of the jagged character noise waves. 
When this wave, which must be com- 
pletely defined as to shape, is applied to a 
basic noise meter with defined character- 
istics, the output voltage can be cal- 
culated by a method determined in this 
investigation and evaluated in the present 
units, microvolts. This method takes the 
essential instrument characteristics® into 
account but does not involve nonessen- 
tial characteristics that may be present 
in actual noise meters. When so evalu- 
ated, the reference wave can be used to 
measure noise by the substitution method 
or to calibrate the noise-meter scale in 
place of the radio signals now employed. 

The proposed method of calibration 
takes the basic instrument character- 
istics into account in the initial evalua- 
tion of the reference wave. From then 
on the measurements are essentially com- 
parisons of the effects of known and un- 
known noises on the same instrument. 
Instrument differences have much less 


iNPUT SELECTIVE AMPLIFIER DETECTOR AND 
CIRGUIT INDICATING INSTRUMENT 
a b Sion A 4 


Figure 1. Func- etal 
tional diagram of t 4 
tadio-noise meter 


Frick—Study of Wave Shapes 
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(b) 


Figure 2. Analysis of radio-noise-meter per- 
formance with applied square-wave voltage 


Curves a, b, c, and d show the voltage wave 
shape at the respective points in Figure 1 


influence on these comparisons than on 
comparisons between signals and noises. 

The development of the method and 
its application will now be described. 
The plan of investigation was as follows: 


(a). Development of a method of evalua- 
ting the noise-producing effect of square 
wave and other generators in terms of the 
units employed in radio-noise measure- 
ments. 


(b). Application of the method of evalua- 
tion to available wave generators. 


(c). Comparison of noise-meter calibra- 
tions on the square-wave basis with calibra- 
tions on the present sigual generator basis. 


(d). Comparison of measurements of radio 
noise made with different noise meters when 
calibrated with the proposed square wave 
and when calibrated with radio signals. 


(e). Comparison of measurements of radio 
noise made with a radio receiver and output 
meter calibrated with the square wave with 
measurements made with a _ radio-noise 
meter. 


Development of Method of 
Evaluating the Noise-Producing 
Effect of a Reference Wave 


The relation between the applied 
square-wave voltage and the noise value 
in microvolts involves the transforma- 
tions which take place between the 
noise-meter input terminals and the indi- 
cating instrument. These transforma- 
tions may be summarized as follows: 


1. Frequency selection. 


2. Amplification. 
8. Detection. 
4, Indication. 


The four steps are illustrated by the func- 


tional diagram of Figure 1 which includes 


all the essential elements of the basic 
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noise meter. To determine the desired 
relation a square wave is applied to the 
terminals and the various transforma- 
tions are calculated. This procedure 
leads to the evaluation of the indication 
which the square wave produces on the 
output meter. The number of microvolts 
at the measurement frequency necessary 
to produce the same indication is then 
determined, which is the desired ‘‘noise 
value’’ of the square wave. 


ANALYSIS OF SQUARE WAVE 


The theoretical square wave to be ana- 
lyzed is illustrated by Figure 2a. It con- 
sists of pulses of amplitude 2% and width 
equal to half the period. The wave front 
is infinitely steep. Either the ascending 
or the descending wave front produces a 
sudden change in the voltage applied to 
the instrument. The input circuit is 
tuned to pass a certain frequency f, (ac- 
tually a narrow band of frequencies). 
The sudden change sets up an oscillation 
at that frequency which has the appear- 
ance of Figure 2b. In other words, the 
square wave is changed to a series of 
oscillations. A similar effect can be ob- 
served by connecting a square-wave gen- 
erator to a band-pass filter tuned to a 
considerably higher frequency and con- 
necting the output to an oscilloscope. 

The first step in the analysis is to cal- 
culate the oscillation. One way to do 
this is to express the applied wave as a 
Fourier series and perform certain opera- 
tions which will be described. The series 
for the wave to be analyzed is 


Table |. Indirect Determination of Equivalent 
Steepness of Wave Front, Square Wave 
Generator 1 


2.0 Volts Peak to Peak, Fundamental Frequency 
60 Cycles 


Calculated Ratio of 
Measure- Noise- Square- Reading 
ment Meter Wave to 
Frequency, Reading, Noise Square-Equivalent 


Mega- Micro- Value, Wave Steepness 
cycles volts Microvolts Value te 
0.2 000 Olean §,650.....0.99..1.00 X10 7 
0.85 3 LOO mente 3,170 >» HOLOSE rence 0.86 
0.6 1,700.2... 1,850). OLO2 ene. 1.08 
OLS ater 1,370 1,390.. 0299) eae Os 25 
TO ene 1,050 TUR OOS: . 0.57 
La Big raretot 630 740... 4...,0,85 . 0.63 
ZO sts ASO nr wdey: SSS ae Ont oa ears 0.63 
BuO deeaeie PAOD sigrcialo 370.. ONG 2 0.67 
‘OLOln eects Onde. DOD varie OLS Dees 0.88 
3 Olmctonengs 27 139)..5,- 0.19 1.05 
LTO eee 1 Bs rnche LOU ever: OLS Fea 1,13 
U5 10ers LO Seige Ae See Ove Arte 0.80 
Aver ace aman tet ne ter ch ones cue oteltystetste tne 0.80 X 1077 


te=time in which voltage change is equal to 63 per 
cent of the peak-to-peak value on an exponential 
front 


where 


E=crest value of alternating component of 
wave 

f=fundamental frequency of wave 

w =21f 

n=any odd integer 


As a first approximation it is assumed 
that all frequencies within the narrow 
range fa to fy are passed without change 


and all other frequencies are cut off. 
Therefore, we multiply all terms of equa- 
tion 1 which represent frequencies be- 
tween f, and fy by 1.0 and all the other 


oD ae : 
p= Tae is wt+ (1/3) sin 380t+ ...+ 
(1/n) sin nwt+...] (1) 


Table Il. Comparison of Radio-Noise-Meter Calibrations on Square-Wave Generator and 
on Sine-Wave Signal Generator 


Square-Wave 


f Calibration Sine-Wave Signal Generator 
Measurement Value, Calibration at fo, Microvolts; Per-Cent Difference Between 
Frequency Square-Wave Microvolts; Noise Meters Calibrations; Noise Meters 
fo, Voltage Noise Meters — — 
Megacycles E A, B, and C A B (e A B Cc 

OG nner es 0) OG gis scuenegae SOM acre 100 cera BO hus LOS i creivcs +12..... ies on +21 

Oe SIM ale ur LS one ZADK. «sans bi eRe M85. face ote LS cera — 2..... +4 

O18 avai ieceste BED css soul DOO ast 49008 cas 460..... Bee Oh sur tas + 8..... —14 

OVE nr as BOORI ee 950..... OS0Mre 5802... Seat briencs6 fA eae —35 

0, Bene aio cA 18 ee 1,400..... 1,500), 35. BO500N 50 a We caens ho aes — 26 

A Oe oe ena IN ASU are: are 1,760..... 190007... MEO MG 56 6 SL ated ae dcraracts! —27 

Di satay Beate as yO OO rehlratels 3,500)... 0/0 2 SOO) anit: 2 TOD iret Ce CP eer tis —24 

1: OMe veatee -e LOB Sree BO shave. BOs O24 ats Soe: + 4..... 24s. +64 

OARS eevee O09 aie LUO a LSA ais 148... 4. +11... +36..... +50 

Oe ceis 20 Tie riaat SlOweere nls onan 380..... ates ahs +39..... +28 

O25 Nowra ae ADT Scars sane 600..... T20 tts HHO eee ie eke +45..... +11 

OLB arouses enone 1 OQin-eturaa 800..... SOO tis 750 abe “Aeieisie se Loree -— 5 

G30. B casteehars O90. ss mane 1,030..... 1,000..... 960. aces + 4..... re eae Gna er — 3 

DQ wena serait 1, O80sca. 2 2 LOO nee 2,000..... 1,900..... Ol nica te Deis — 4 
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Fundamental frequency of square wave 60 cycles; te=0.8X107 second (see Figure 7). 
Noise meter A represents one make; Band C represent two different models of another make. 
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terms by zero. This gives an equation 
containing as many terms as the number 
of harmonics passed. In the case of the 
‘Square wave the number of terms is equal 
to the band width divided by twice the 
fundamental frequency since only odd 
harmonics appear. The next operation 
is to combine these terms as described in 
detail in Appendix I. The equation re- 
sulting from this procedure is 


s _4E fy-fa sin at (fy—fa)t 
ue Pai T(fo—fa)t 


sin (27fat-+) (2) 


where 


fa=lower frequency passed by selective cir- 


fo=measurement frequency which is mid- 
way between f, and fy 
o=phase angle, defined in Appendix I 


An examination of equation 2 shows 
that it represents an oscillation such as 
Figure 2b. The term 


sin T(fy—fa)t 
T(fo—fa)t 


is of particular interest because it defines 
the shape of the envelope. The value of 
this term is 1.0 when ¢ = 0 and zero when 
t = 1/(fo — fa) and multiples of that 
value. Since the amplitude after the first 
zero is not more than one fifth of the ini- 


The maximum amplitude is a function 
of the band width and the measurement 
frequency f, as found by other investiga- 
tions for the case of tuned amplifiers.° 

The oscillation just discussed is ampli- 
fied, and other changes such as frequency 
conversion may occur. These changes 
do not alter the shape of the envelope or 
the duration. Amplification will be taken 
care of later by comparison with the effect 
of a known applied voltage at frequency 
fy under the same condition of amplifica- 
tion. 

Proceeding to the detector, we will 
assume that the envelope on one side of 
the zero line is passed. The fact that the 


cuit tial amplitude, it will be assumed for sim- _ pulse actually is made up of half cycles of 
fy=upper frequency passed by selective cir- plicity that the oscillation ends at the high frequency will not be taken into ac- 
cuit first zero. count, because comparison will be made 


Table Ill. Comparison of Radio-Noise-Meter Calibrations on Square-Wave Generator and on Sine-Wave Signal Generator 
Noise Meter B 


Ist Calibration 60 Cycles* 
(From Table II) 2nd Calibration 120 Cycles* 3rd Calibration 400 Cycles* 
Signal- Signal- Signal- 
Measurement Square-Wave Generator Square-Wave Generator Square-Wave Generator 
Frequency Square-Wave Calibration Calibration Calibration Calibration Calibration Calibration 
fo, Voltage Value, at fo, Per-Cent Value, at fo, Per-Cent Value, at fo, Per-Cent 
Megacycles E Microvolts Microvolts Difference Microvolts Microvolts Difference Microvolts Microvolts Difference 
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.* Fundamental frequency of square wave equal to the value given; te-=0.8 1077 second for all these frequencies (see Figure 7). 


Table 1V. Comparison of Measurements With Different Radio-Noise Meters Calibrated According to Proposed and Present Methods 


° 
Noise Value, Microvolts Per Cent Above or Below Average 


Square-Wave Signal-Generator Square-Wave Signal-Generator Range 
Measurement Calibration; Calibration at fo; Calibration; Calibration; Max 
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Figure 3. Approximately square wave— 
trapezoidal shape 


WAVE FRONT 
2E (\- a7 */tc) 


Figure 4. Approximately square wave—ex- 
ponential wave front 


with a rectified wave which is also made 
up of half cycles of frequency f,. The 
detector output produced by the square 
wave is considered as a series of pulses of 


DBL: . 4Ef, — 
initial amplitude = Baie and duration 
“Jo 


: as shown in Figure 2c. The funda- 
i ros a 
mental frequency of this wave is 2f, since 
there is one pulse for each wave front 
and there are two wave fronts in each 
cycle of the square wave. Later in the 
analysis the average ordinate of the pulse 
will be employed. This average is ap- 
proximately 0.59 times the initial value 
as demonstrated in Appendix I. 

With reference again to Figure 1, the 
pulses passed by the detector D charge 
the capacitor C through the resistor R. 
The values of R, and C determine the 
charging time constant. Because of the 
brief duration of the pulse the discharge 


«~ 


Table V. Summary of Comparison of Meas- 
urements With Different Radio-Noise Meters 
Calibrated According to Proposed and Present 


Methods 
Measurement Frequency f,, 0.6 to 2.0 Mega- 
cycles 
Per-Cent Difference 


Between Noise Values 
Obtained With Noise 
Meters A and B 


Sine-Wave™ 
Number Square- Signal- 
: of Wave Generator 
Measure- Calibra- Calibration 
Test Sample ments _ tion at fo 
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through R:, which is chosen to give a 
relatively slow discharge rate, is negli- 
gible during the charging period. At other 
times the unidirectional characteristic of 
the detector prevents discharge except 
through the resistor Ro, so that the values 
of R, and C determine the discharging 
time constant. Also, the current through 
R, may be used to actuate the voltmeter 
M which measures the voltage across the 
capacitor C to be used as a measure of 
the noise output. 

Next in order is the calculation of the 
voltage which the square wave produces 
across the capacitor C. Each pulse in- 
creases the capacitor voltage by an 
amount AV, The analysis in Appendix 
I shows that the increment of voltage is 
given by the formula: 


A (Eave ¥ ee) 


AV, = 
(fo —fa) iC 


approximately (3) 


where 


Eavg =average voltage of pulse 
V,’=voltage on capacitor 
A =amplification factor 


Then the capacitor discharges through Re 
for a period ft, which is the time interval 
between one pulse and the next. During 
this time the voltage is reduced by an 
amount AV, which is given by the follow- 
ing approximate formula derived in Ap- 
pendix I: 


V.! 
AV,/= (4) 
fsR2C 
where 
au 
s ar 


The capacitor voltage builds up to a 
steady-state value V, for which the incre- 
ment AV, and the decrement AV,’ are 
equal. Putting these quantities equal to 
each other in equations 3 and 4 and solv- 
ing for V,'which in this case is equal to 
V., we obtain 


___ AEnwes 
~ (fy—fa)RiC (5) 
Fue ea 


Ve 


It remains to determine the voltage V 
of the sine wave of frequency f, which will 
produce the same voltage V,on the capaci- 
tor. This voltage passes through the 
initial stage without change. The de- 
tector passes half waves of sine shape to 
the capacitor C which charges the capaci- 
tor to the peak value. When the capaci- 
tor voltage is V, the rms value of the 
applied voltage is 


Ve 
V/2A 
where A is the amplification factor, which 
is the same as in the case of the harmonics 


of the square wave and cancels out in 
making the substitutions which follow. 


V= 108 microvolts (6) 
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CN FRONT 


Sawtooth waves 


Figure 5. 


Replacing V, by the value given by 
equation 5 for the square wave, combin- 
ing the constant terms, and expressing 
the result in microvolts, we obtain the 
following equation: 


fo—fa 1 
V=0.265E x 
PP GoX30- 8 =P RIC 
f,ReC 


microvolts (7) 


where 


E=crest value of alternating component of 
wave 
fs=number of steep wave fronts per second 


This equation gives the ‘‘noise value” 
of a wave of crest voltage E having fs 
wave fronts per second, as indicated on a 
noise meter of specified band width and 
detector-circuit time constants. The ac- 
cepted values? of the last three factors are 
10,000 cycles for the band width fo—fa 
(see Appendix I), ten milliseconds for the 
charging time constant RC, and 600 
milliseconds for the discharging time con-, 
stant R,C. With this information and an 
additional factor, to be derived next, 
which allows for the small but appreciable 
slope of the actual wave front, a square 
wave can be evaluated and used to cali- 
brate radio-noise meters. It may be noted 
that for a square wave of given voltage 
and frequency the noise value depends on 
the frequency f, to which the noise meter 
is tuned which is called the measurement 
frequency in this paper. 


EFFECT OF STEEPNESS OF WAVE FRONT 


The wave shape analyzed in the pre- 
ceding discussion involved wave fronts 


Figure 6a (left). Woltage wave shape of 


. generator 1—conventional square-wave gener- 


ator 


Figure 6b (right). Voltage wave shape of 
generator 2—developmental square-wave gen- 
erator for radio-noise calibrations 
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which are vertical or infinitely steep. It 
is not possible to produce such wave 
fronts in practice although high degrees 
of steepness can be attained. If the volt- 
age rises uniformly from zero to the crest 
2E in ¢, seconds and falls to zero at the 
same rate at the end of the pulse, the wave 
shape is trapezoidal as in Figure 3. The 
harmonic analysis of the trapezoidal wave 
has been published.” For the conditions 
of Figure 3 the nth harmonic is given by 
the formula: 


4EK, 


Tn 


n= 


where 


sin Tfot, 
Tot, 


t, = time of voltage change negative-to- 
positive, or positive-to-negative peak 

fo = harmonic or measurement frequency 
which is » times the fundamental 
frequency f of the wave 

n = order of harmonics 


l= 


It may be seen by comparison with equa- 
tion 1 that the amplitude of the nth har- 
monic of the trapezoidal wave is K, times 
the amplitude of the corresponding har- 
monic of the square wave. The factor K; 
is a function of rate of rise and harmonic 
frequency. 

Actual wave generators do not produce 
the sharp corners shown in Figure 3, be- 
cause of the presence of resistance, capaci- 
tance, and inductance in the apparatus 
circuits. When the shape is controlled by 
resistance and capacitance the wave front 
is exponential as in Figure 4. The time 
required for a change in voltage equal to 
(1-e~!) times the peak-to-peak voltage 
(approximately 63 per cent of the peak- 
to-peak voltage) measured from the be- 
ginning of the change will be designated 
as t,. One way to treat this case is to set 
up equations to represent the curve and 
apply the usual Fourier analysis. Thisis 
done in Appendix II. The value of the 
nth harmonic is given by the formula: 


4EK 
E,=——— 9 
= (9) 
where 
1 


V 1449 f,%t,? 


fo=harmonic or measurement frequency 
i,=time required to change voltage 63 per 
cent of peak-to-peak value 


Another approach is to consider the 
wave generator as equivalent to a square- 
wave-voltage source applied to a resist- 
ance R in series and a capacitance C 
shunted across the output, having such 
values that the time constant of the cir- 
cuit RC is equal to %. The mth harmonic 
voltage (frequency f,) is equal to the 
square-wave harmonic from equation 1 
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Figure 7. Radio-noise value of reference 
wave produced by generator 1 


Curve X—Calculated noise for exponential 
shape, Figure 4. 1.0-volt crest of alternating 
component, 60-cycle fundamental frequency, 
equivalent steepness tp = 0.8X10 ” second 
Curve Y—Corresponding curve for theoretical 
square wave, Figure 2a. Test points obtained 
with radio-noise meters A, B, and C calibrated 
with a signal generator at frequency f, 


Test points 
O Noise meter A 
X Noise meter B 
+ Noise meter C 


multiplied by the ratio of the capacitor 
impedance 1/27f,C to the total impedance 


1 I sen) +R Putting RC = t, we 
Qnf.C 


obtain the formula 
4E 1 
which is the same as equation 9. 


The effect of inductance L in series with 
R can be allowed for by adding an in- 
ductance term to the total impedance 
giving 


s(oaguem 


_ Then 
HS 4E 1 
aH Vv [47r?f,2(L/R)t,—1 ]?+-41r2f,74,2 


(10) 


Critical damping is obtained when L = 
(1/4) R?C. When the inductance is less 
than this, the harmonics are approxi- 


- mately equal to those given by equation 9 


which neglects the effect of inductance. 
When the front of the wave produced 

by the generator is known to be exponen- 

tial and the value of t, has been deter- 
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mined, the noise value of the wave is ob- 
tained by multiplying the values given by 
equation 7 by the factor K in equation 9. 


OTHER WAVE SHAPES 


The reference waves employed in this 
investigation were approximations of the 
square wave. Other waves having steep 
fronts would serve the purpose equally 
well, for instance the sawtooth waves a 
and b of Figure 5. Waves of this type 
are analyzed in Appendix III which shows 
that when the wave front is either vertical 
or exponential the noise value is obtained 
by substituting the proper values of E 
(crest of alternating component of wave) 
and f, (number of wave fronts per second) 
in equation 7 and multiplying by K de- 
fined in equation 9. As brought out in 
the analysis of the noise effect of square 
waves, a noise pulse is produced by each 
steep wave front. Such wave fronts are 
also present in the sawtooth waves of 
Figure 5. Two waves, whether square or 
sawtooth-shaped, will produce the same 
noise when the time between successive 
wave fronts is the same, the peak-to-peak 
voltage is the same, and the wave fronts 
are of the same shape. 


ANALYSIS OF WAVE GENERATORS 


Two generators designated as 1 and 2 
were analyzed with a view to utilizing 
them as calibrators for radio-noise meters. 
The wave shapes produced were substan- 
tially square, as shown by the oscillo- 
grams of Figure 6. A mechanically oper- 
ated generator, number 3, was tried but 
was not satisfactory because of the action 
of the contacts. This generator is in- 
cluded in the discussion. 


WAVE GENERATOR 1 


This generator was an all-purpose 
square-wave generator which produced 
negative pulses. For this analysis the 
pulse width was made equal to half the 
interval between pulses, the voltage was 
adjusted to two volts (one volt crest of 
alternating component £) and the funda- 
mental frequency was adjusted to 60 
cycles. 

The noise value of this wave was cal- 
culated from the analysis given in the 
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Figure 8. Factor K for wave with exponential 
front, Figure 4 


Amplitude of harmonic of frequency f, is 
equal to square-wave harmonic multiplied 


by K 
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preceding part of this paper for 1.0 mega- 
cycle, a frequency commonly used in 
noise measurements. By substitution of 
1.0 volt for E in equation 7, 120 cycles 
for fs since there are two wave fronts in 
each cycle of the square wave, and the 
values of band width (ten kilocycles) and 
time constants (10 and 600 microseconds) 
for the present noise meter, a noise value 
of 1,110 microvolts was obtained. The 
noise meter used in the test, designated 
as A, read 1,050 microvolts which was 
remarkably close to the calculated value. 
This would seem to indicate that the 
wave was ‘‘square,’’ but readings at 
higher frequencies showed a definite fall- 
ing off, apparently in accordance with 
equation 9. 

Determination of the steepness of wave 
front was somewhat difficult in this case, 
because the voltage was too low to operate 
a high-speed oscillograph and because the 
generator circuit could not readily be re- 
duced to a simple form that could be 
analyzed. Work of other investigators*. 
suggested that the noise meter might be 
used as a harmonic analyzer. It would 
pass groups of harmonics instead of sepa- 
rate harmonics as in the usual harmonic 
tmeasurements, but the preceding analysis 
indicates that the noise-meter reading 
taken on the wave at any frequency would 
be proportional to the amplitude of the 
harmonic of that frequency. Proceeding 
along these lines a set of readings was 
taken with the noise meter, given in the 
second column of Table I. These read- 
ings were compared with the calculated 
square-wave values in the third column 
which indicated that a value of time of 
rise t, equal to 0.8 X 1077 second would 
apply reasonably well. This figure was 
obtained by putting the ratio in -the 
fourth column equal to the factor K in 
equation 9 and then calculating t, as indi- 
cated in the table. The value of ¢, seemed 
consistent with some oscillograph meas- 
urements previously reported which indi- 
cated that the crest was reached in about 
half a microsecond. 

Curve X of Figure 7 shows the calcu- 
lated noise using the value of f- derived 
from this analysis. Curve Y ‘shows the 
square-wave values for comparison. 
Readings are shown which were taken 
with the noise meter already referred to, 
A, and two noise meters, B and C, of a 
different make. All readings are reason- 


ably consistent with the curve eee Ot 
convenience in calculating curves such 
as this, a curve giving values of K is shown 
in Figure 8. 

A standard for calibration should be 
independent of noise meters and signal 


Figure 9. Equivalent circuit for wave gener- 


ators 2 and 3 
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Table VI. Comparison of Measurements With Radio-Noise Meter and With Radio 
Receiver Calibrated According to Present and Proposed Methods 
Sine-Wave Signal-Generator 
Calibration at fo; Square-Wave Calibration; 
Noise Value, Microvolts Noise Value, Microvolts 
Measure- = Max 
ment Receiver* Receiver* Differ- 
Test Frequency, Noise Noise ence, 
Sample Megacycles Meter a b c Meter a b c Per Cent 
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Noise meter B used in this test. 


* Receiver audio tone control set at three different points: @, ONG 
Signal generator modulated 30 per cent for receiver calibration. 


generators which in this case were em- 
ployed to get started. Nevertheless, it 
seemed reasonable to use this generator 
as a bench mark in the laboratory to try 
out this method of calibration. Voltage, 
frequency, and pulse width were meas- 
ured. The generator was enclosed, the 
wiring permanent, and external connec- 
tions as short as possible, and so it seemed 
reasonable to expect that the wave shape 
would be fixed. The results shown on 
Figure 7 have been duplicated a number 
of times over a period of several months 
which seems to verify this conclusion. 

The generator was used for calibrations 
in the following manner. To calibrate 
by the substitution method the generator 
was substituted for the noise being meas- 
ured and the voltage adjusted to give the 
same reading of the noise meter. The 
noise per volt from Figure 7 multiplied 
by the generator voltage gives the re- 
quired noise value. To check the noise- 
meter scale at a given point the desired 
microvolt value was divided by the micro- 
volt value at 1.0 volt from Figure 7 to ob- 
tain the required generator voltage. 


WAVE GENERATOR 2 


Generator 2 was a developmental 
square-wave generator designed to pro- 
duce waves similar to those of generator 
1. The tests reported here were intended 
to explore the possibilities of this type of 
generator as applied to noise-meter cali- 
brations, and not to represent tests on a 
fully developed unit. The wave was pro- 
duced by an electronic switch such as 
employed in multivibrators. This switch 
was synchronized with the 60-cycle sup- 
ply to obtain a 60-cycle square wave. 
The crest of the alternating voltage was 
measured with an electronic voltmeter. 

An analysis of the actual circuit showed 
that for the purpose of determining the 
wave shape the generator could be repre- 
sented by the equivalent circuit of Figure 
9. EE, represents a source of constant 
voltage equal to the peak-to-peak voltage 
of the square wave, and S represents an 
instantaneous switch which alternately 
applies full voltage and zero voltage 
(equivalent to a perfect square wave) to 


Frick—Study of Wave Shapes 


o 


the R-C circuit. This produces a voltage 
across the capacitor C similar to that in 
Figure 4. The time of rise to 63 per cent 
of full voltage or of drop to 37 per 
cent of full voltage, ¢, is equal to the 
time constant RC. The resistance and 
capacitance which were effective in this 
equivalent circuit were measured giving 
R = 1,500 ohms and C = 50 micro- 
microfarads. By using these constants a 
value t, = 0.75 X 1077 was obtained. 

Inductance would tend to round off the 
sharp corners in Figure 4 at the beginning 
of charge and discharge. The series in- 
ductance effective in the equivalent cir- ° 
cuit of Figure 9 was measured and found’ 
to be about 1.0 microhenry. Substitut- 
ing this value with the other constants in 
equation 10 shows that the effect of in- 
ductance is negligible. 

The equivalent source voltage E, in 
Figure 9 was not adjustable. T he square- 
wave voltage applied to the noise meter 
was adjusted to desired values by means 
of a capacitor potential divider which was 
part of the capacitance C. The value of 
50 micromicrofarads included the divider. 
The full voltage was measured with a 


thermionic voltmeter and divided by the 


measured ratio of the divider. 

With this information curves giving 
noise values can be plotted which do not 
involve radio-frequency signal generators 
nor any particular noise meter. If the 
curves do not change when the same volt- 


age is maintained, the generator can be 


used as a noise standard. The tests that 
were made, while not refined to the last 
degree, indicate that the device is very 
promising. 

The curve on Figure 10 was calculated 
from the data given in the preceding para- 
graphs. The crest voltage was 1.13 volts 
at the output of the potential divider. 
This gave very nearly the same curve as 
X in Figure 7 for generator 1. Readings 
taken with the two noise meters A and Bt 
are plotted as in the previous test. In 
this case the test data are compared with 
calculations which are entirely independ- 
ent of noise-meter measurements. The 
agreement is about as good as in the case 
of generator 1. Still better agreement 
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Figure 10. Radio-noise value of wave pro- 
duced by generator 2 


1.13-volt crest of alternating component, 60- 
cycle fundamental frequency, t,=0.75X1077 
second (see Figure 4) 


Test points 
O Noise Meter A 
X Noise Meter B 


undoubtedly could be obtained by taking 
’ further precautions. For instance, at the 
lowest frequencies noise meter B read 
low as compared with the test on genera- 
tor 1. This was due probably to the 
effect of the noise-meter impedance when 
tuned to these frequencies. This would 
have to be corrected. In another test, 
shown on Figure 11, the noise meter was 
connected across a larger value of capaci- 
tance to get lower voltage (0.16 volt), and 
the readings were normal. Part of the 
wiring was temporary, but there was no 
indication of the results being critical to 
changes which occurred between one test 
and another. Also on Figure 10 two sets 
of readings are shown for each noise 
meter. These readings were taken with 
different tubes, and no significant changes 
are indicated. 

' This calibrator could be constructed as 
a small compact unit powered and con- 
trolled as to frequency from 60-cycle 
circuits. It would be used in a similar 
manner to the signal generators now 
employed. j 


WAVE GENERATOR 3 


This generator was an attempt to use 
a mechanical vibrator for the switch S 
in Figure 9. A battery was used to sup- 
ply the voltage E,. The resistance R was 
100 ohms, and the capacitance C was 
0.00111 microfarad. When these values 
were used the calculated value of t, was 
111X107" second. The noise-meter 
readings were approximately 30 per cent 
below the calculated curve over the whole 
frequency range. This seemed to indicate 
that the steep part of the wave front was 
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about 70 per cent of the full voltage. 
Observation on the screen of an oscillo- 
scope showed a slow build-up before the 
steep wave front, evidently due to light 
contact at first. Also, the capacitor 
appeared to discharge appreciably while 
the contact was moving from one side 
to the other. It may be noted that the 
electronic switch in generator 2 gave 
results which checked with the noise- 
meter readings. This test demonstrates 
that switches such as mechanical vibra- 
tors are too slow for the purpose. How- 
ever, the curve of microvolts versus fre- 
quency was of the shape predicted from 
the circuit constants. 


Calibrations Made With Square 
Waves as Compared With Sine- 
Wave Signal-Generator 
Calibrations 


Several tests were made to determine 
how the calibrations of existing noise 
meters made with the proposed reference 
wave would compare with the calibra- 
tions by the present method. Three 
noise meters of different makes desig- 
nated as A, B, and C were tested. B 


and C were different models of the same . 


make. The reference wave, an approxi- 


mately square wave at 60 cycles, was 
obtained from wave generator 1 already 
described. 

The method of test was as follows: 
The noise meter under test was tuned to 
one of the selected measurement fre- 
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Figure 11. Radio-noise value of wave pro- 


duced by generator 2 


0.16-volt crest of alternating component, 60- 
cycle fundamental frequency, t,=0.75 1077 
second (see Figure 4) 


Test points 
O Noise meter A 
X Noise meter B 
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quencies (0.6, 1.0, or 2.0 megacycles) and 
connected to the square-wave generator. 
The generator voltage was adjusted to 
1.0 volt which gave the noise value shown 
by curve X on Figure 7 at the measure- 
ment frequency. This showed what the 
instrument would read when calibrated 
on the proposed square wave. Then 
without changing the noise-meter adjust- 
ment a sine-wave signal generator, prop- 
erly tuned, was substituted for the square- 
wave generator. The signal-generator 
voltage was adjusted to obtain the same 
scale deflection of the noise meter as 
before. The indicated output voltage of 
the signal generator showed what the 
noise meter would read when calibrated 
by the present method. This procedure 
was repeated at other values of square- 
wave voltage and at other measurement 
frequencies. These tests are summarized 
in Table II wherein the third column 
shows square-wave calibration values, 
and the next three columns (one for each 
instrument) show sine-wave signal-gen- 
erator calibration values. Percentage 
differences between the two calibrations 
are indicated in the last three columns. 

With reference to the averages in 
Table II it may be noted that the differ- 
ences between square-wave and sine-wave 
calibrations were 2.2, 12.9, and 17.2 per 
cent for instruments A, B, and .C, re- 
spectively. The apparently close check 
in the case of instrument A may have 
resulted for the use of this instrument to 
obtain part of the data from which the 
noise curve for the square wave (curve X 
of Figure 7) was plotted. The general 
average, about ten per cent, is consider- 
ably better than the accuracy expected 
of noise meters at the present time. Also, 
the-accuracy of radio-frequency signal 
generators is involved which is about 
eight per cent at these frequencies. 

Similar tests were made on one noise 
meter, instrument B, using square waves 
at 120 and 400 cycles. Table III shows 
the data together with the 60-cycle values 
from Table II. Percentage differences 
are shown as in the previous table. The 
averages are 12.9, 12.2, and 26.2 per cent, 
respectively, for 60, 120, and 400 cycles. 
The figures for 400 cycles seem to indicate 
that the wave front was slightly steeper 
at that frequency for which a correction 
could be made. 


Comparison of Measurements Made 
With Different Noise Meters 
Calibrated With Square-Wave 
and With Sine-Wave Signal 
Generators 


In order to compare the results ob- 
tained with two methods of calibration 
as applied to existing noise meters, meas- 
urements were made on several repre- 
sentative devices which produce noise of 
the continuous type. Readings were 
taken with the two instruments of differ- 
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ent designs, designated as A and B. 
Each noise meter was connected to the 
device and a reading obtained. The 
square-wave generator (number 1) was 
substituted, and a calibration was made 
as already described. The radio-fre- 
quency signal generator was then sub- 
stituted and another calibration made. 
Four values of noise (two for each in- 
strument) were obtained in each measure- 
ment. Theoretically, if the two noise 
meters were identical and had the stand- 
ardized selectivity and time constants, 
all four values would have been the same. 
Actually the differences were not unduly 
large. 

Table IV shows sample measurements 
on a commutator motor, a commutator 
generator, a gas-discharge device oper- 
ated on a 60-cycle circuit, and a small 
sphere gap connected to the ungrounded 
side of a 60-cycle high-voltage circuit. 
The four noise values obtained in each 
measurement and their average are 
shown, as well as the percentage above or 
below the average for each value. In 
addition, the percentage difference be- 
tween maximum and minimum is indi- 
cated for each measurement. This was 
not over 50 per cent. 

The whole group of tests, which in- 
cludes 94 measurements similar to those 
of Table IV, made at 0.6, 1.0, and 2.0 
megacycles, is presented graphically in 
Figures 12, 13, 14, and 15, which show 
percentages above and below the average. 
The measurements are arranged in order 
of percentage difference between maxi- 
mum and minimum, the smallest differ- 
ence on the left and the largest on the 
right. The connecting lines indicate the 
instrument and method of calibration. 
The noises being measured were subject 
to continuous fluctuations of the order of 
20 per cent which probably accounts for 
irregular variations of that magnitude. 
The two methods of calibration as ap- 
plied here appear to work about equally 
well. Mi 

The data presented in Figures 12 
through 15 were averaged in the following 
manner to obtain an over-all difference 
between the two instruments on each 
calibration basis given in Table V. For 
each measurement the percentage differ- 
ence between the noise values as deter- 
mined by instruments A and B on the 
square-wave basis was calculated. These 
percentage values were averaged for each 


device and for all the measurements. ~ 


This procedure was repeated, using the 
noise values obtained on the radio-fre- 
quency signal-generator calibration basis. 
The average: percentage values for each 
device and the general averages are shown 
in Table V. The over-all comparison 


shows 14-per-cent difference between in-. 
struments A and B on the reference-wave — 


basis and 17-per-cent difference on the 


 signal-generator basis. The small margin 


is in favor of the reference-wave method. 
On further examination of the agree- 
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ment between instruments when cali- 
brated with the. square wave, as indicated 
in Table V, it may be noted that the 
order of agreement with respect to de- 
vices was gas-discharge device, spark gap, 
motor, and generator. In the operation 
of the first two devices breakdown ac- 
companied by a steep wave front occurs 
on the rise of voltage during each half 
cycle of the 60-cycle supply. Thus the 
60-cycle reference noise should match the 
actual noise quite well. The motor and 
the generator produce steep wave fronts 
when brushes pass from bar to bar at a 
rate depending upon the number of bars 
and the speed. Under such conditions 
the reference noise might not match the 
actual noise quite so well, but the results 
are at least as good as those obtained 
with the sine-wave signal-generator cali- 
brations. Some further improvement 
might be made by using a reference-wave 
frequency which corresponds more nearly 
to the actual noise, for instance, square 
waves of higher fundamental frequency. 


Comparison of Measurements Made 
With Radio Receivers and With 
Radio-Noise Meters 


A number of tests were made wherein 
readings were taken with a radio receiver 
and with a radio-noise meter for the pur- 
pose of comparing the results. The audio 
amplifier of the receiver was connected to 
the proper value of resistance for maxi- 
mum audio output, and a vacuum-tube 
voltmeter was connected to the output 
terminals to indicate the noise effect. 
The noise meter was used in the usual 


Table VII. Summary of Comparison of 

Measurements With Radio-Noise Meter and 

With Radio Receivers Using Square-Wave 
Calibrations 


Measurement Frequency fy, 0.6 to 2.0 Mega- 
cycles 


a 


Noise Meter Noise Meter 
and Receiver and Receiver 
Calibrated on Calibrated on 

Wave Generator Wave Generator 


1 


Difference Difference 
Number Between Number Between 
of Noise of Noise 


Measure- Values, Measure- Values, 


Test Sample ments Per Cent ments Per Cent 


D-e motor....... fea cote T Sis ie Dis elas 13 
D-c generator.... 8...... Le as (OS Sao 32 
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devicei. i5.,...% inverse Is renee Tee 19 
Spark zap. aoc). 1. USD crore a Raptr, fe Seavey 20 
All Qcpictpncs cpankek 20) exe nee OL Al per ci PAW echt 21 


Average difference between noise values 
with noise meter and with receiver........ 15 


Generator 1—Conventional square-wave generator, 
fundamental frequency 60 cycles. 


Generator 2—Special developmental square-wave 
generator for calibration purposes, fundamental 
frequency 60 cycles. 


manner. Detailed measurements on two 
devices which produce noise, a d-c motor 
and a gas-discharge device, are shown in 
Table VI. Readings were taken with the 
noise meter designated as instrument B, - 
using the procedure already described. 
Two calibrations were made, one on a 
sine-wave signal generator and the other 
on the square-wave generator designated 
as number 1. Measttrements then were 


RADIO NOISE METER A 


CALIBRATION (a) 
CALIBRATION (b) 


RADIO NOISE METER 6 
CALIBRATION (9) 
CALIBRATION (b) 
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Figure 12. Comparison of meas- 
urements on d-c motor with 
different radio-noise meters and 
different methods of calibration 


-10 


PERCENT ABOVE OR BELOW AVERAGE 


Tests arranged in order of differ- 
ence between maximum and 
minimum readings 
Calibration a made on square- 
wave generator 1 
Calibration b made on sine-wave 
signal generator 


-30 
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made with the receiver by the substitu- 
tion method. The receiver was tuned to 
the desired measurement frequency and 
connected to the device under test. The 
receiver gain control was adjusted to give 
a measurable output voltage. Without 
changing the receiver adjustments the 
sine-wave signal generator with 30-per- 
cent modulation was substituted for the 
device and its voltage adjusted to give 
the same receiver output voltage. The 
microvolt value was read from the signal 
generator. The square-wave generator 
then was substituted and its output ad- 
justed to give the same receiver output 
voltage. The noise value for this calibra- 
tion was obtained from the crest voltage 
and the noise curve X of Figure 7. 

In order to cover different receiver 
conditions the adjustments, particularly 
the tone control which was found to be 
critical, were changed and another meas- 
urement made at the saine measurement 
frequency. This was followed by a third 
measurement with a different adjustment. 
The noise value as determined by the 
receiver when calibrated on the sine-wave 
signal generator varied by as much as 
three to one with different adjustments. 
On the other hand, the noise value as 
determined by the receiver when cali- 
brated on the square-wave generator was 
substantially the same for all adjustments 
and agreed with the noise meter within 

_the present measurement accuracy of 
about 40 per cent. 

Additional measurement data were ob- 
tained on the four test samples, the motor, 
the generator, the gas-discharge device, 
and the spark gap. Readings were taken 
with the noisé meter designated as A. 
Calibrations were made on a sine-wave 
signal generator and on the two square- 


RADIO NOISE METER A 
CALIBRATION (a) 
CALIBRATION (b) 


wave generators 1 and 2 which produced 
similar waves. Readings taken with the 
receiver were calibrated on the two 
square-wave generators but not on the 
sine-wave signal generator, since that 
method of calibration was unreliable as 
already indicated. The five noise values 
obtained in each measurement were 
averaged. Figures 16 to 19 inclusive 
show for each measurement the percent- 
age by which each individual reading is 
above or below the average. The graphs 
are similar to Figures 12 through 15. 
A large majority of the points are within 
the plus or minus 20 per cent range. 

In order to show an over-all comparison 
between receiver measurements and noise- 
meter measurements percentage differ- 
ences were computed and averaged. 
These percentages apply to comparable 
readings with the receiver and the noise 
meter both calibrated on the same refer- 
ence wave. The general average was 
15-per-cent difference. The percentage 
differences obtained on the four devices 
tested, using each of the two square- 
wave generators for calibration, are 
shown in Table VII. All of these figures 
are within the present accuracy of noise 
measurements. The results were a little 
more consistent with wave generator 1 
than with generator 2, probably because 
the former was of permanent construc- 
tion, while the latter was assembled for 
test purposes, and insufficient precautions 
were taken to eliminate incidental errors, 

This test demonstrates quite effectively 
the necessity for calibrating waves which 
have the essential characteristics of radio 
noise. Without such a standard no corre- 


lation can be established between receiver 
measurements and noise-meter measure- 
ments. 


Use of these waves enables sig- 


Figure 13 (left). 
Comparison of meas- 
urements on d-c 
generator with dif- 
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nificant measurements to be made with 
receivers when needed. Besides a suit- 
able wave, it is necessary to have an 
accepted standard for the noise meter to 
which all measurements are referred. 
The present specification of band width 
and detector time constants is sufficient. 


Conclusions 


1. The accuracy of radio-noise measure- 
ments can be materially improved by cali- 
brating the instrument on waves having the 
essential characteristics of noise instead of 
on sine waves. 


2. The wave proposed for use as described 
herein is a 60-cycle substantially square 
wave with adjustable voltage zero to 20 
volts peak to peak, 63 per cent of the change 
between opposite peaks taking place in 
0.075 microsecond, plus or minus 20 per cent, 
on a curve of exponential shape. This wave 
is intended for calibrations at measurement 
frequencies between 0.15 and 20 megacycles. 


83. It is practical to build generators which 
produce such a wave of defined shape that 
remains fixed. These generators can be 
used as standards for calibrating noise 
meters. 


4. Radio-frequency sine waves do not 
have all the essential characteristics of radio 
noise and therefore are not adequate for 
calibration purposes. Of course it is true 
that if all noise meters were identical as to 
circuits and had the same amplification 
factor for sine waves and noise, check re- 
sults would be obtained on all instruments. 
However, this does not result necessarily in 
values which properly represent the noise 
levels. 


5. The proposed method of calibration can 
be put into effect without changing the 
present noise meters and measurement 
technique. It requires only the use of a 
standardized wave generator in place of the 
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Figure 15. Comparison of measurements on 

spark gap with different radio-noise meters 

and different methods of calibration (see sub- 
caption of Figure 12) 


radio-frequency signal generators now em- 
ployed. 


6. Tests indicate that the proposed square- 
wave generator can be used with radio 
receivers to measure radio noise. 


7. The calibration method is applicable to 


any range of measurement frequencies, but . 


different waves may be required for different 
ranges. The upper frequency for which a 
given wave is effective depends upon the 
steepness of the wave front. Greater steep- 
ness is necessary when higher ranges of 
frequency are to be covered. 


8. The results of this study apply to 
noises of the continuous type. A study of 
noises of the intermittent or pulse type 
along similar lines would be desirable. 


Appendix I. Analysis of Effect 


of a Square Wave on the Radio- 
Noise Meter 


This appendix contains the analysis from, 


which a relation between amplitude and 
frequency of the square wave and noise 
output in terms of the accepted radio-noise 
meter was derived. Let a square wave as 
defined in Figure 2a be applied to a noise 
meter shown schematically in Figure 1. 
For the purpose of this analysis the square 
wave is represented by the Fourier series 


e= B+ [sin wwt-+- (1/8) sin 86¢-+ 


(1/5) sin 5ut+ ...-+ 
(1/n) sin nwt+ ...] (11) 


The noise-meter input is frequency selec- 
tive. ' Figure 20 shows a typical selective 
curve. In this analysis the effect of selec- 
tivity is represented by multiplying each 
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term of equation 11 by the ordinate of the 
curve. Since the terms are additive, we use 
the ordinates of the rectangle between fy 
and f, which has the same area as the area 
under the actual curve (carried out to 
about 0.05 on the scale of ordinates) instead 
of those of the actual curve. This amounts 
to multiplying all the terms by 1.0 where 
nw lies between 27f, and 27f, and multiply- 
ing all other terms by zero. f, and f, are 
the lower and upper frequencies determined 
by the equivalent rectangular selectivity 
curve. 

Performing this operation we obtain an 
equation of m terms. If the measurement 
frequency f, midway between fy and fp is 
many times the fundamental frequency f, 
all m terms have approximately the same 


amplitude which is equal to ae When 
TW Jo 0 
is used in place of (1/n). The equation of 


the output voltage of the selective circuit is 


Bios. : 
e’ =— —[sin wgt+ sin (wat+ 8) + 
w fe 


sin (wgf-+28)+...+ 
sin (watt+-mB)] (12) 
where 
nla 
2f 
B=4nft 
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Figure 16. Comparison of measurements on 
d-c motor with radio-noise meter and radio 
receiver using square-wave calibrations 


Tests arranged in order of difference between 
maximum and minimum readings 
Calibration 1 made with square-wave gener- 


ator 1 
Calibration 2 made with square-wave gener- 
ator 2 
Calibration 3 made with sine-wave signal 
generator 
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Figure 17. Comparison of measurements on 

d-c generator with radio-noise meter and radio 

receiver using square-wave calibrations (see 
subcaption of Figure 16) 


This equation may be written 


BE ee 
e' =—— — [sin wet (cos 0+ cos B+ cos 28+ 
T fo 


... + cos mB) + cos wet (sin 0 + 
sin 6 + sin26+...-+sin mB)] (13) 


eI ae ty s=m 2 oe 2 
Ny ( > cos ss) +('5 sin s:) x 
sin (waft) (14) 


When the number of terms, m, is fairly 
large (for example 20 or more) the term 
under the square-root sign can be evaluated 
by integration as follows: 


te , 
cos Bs ds oa me 
0 B 
4) He 1— cos mB 
Si OS 0S = a ae 
ry B 
(= me 4(: — cos ney Ee 
B B 
Substituting this for the term under the 


square root sign ‘in equation 14 and sub- 
stituting the values of m and 6 we obtain 


sin mB/2 
mB /2 
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The output of the amplifier is obtained by 
multiplying equation 15 by the amplifica- 
tion factor A which may be taken as 1.0 in 
the analysis which follows. 

The average value of the envelope of this 
curve between the beginning and the first 
zero is given by the equation: 


pa ales sin 0 og 
um APY Une hy 


where 


O=1( fy—fa)t 
Substituting 


1 Tsin 6 wv? wt 78 
= ——d§=1——_1+—__—_} .,, 
aA 0 331° 55) 7-71) 


which is approximately equal to 0.59, we 
obtain 


4E fo —fa 
OH) 
2fo 


If the capacitor C in the detector circuit 
shown in Figure 1 has been charged to 
voltage V,’ the average current during the 
pulse is 


a Eavg mt V, ; 
R 


(16) 


avg — 


I, approximately 


The increment of charge due to the pulse is 
equal to the average current multiplied by 
the time of the pulse. Equation 15 shows 
that the pulse is approximately equivalent 
to a voltage Eavg lasting 1/(f,—f,) seconds. 
Since the increment of charge is equal to 
AV,C we have 


Eavg— Ven 
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Figure 18 (left). Comparison of measure- 
ments on gas-discharge device with radio- 
noise meter and radio receiver using square- 
wave calibrations (see subcaption of Figure 16) 


Figure 19 (below). Compar- 

ison of measurements on spark 

gap with radio-noise meter 

and radio receiver using square 

calibrations (see subcaption of 
Figure 16) 
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The effect of the resistance R: during charge 
is negligible since the discharging time con- 
stant is large compared with the charging 
time constant. 

Between pulses the capacitor discharges 
through R, at a slow rate. The decrease in 
capacitor voltage between pulses is given by 
the equation: 

ts 


V,!—V,"= ve(1-e-¥*) 


where ¢;=time interval from one pulse to 
the next. When ¢, is small compared with 
RC, the equation reduces to the following 
approximate form: 


Vee 
I Wil 18 
OMAN ae 
where 
AVnl = ei iVed 
1 
f=y 


A steady state is reached when the incre- 
ment given by equation 17 becomes equal 
to the decrement given by equation 18. 
If we put the capacitor voltage V,’ in 
equations 17 and 18 equal to the steady- 
state voltage (average) V,, which is large 
compared with the voltage increment, and 
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equate AV,’ to AV,, we can obtain the 
steady-state voltage V,. Performing this 
operation and substituting the value of 
Ear, given by equation 16, we obtain 


4E fy—fa 1 (19) 
2 (h=fRC | 
fsR2C 


The voltage of frequency f, necessary to 
produce an output voltage V, when the 
amplification factor is 1.0 is 


y= x108 (20) 


V2 
where V=rms voltage in microvolts 
Substituting the value of V, given by equa- 
tion 19, we obtain 


fats Yosla 1 21 
V = 0.260 Ee Fee (=I, , (21) 
fsR2C 


where 


V =noise value in microvolts 

E=crest voltage of alternating component 
of wave 

fo= measurement frequency, cycles 

fg=number of steep wave fronts per second: 

fo—fg=band width, cycles 

R,C=charging time constant, seconds 

R,C=discharging time constant, seconds 


This is the desired relation between the 
square-wave voltage and the noise output 
indicated by an ideal noise meter having the 
characteristics-stated. In the case of the 
square wave the value of f, is twice the 
fundamental frequency, because there are 
two steep wave fronts in each cycle. 


Appendix Il. Analysis of Wave 
With Exponential Front 


When the front of the wave of Figure 2a 
is exponential instead of vertical, the wave 
has the shape shown by Figure 4, which is 
approximately square when the exponential 
curve is very steep. The curve of Figure 4 
may be represented mathematically by sub- 
tracting from the equation of the square 
wave an exponential term at the beginning 
of the pulse of Figure 2a and adding thereto 
an exponential term at the end. In the 
case of the waves being studied, the ex- 
ponential term is reduced to practically 
zero in a small fraction of a cycle of the 
wave. 

Taking the origin at point O on the left 
in Figure 4, the curve may be represented 
by the following equations: 


y=2E(l1-€ )0<y<ar 
y= 2B tO - Ma <y<Qr 
_where 

0=2rft 


es il 
S ~ Onft, 


i, = time of rise to (1—«~1) Xamplitude 
f =fundamental frequency of wave 
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This curve will be represented by the Fourier 
series: 


y=E+q sin 6+a2 sin 26+; sin 36+ ...+ 
ansin nO +... +b1 cos +b: cos 20+ 
bs cos 30+... +b, cos nO+... 


Evaluating the coefficients a, and b, in the 
usual manner, we obtain 


en+y | (1— cos 27) 
n 


b _2E a Lidl 
ae ee (e-7™*+1) | (1— cos n7) 


The term 1—cos nm is equal to 2 for odd 


values of » and zero for even values of n. 
The value of 7a is large compared with 1.0 
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Figure 20. Example of radio-noise-meter 
selectivity curve 


when the wave front is steep so that the 
term €-* is practically zero. Substituting 
these values and combining the terms, we 
obtain 


a ancee ea aV ota! 


Tn  o2+-n? 


where n=any odd integer 

It may be noted that the harmonics are 
equal to the corresponding square-wave 
harmonics multiplied by a factor which 
will be represented by K 

where 


If we put f,/f in place of n and substitute 
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the value of a given under the equations 
for the curve, this reduces to 


arent, St . 
VJ 1440p? 


where f,=harmonic frequency or measure- 
' ment frequency 
Values of K are plotted against ff, in 
Figure 8. 


Appendix Ill. Analysis of 
Sawtooth Waves 


In this appendix the method of analysis 
described in Appendix I and Appendix IT is 
applied to the sawtooth-type wave. The 
Fourier series for the wave shown in 
Figure 5a is 


DE /ae 1 
e=E+—| sin alto. om Qwt +... + 
Tv 


1 
sin mwi+ .. : 
nN 


and the series for the wave shown in Figure 
5b is 


PA ay (SD Tue 
e= E—— | sinwt+- sin 2ot+...+ 
Tv 2 


iy Ss 
— sin mwt +... 


n 


where nis any integer. These equations are 
similar to the equation for the square wave, 
but they contain the term 2E instead of 42, 
and there are twice as many harmonics in 
the band width so that the number of terms 
m in equation 12 is equal to the band width 
divided by the fundamental frequency. If 
ts represents the interval between wave 
fronts as before, we arrive at the same equa- 
tion as 21 in Appendix I. In this case the 
factor f, which is 1/t, is equal to the fun- 
damental frequency of the wave instead of 
twice the fundamental frequency, because 
there is only one steep wave front in each 
cycle of the sawtooth wave. For a given 
amplitude of wave and time interval between 
wave fronts, the noise value is the same for 
either the square or the sawtooth shape. 

When the wave front is exponential as in 
Figure 4, the multiplying factor K derived 
in Appendix II is used. This factor is the 
same, because the modification of the wave 
front is equivalent to adding or subtracting 
an exponential term to the equation de- 
fining the square or sawtooth wave. If the 
wave front in Figure 5a is exponential in- 
stead of vertical, the curve may be repre- 
sented by the following equation: 


6 2ar 
y28(1-2-~) | 
2a 0 
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where 
1 
C= 
afte 


f=fundamental frequency of wave 
{,=time of rise to 63 per cent of full ampli- 
tude 


The coefficients of the terms in the Fourier 
series given in Appendix II are as follows 
when it is assumed that €~™@ is zero: 

GAD, fi A n CYR, ta 
One ’ pede GPP as 
wv \n a+n? T a®+n? 


J a,2-+by? _2E aV atn 


wn a®+n?* 


Putting f,/f in place of # in the last term 
and substituting the value of a already 
given, this reduces to 


—— 2E 1 
AU BOT ee 
men TH AJ 144m fy 2g? 


in which the last term is the same as K in 
Appendix II. 
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The Frequency of Occurrence and the 
Distribution of Lightning Flashes to 


Transmission Lines 


R. H. GOLDE 


ASSOCIATE AIEE 


STUDY of Franklin’s correspond- _ 


ence on the subject of electricity 
shows his clear perception of the proper 
function of a lightning conductor; he 
also discusses such still controversial 
problems as bonding and the relative ad- 
vantages of vertical rods and horizontal 
wire systems. On the other hand, no 
direct reference* as to the protective ratio 
of a vertical conductor could be found in 
his papers. Although this question was 
raised shortly after the introduction of 
the lightning conductor and has been dis- 
cussed ever since, no general agreement so 
far has been reached. In what follows, 
this problem will be investigated from a 
new angle, and it will be shown to be even 
more involved than has been recognized 
hitherto. 

The results obtained from this investi- 
gation will be applied to a calculation of 
the frequency of occurrence of direct 
lightning flashes to transmission lines, 
and it also will be seen that it is now pos- 
sible to predict the distribution of direct 
flashes between the various elements of an 
overhead transmission line. Finally, it 
will be shown that a correlation exists 
between the frequency of occurrence of 
flashes to earth and the thunderstorm 
activity over the district involved. 


The Protective Range of a Lightning 
Conductor 


PRESENT STATE OF KNOWLEDGE 


A survey of the vast technical litera- 
turet on the protective ratio of a light- 
ning conductor shows that in the course 
of 170 years this ratio has been stated to 
be about 10:1, and less than 1:1, with all 
possible intermediate values being put 
forward at some time or other. All these 
investigations can be subdivided accord- 
ing to their methods of approach into 
three distinct categories,? that is, sta- 
tistical, experimental (by model), and 
geometrical. 

Statistical observations are based on the 
ccllection of actual occurrences of light- 
ning flashes close to lightning conductors, 
or equivalent structures. The inherent 


* Indirect evidence as to Franklin’s opinion on this 
question is given later. 


} The historically minded reader. will find ample 
references to earlier work in books! on this sub- 
ject. 
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difficulty in this method lies in the great 
variability of the number and intensity 
of thunderstorms over any district and 
the resulting necessity of long-term ob- 
servations. Furthermore, unless visually 
observed and immediately reported, light- 
ning flashes are noted only if they pro- 
duce lasting damage. Since experience 
shows that only a small fraction of all 
flashes to earth prove destructive in the 
afore-mentioned sense it is not surprising 
to find these wide discrepancies in the 
alleged minimum values for the protec- 
tive ratios under consideration. 

Model tests, while almost as old? as the 
lightning conductor itself, came greatly 
to the forefront with the introduction of 
the surge generator. Their justification 
is stated to be found im the similarity of 
the artificial spark and the natural light- 
ning discharge.4 However, before this 
assumption can be accepted, a brief dis- 
cussion of the lightning discharge and its 
simulation under laboratory conditions 
may be helpful. 

From the present state of knowledge 
of the mechanism of the lightning stroke,*® 
as developed mainly by Schonland,® it 
may be taken as established that the 
normal lightning leader stroke begins to 
develop unaffected by the characteristics 
of the soil beneath or the conditions near 
the earth surface. Instead it is mainly 
guided towards earth by local space 
charges of opposite polarity beneath the 
cloud which are caused by point discharge 
from the earth surface and the distribu- 
tion of which should be determined 
mainly by the prevailing wind. Through- 
out this stage of the progression of the 
leader stroke, which occurs with an 
average velocity of about 3X10" centi- 
meters per second, that is, with only a 
small fraction of the velocity of the elec- 
tricity in an overhead line, electric charges 
of opposite sign to that lowered in the 
lightning channel flow in the earth to- 
wards the region underneath the leader, 
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and a continuous increase of the electro- 
static-field strength at the surface of the 
earth ensues. Now, only when this field 
strength reaches a magnitude sufficient to 
produce an upward-streamer discharge 
from an earthed object, should there be 
exerted a final directive effect on the 
downward-leader stroke, and it is possibly 
only at this stage that the precise point 
to be struck is determined. 

According to the evidence produced by 
records obtained with rotating cameras,” 
the development of artificial spark dis- 
charges of conventional dimensions, while 
fundamentally similar, differs from the 
foregoing case in that the streamer dis- 
charge which rises from the earth or from 
an earthed object to meet the downcom- 
ing leader stroke is relatively much longer® 
in the case of the artificial tests as com- 
pared with the natural phenomenon. The 
physical explanation of this dissimilarity 
lies in the fact that, as can be seen from 
equation 7 of the appendix, the electro- 
static-field strength which is produced at 
the earth’s surface by a charged down- 
coming leader stroke and which deter- 
mines the onset of any upward streamer 
is inversely proportional to the square of 
the height of the charge on the leader. As 
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Figure 1. Variation of potential gradient at 

earth surface with height of tip of leader chan- | 

nel above ground and for varying charges on 
leader channel 


The figures against the curves denote the 
charge on the leader stroke in coulombs 


has first been shown by Meek,® this im- 
plies that, with increasing gap length, 
the negative downward leader has to ap- 
proach increasingly nearer to the earth 
electrode before an upward streamer is 
initiated, so that the latter covers a pro- 
gressively smaller proportion of the total 
gap. ; 

Since laboratory streamers from 
earthed electrodes invariably bridge a 
greater portion of the total gap than in 
the natural lightning case, it follows that 
model lightning conductors or similar 
structures produce a protective effect 
which is too large. 

Geometrical considerations with a view 
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Earthed Metal Conductors 
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to determining the protective range of a 
lightning conductor were introduced by 
Peek.19 According to the state of knowl- 
edge at his time, he assumed a lightning 
stroke to develop in a field equal to the 
breakdown strength of air in a uniform 
field, and this led him to believe that a 
lightning stroke to earth followed the 
shortest possible line between the cloud 
and the object to be struck. As it is now 
known!! that a lightning stroke actually 
develops in a field of a fraction of that be- 
lieved to be necessary in former times, it 
follows that Peek’s assumptions are no 
longer valid and that the protective radii 
deduced by him are again too large. 

If the preceding description of the de- 
velopment of a lightning discharge and 
of any upward streamers from earth or an 
earthed object is accepted, it must be em- 
phasized that lightning strokes vary in 
their characteristic parameters, and it is 
therefore to be expected that the range of 
protection afforded by a lightning con- 
ductor may vary in some similar manner. 
This then constitutes a departure from 
present conceptions and from previous 
investigations which were mainly con- 
fined to determining the minimum value 
of the protective radius. The problem 
under discussion can therefore be restated 
as an inquiry into the average protective 
ratios of a lightning conductor and of the 
various earthed parts of a transmission 
system and their possible variation with 
the parameters of the lightning discharge. 


APPROXIMATE CALCULATION OF THE 
PROTECTIVE AREA 


With a view to determining the protec- 
tion afforded by a lightning conductor, 
the lightning leader stroke, as it pro- 
gresses towards earth, should be regarded 
as a charged conductor which, according 
to the laws of electrostatics, determines 
the field strength at the earth’s surface 
within its sphere of influence.* Now 


reasons have been given elsewhere® for - 
coi ipa dte ty oy pice d oes Set ee 


* This neglects the electrostatic field strength due to 
the predischarge field. This, however, amounts to 
only a few per cent of the field strength required to 
produce a streamer discharge from earth. 
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assuming the charge density along the 
leader channel to be highest at its tip, and 
to decrease according to an exponential 
law towards the cloud (see equation 5 of 
the appendix). With some reasonable 
assumptions as to the exponential factor, 
the electrostatic field which is produced 
at the earth’s surface around the leader 
stroke then can be calculated as a func- 
tion of the total charge distributed along 
the leader channel, and of the instanta- 
neous height of the tip of the leader stroke 
above earth. This calculation is given in 
the appendix in which equation 9 gives 
the field strength in volts per centimeter 
underneath the down-coming leader 
stroke as a function of the charge on the 
leader channel, the instantaneous height 
of the tip of the leader stroke, the height 
of the cloud center which is taken as 2.5 
kilometers, and the horizontal distance 
between the point of observation and 
the projection of the leader channel. 

For a point directly underneath the 
leader stroke, the field strength is given 
by equation 10 of the appendix, and this 
enables the field strength produced di- 
rectly below the leader stroke to be cal- 
culated as a function of the instantaneous 
height of the tip of the leader, and for 
varying values of the charge q, deposited 
along the channel. The results are 
plotted in Figure 1. 

Once this set of curves is obtained, the 
question now arises as to the field strength 
at which upward streamers may be ex- 
pected to develop from the earth’s sur- 
face. There are no data available on this 
value, but for a rough estimate the follow- 
ing arguments may be used. In a uni- 
form field the initiating breakdown 
strength is 30,000 volts per centimeter, 
and in a long nonuniform gap the average 
breakdown strength, calculated as the 
ratio of flashover voltage over distance, is 
known to be of the order of 5,000 volts 
per centimeter. The condition pertaining 
to the earth’s surface should lie between 
these two values, and, if it is considered 
that the surface is not an ideal plane but is 
covered by grass blades, stones, or other 
irregularly shaped materials, an average 
figure of 10,000 volts per centimeter for 
the initiation of upward discharges may 
be reasonable. Once a local discharge has 
started, it will develop rapidly into an 
upward streamer, owing to the influence 
of the highly charged tip of the leader 
stroke and the availability of the accumu- 
lated charge in the earth, the gradual col- 
lection of which during the leader proc- 
ess has been described. 


Table Il. Number of Flashes to Safe Harbor— 
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—= 


1935 1936 1937 1938 1939 


1 Ue ee 


Estimated by ERAT...119..107. LOU ROO rt Lt 
Estimated by Waldorf. .115..108.. 87...54..118 


+ British Electrical and Allied Industries Re- 
search Association. 


Golde—Lightning Flashes 


If the afore-mentioned value is ac- 
cepted, the point where the 10,000-volt- 
per-centimeter line crosses the individual 
charge curves in Figure 1 represents the 
height above earth to which the down- 
coming leader stroke must proceed before 
streamers from the earth’s surface can be 
expected to develop under normal condi- 
tions. 

As can be seen from Figure 1, this 
height increases with increasing charge 
of the leader channel, so that the length 
of any upward-streamer discharges from 
earth should depend on the intensity of 
the lightning stroke. For an average 
charge of one coulomb distributed along 
the leader channel, the height of the 
leader tip at which a field strength of 
10,000 volts per centimeter is produced 
at the earth’s surface is seen to be about 
17 meters. While there are no observa- 
tional data available to prove or disprove 
this value, it is interesting to note that it 
corroborates an earlier conclusion* from 
photographic evidence as to the short 
length of any possible upward streamers 
from the earth’s surface. 

A further interesting conclusion to be 
drawn from Figure 1 is that the leader 
of an average lightning stroke to a point 
on the earth’s surface may proceed below 
the level height of an average tower of 
say 20 to 25 meters height, before the pre- 
cise point ultimately to be struck is deter- 
mined. It therefore may be assumed that, 
under average conditions, the lowest 
level from which a lightning leader 
stroke may be ‘“‘attracted’”’ to strike a 
lightning conductor or transmission tower 
lies as low down as the level of the con- 
ductor or tower top itself. That such 
sudden changes in the direction of the 
leader stroke may in fact occur can be 
seen from photographs collected and dis- 
cussed by B. Walter! and also from Fig- 
ure 2 which shows a direct stroke to a 
wireless mast." 

If it thus is agreed that the lowest 


Figure 2. Lightning flash to a wireless mast’® 
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height /, at which a flash to a tower may 
occur in preference to a flash to earth is 
given either by the height obtained from 
Figure 1 at 10,000 volts per centimeter, 
or the height of the structure itself, 
whichever is the higher, equation 9 can be 
evaluated. The resulting curves are 
plotted in Figure 3, which gives the field 
strengths produced by the downcoming 
leader stroke at the heights discussed and 
for various stroke intensities as a function 
of the horizontal distance y. 

Strictly speaking, the values calculated 
from equation 9 and plotted in Figure 3 
apply to a space which is undisturbed by 
any conducting objects. In the presence 
of such an object, for example, a lightning 
conductor or tower, zero potential is im- 
pressed on its tip, and the field distribu- 
tion is varied from the undisturbed condi- 
tion. Similarly the field strength, which 
was found to exist at the surface of the 
earth, is by no means uniform in a vertical 
direction. Nevertheless, as a first ap- 
proximation it may be permissible to 
assume that the field strength at the top 
of a lightning conductor is given by 
equation 9 and Figure 3. 

- The field strength at which streamers 
may develop from an earthed structure, 
such as a lightning conductor, also cannot 
be stated at present with accuracy. As 
mentioned, the mean breakdown strength 
of the longest gaps investigated, about 
two meters, is about 5,000 volts per centi- 
meter, and this value appears to decrease 
slowly but steadily with increasing dis- 
tance. On the other hand, it is now 
known that a lightning stroke occurs in 
an average field of a few hundred volts 
per centimeter. If we start from these 
two extremes, it may appear reasonable 
to adopt as a first estimate a value of 
3,000 volts per centimeter for the field 
strength capable of producing streamers 
from lightning conductors or similar 
structures. 

It follows that the distances y at which 
the horizontal line drawn through 3,000 
volts per centimeter in Figure 3 crosses 
the individual charge curves represent 
the corresponding: protective radii of a 
lightning conductor or similar structure. 
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Figure 3. Variation of potential gradient with 
horizontal distance from leader channel and 
for varying charges on leader channel 


The figures against the curves denote the charge 
on the leader stroke in coulombs 


904 


80 


60 


40 


20 


PERCENTAGE FREQUENCY OF OCCURRENCE 


fc) 
49) 2 4 6 
PROTECTIVE RATIO 


8 10 


Figure 4. Protective ratios of a lightning con- 
ductor 20 meters high 


Figure 3 then permits several interest- 
ing conclusions to be drawn. It has been 
shown elsewhere® that the magnitudes of 
lightning currents are proportional to the 
charges deposited along the leader chan- 
nel and that an average current of 20 
kiloamperes corresponds to about one 
coulomb. A distribution curve of the 
frequency of occurrence of lightning cur- 
rents of varying amplitude should, there- 
fore, provide a direct indication of the 
frequency distribution of the distances 
protected by a lightning conductor. 

Before, however, afty of the published 
curves showing the frequency distribution 
of lightning currents can be accepted, the 
limitations of these curves should be 
recognized clearly. Thus, it has been 
shown" that the great number of curves 
based either on the algebraical summa- 
tion of the tower currents affected by one 
flash or on the summation of tower and 
earth wire currents nearest the point 
struck are misleading owing to the phase 
difference between the current com- 
ponents which are ‘discharged through 
towers and earth wire, respectively. Two 
sets of curves!® which are based on mag- 
netic-link measurements in lightning rods 
on the top of transmission towers and on 
the summation of earth-wire currents, 
while more correct, suffer from the limi- 
tation of this and most other magnetic- 
link installations of being unable to record 
currents below five to ten kiloamperes. 
Since this paper was drafted, a further 


curve has been published!* which is based - 


on the highest component currents dis- 
charged through structures of varying 
heights, and this curve has the advantage 
of extending the current range down to a 
few hundred amperes. On the other 
hand, there is reason to believe that the 
amplitude of a lightning discharge de- 
pends to some extent on the height of the 
structure struck. Furthermore, the pro- 
tective range of an earthed structure is 
determined by the charge distribution of 
and therefore by the resulting current in 
the first component stroke of a multiple- 
discharge flash, and, while this is known to 
carry in most cases the highest current, 
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this is not always the case. If, despite 
these limitations from the present view- 
point, this last mentioned curve be ac- 
cepted as a true distribution curve of the 
amplitude of the first stroke of a lightning 
flash, Figure 4 can readily be derived as 
showing the frequency variation of the 
protective ratio* of a lightning conductor 
or earthed structure of about 20 to 25 
meters height. It thus can be seen that 
the protective ratio varies with the cur- 
rent intensity of lightning discharges** 
and the range protected is seen to vary 
between a few and about 200 meters, that 
is, a protective ratio from less than one to 
about ten. 

For the purpose of the present investi- 
gation the most important conclusion to 
be drawn from Figure 3 is the average 
value of the radius protected by an 
earthed structure. As mentioned, the 
average charge of a leader stroke is about 
one coulomb, and Figure 3 shows that, 
for a structure of about 20 to 25 meters 
height, the distance protected amounts 
to about 45 meters. It thus can be said 
that such a structure has an average pro- 
tective ratio of about 2, and this value 
will be used for subsequent considera- 
tions. 


COMPARISON WITH FIELD OBSERVATIONS 


As has been shown, the protective ratio 
of a lightning conductor can no longer be 
regarded as a constant figure which, apart 
from the ordinary vagaries of the spark 
discharge, is determined merely by the 
position of the tip of the lightning chan- 
nel relative to the lightning conductor; 
instead, it is now recognized to vary over 
a considerable range, according to the in- 
tensity of the lightning stroke. In order 
to prove this statement by means of field 
observations, a great number of cases 
would be required in which the distance 
of the point struck from a nearby light- 
ning conductor should be given in con- 
junction with the current amplitude of 
the first component stroke. Such data 
are not available. 

Now, whereas the possibility of a light- 
ning flash striking at a great distance 
from a lightning conductor is self-evident, 
it appears that there still exists some 
doubt as to the possibility of a direct 
stroke within distances of less than two or 
three times the height of the lightning 
conductor.t However, a survey of the 
literature will readily furnish instances of 


* From the new conception of the protective range it 
follows that the frequency distribution of occurrence © 
of lightning currents should differ in strokes to open 
country and to different types of earthed metal 
structures. This matter is being further investi- 
gated, but the effect has been neglected in the 
present account. 


** Bruce!? predicted a variation of the zone of pro- 
tection with the intensity of the lightning current — 
from his theory on the mechanism of the lightning 
discharge. 


{Thus the latest code of the Bureau of Standards!8 
takes the radius of the base of the protected cone 
as two to four times the conductor height. 
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flashes within protective ranges smaller 
than those mentioned. It is impossible 
to enumerate these cases, and it must be 
sufficient to refer to the relevant litera- 
ture. But to give a few examples, the 
oldest and one of the most famous cases!® 
may be mentioned; this bears a particular 
interest, owing to the fact that the light- 
ning-conductor system involved had been 
installed as the result of a report given by 
four eminent scientists, one of whom was 
Benjamin Franklin. Figure 5 shows a 
sketch of a British Government building 
at Purfleet which was struck and slightly 
damaged, as indicated, in 1777. The 
lightning conductor was found to be in 
perfect condition and well earthed, and 
the ratio of the distance of the corner 
struck from the conductor to the latter’s 
height above the height of the point 
struck Gan be determined at 1.63:1. As 
this installation had Franklin’s approval, 
it may be assumed that he regarded the 
whole building to be within the protective 
zone of the lightning conductor; but it 
may be significant to mention that the 
slight damage caused to the building tends 
to suggest a rather weak flash, and this 
may account for the low protective effect 
of the lightning conductor in this par- 
ticular instance. 

Among more modern observations, 
Walter?’ plotted, on a map of the old part 
of Hamburg, the situation of houses which 
had succeeded in insurance claims owing 
to damage from lightning in the course of 
the period from 1912 to 1932. As can be 
seen from Figure 6 there exist among the 
25 buildings damaged four cases in which 
the buildings were situated within dis- 
tances of less than twice the height of 
nearby church steeples above them. 

Again, in the course of some lightning 
investigations in Russia,” apparently 
with test balloons, which were kept flying 
at various heights in conducting connec- 
tion with earth, several strokes were noted 
at distances between one and two times 
the height of the earthed conductors. 
The results of the observations are given 
in Table I from which the lowest pro- 
tective ratio indicated is seen to be less 
than 1.11, even with the great heights of 
the conductors involved. While the pres- 
ent account is intended to be limited 


strictly to lower structures, these ob-" 


servations certainly confirm the occur- 
rence of flashes within distances which 
often are regarded as safe. i 

That similar conditions may obtain for 


Figure 5. Sketch of building struck by light- 
ning in 1777 
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Table Ill. Frequency of Flashes to Transmission Lines 
Area 
Span ‘Covered,’ Number Yearsof Flashes Per 
A d Length, Length, Square of Flashes Obser- Square Mile 
Name of Line Figure Miles Feet Miles Experienced vation Per Year 
Safe Harbor—Westport— 

Takoma ono etree Ob xsweneks CONE ES. SS cc YOO rercicrs A OO enearen Cee oonon IS ireteWen el enst «ee 19.0 
Safe Harbor—Perryville....9d..... SO octet OO Olas: snes SQA ete SOD Naame: Ser asiecsl oes 20.6 
Holtwood-York.......... Qe yu areias DOE St rea O00 ye. «6 ORO Gite cactetder 190 iti ee Thc rior MERE 28.5 
Holtwood—Coatesville..... Geis cactad DOK Aas Goa os Ol emer ieei tos D5 Se cadets siete Of mo a REED 30.9 


transmission lines can be shown by ob- 
servations? on two parallel transmission 
lines, the approximate dimensions of 
which are given in Figure 7. The lower 
wood-pole line which was erected in 1920 
suffered no outage during its first four 
years of service. In 1924 the parallel 
higher steel-pole line was built and, in 
the course of the subsequent 20!/ years 
six outages were experienced* on the 
wood-pole line. This, then, clearly indi- 
cates that the wood-pole line is not com- 
pletely protected by the earth wire of the 
higher line, so that the protective ratio of 
this particular earth wire is, under certain 
conditions, less than 1.5:1. 

The few examples quoted should suffice 
to show that the low protective ratios 
suggested by Figure 4 do not disagree 
with observations. 


Areas Covered by the Various 
Elements of a Transmission Line 


If we revert to the average area pro- 
tected by a lightning conductor as de- 
rived, this can be applied directly to the 
case of a steel tower which represents a 
pointed earthed structure and which, 
therefore, may be taken to protect, on an 
average, a circle round its base, the 
radius of which is equal to twice the tower 
height. 

The case of an ordinary overhead earth 
wire cannot be based strictly on the fore- 
going considerations; for, whereas the 
tower has always pronounced corners or 
points from which distinct streamers may 
readily develop, an earth wire is a 
smoother and more uniform conductor 


which can be expected to produce, under ~ 


the influence of the approaching leader 
channel, a corona envelope over a certain 
length of its surface. The more uniform 
field distribution which results should in- 
crease the total field strength required to 
produce a distinct point discharge which, 
after having been once initiated, will draw 
all the charge from the neighboring parts 
of the earth wire up to itself and thus de- 
velop into an upward streamer. In the 
absence of experimental data it can 
merely be argued that the area “covered” 
by an earth wire should be smaller than 
that protected by the tower, and as a first 
estimate a value of 1.5 will be accepted 
for the subsequent calculations. An earth 


* According to information supplied by A. E. 
Davison of the Hydro-Electric Power Commission 
of Ontario. 
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wire thus will be deemed to collect, on an 
average, all flashes likely to fall on an area 
which is given by the product of its 
length, and a width equal to three times 
the average height of the earth wire above 
ground, the latter being taken as 80 per 
cent of the tower height. 

The conditions governing discharges 
from phase wires are different again. A 
phase wire is insulated from earth, and, 
even in the case of a system with earthed 
neutral point, it is earthed only over a 
transformer which may be very distant 
from the point to be struck. The charges 
required to build up the streamer dis- 
charges which are readily available in an 
earth wire, therefore, in the case of a 
phase wire, may have to be transported 
over several miles of line and cannot often 
be expected to be available readily during 
the few microseconds constituting the 
last step of the downward-leader stroke. f 
This difficulty further should reduce the 
area covered by a phase wire, and the 
protective ratio may be assumed to be 
equal to unity, so that a phase wire with- 
out earth-wire protection may be as- 
sumed to be struck, on an average, by all 
those flashes which originate above an 
area given by the product of its length, 
and a width equal to twice the average 
height of the phase conductor above 
earth, This average height is again taken 
to be 80 per cent of the height of the phase 
wire at the tower. 

The foregoing considerations now make 
it possible for the areas to be calculated 
which are, on an average, covered by 
various types of transmission systems. 
To differentiate between the areas cov- 
ered by towers and earth or phase wires, 
respectively, it is assumed, as shown in 
Figure 8, that the conductors cover the 
span up to the point at which their pro- 
tective areas intersect the protective 
circles of the towers. If we assume now 


h,=height of tower 

h, =average height of earth wire above earth 

hp=average height of phase wire above earth 

b, =horizontal distance between earth wires 

by=horizontal distance between outermost 
phase wires 

] =span length 


+ This leads to the interesting conclusion that the 
liability of phase wires to receive a direct hit should 
increase with decreasing distance from an earthed 
transformer. For systems with earthed neutral 
points, this consideration gives further emphasis to 
the importance of improved protection against di- 
rect strokes over the first few spams from a station. 
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the areas covered by each span of a trans- 
mission line may be determined as follows: 


(a). Line without earth wire: 
4her+(l—-2 X 2h) (bp +2hp) 
=4h?Prt(l—4h,) (bp t2hp) (1) 
(b). Line with one earth wire: 
0.9X4h2a+ (1-2 X1.6h,)2 X 1.5/5 
=3.6h2r-+(I—3.2h)3ho (2) 
(c). Line with two earth wires: 
0.8 4ha + (1—2 X 1.54) (bo +2X1 Bho) 
=3.2her+(l—3h)(bo+3ho) (3) 


In these expressions the first term sig- 
nifies the area covered by the transmission 
tower, and the second term that covered 
by the phase or earth wires, respectively. 
It follows that the proportion of flashes 
likely to fall on the conductors in mid- 
span and on the towers can be found 
readily by the quotient of the two terms 
considered. 

Expressions 1 to 3 thus enable the prob- 
able number of flashes to any type of 
transmission line to be calculated if the 
line dimensions and the number of flashes 
to earth over a given area are known, and 
they also give an indication of the distri- 
bution of flashes between towers and mid- 
span. 


DISTRIBUTION OF POINTS STRUCK ON A 
TRANSMISSION LINE 


In what follows the foregoing developed 
expressions are employed to calculate the 
probable average distribution of flashes 
to various parts of a transmission system. 
The results obtained then are compared 
with relevant published information, and 
it may be mentioned that the examples 
discussed constitute, to the best of the 
author’s knowledge, all the statistical 
material available. 


Ratio of Flashes to Phase Wires and 
Towers on Lines Without Earth Wire. 
From what has been said, this ratio can 
readily be found by dividing the second 
term of equation 1 by the first term. For 
an average medium-voltage line which 
may be operated without earth wire, the 
following numerical values may apply: 


h, =50 feet 
hy=35 feet 
b =20 feet 
1 =6500 feet 


This gives a ratio for flashes to the 
phase wires in mid-span over flashes to 
towers of 0.86. According to German 
statistics?* obtained on 170 kilometers of 
6 to 16 kv and 80 kilometers of 100-kv 

lines, 103 flashes to the phase wires were 
observed as against 143 flashes to towers 
on lines without earth wire. This gives a 
ratio of 0.72 which is lower than the value 
calculated. The’ discrepancy possibly 
may be explained by the lack of knowl- 
edge of the correct dimensions of the lines 
involved, but it also may be due to the 
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Figure 6. Damage caused by 
lightning in old part of Ham- 
burg” during 1912 to 1932 


4+. Building damaged by light- 
ning 
@- Tower; inner circle denotes F 
height of tower minus 25 
meters; outer circle has twice 
that distance 
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fact that the German statistics did not 
succeed in noting all cases of flashes to 
phase wires at mid-span. Since no indi- 
cation is given as to the method by which 
flashes to phase wires which did not pro- 
duce flashover were recognized, the fore- 
going uncertainty cannot be eliminated. 


Ratio of Flashes to Earth Wire and 
Towers on Lines With One Earth Wire. 
For an average high-voltage line with one 
earth wire the following dimensions may 
be assumed: 


h,=80 feet 
1 =800 feet 


From equation 2 the ratio of flashes likely 
to hit the earth wire at mid-span to those 
hitting a tower is found to be 1.44. Ger- 
man observations of 516 cases on high- 
voltage lines give 42 per cent of all 
flashes striking the towers and 58 per 
cent the earth wire in mid-span, that is, a 
ratio of 1.38. If we consider that the cor- 
rect dimensions of the lines involved were 
again unknown, the agreement appears 
satisfactory. 


Ratio of Flashes to Earth Wires and 
Towers on Lines With Two Earth Wires. 
For this case two sets of relevant observa- 
tions are available, and these will now be 
discussed. 

The essential dimensions of the Wallen- 
paupack-Siegfried line*4 are given in 
Figure 9a, to which need only be added 
the average span length of 1,110 feet. As 
the tower is of the portal type, equation 
3 has to be slightly modified. The cal- 
culation, however, should be readily fol- 
lowed if the numerical evaluation of the 
ratio to be determined is given as follows: 


(1,110 —3 X80) (23-++3 X0.8 X80) ene 
3.2 802r +45 X3 X80 wh 


Of 23 well-defined flashes to that part of 
the line which is equipped with double 
earth wires, six were found to have oc- 
curred to towers and 17 to spans, that is, 
a ratio of 2.83. With regard to the small 
number of cases observed, the agreement 
between calculated and observed values is 
satisfactory. 

The second set of data applies to the 
220-kv Safe Harbor—Westport-Takoma 
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Line?® of the Pennsylvania Water and 
Power Company.* The essential di- 
mensions of that line, which has an aver- 
age span length of 1,050 feet, are given 
in Figure 9b. The calculation of the ratio 
of flashes to mid-span and towers, identical 
with that for the preceding line, gives 


(1,050 —3 X 84) (42.25. +3 X0.8 X84) 
3.28429 +42.25 X3 X84 


=2.39 


No analysis as to the ratio of hits to earth 
wires and towers was published by Wal- 
dorf, but it previously had been made by 
the author for a different purpose by 
counting all those cases as flashes to 
towers where sufficiently high currents 
were measured in one tower with smaller 
currents in~the neighboring towers, 
whereas all those cases were regarded as 
representing flashes to mid-span in which 
currents of similar order of magnitude 
had been measured in adjacent towers. 
If the number of flashes to the system 
thus obtained are totaled, the figures 
shown in Table II result. Table II also 
shows the numbers .given in Waldorf’s 
own estimate, the basis of which is not 
accurately known. The agreement is 
good enough to regard the present analy- 
sis as sufficiently substantiated. 

It can be shown that a lightning dis- 
charge of a given intensity which causes a 
certain current to be discharged through 
a tower which it strikes directly produces. 
a current discharge of roughly half that 
amplitude through the two neighboring 
towers in the case of its striking in mid- 
span. In order to obtain a consistent 
basis for analysis, the ratio of the number 
of flashes to the earth wires in mid-span 
to that of flashes to towers is based on 
minimum values of tower currents of five 
kiloamperes in the first and ten kilo- 
amperes in the second case. The numbers 
thus obtained are 252 and 102 flashes, 
respectively. This suggests a ratio of 
2.47 as against the calculated value of 
2.39, an agreement which again can be 
regarded as satisfactory. 


It thus may be said that on an average | 


medium-voltage line without earth wire 


* The author is indebted to S. K. Waldorf of that 


company for putting the magnetic-link records of | 


this and other lines at his disposal. | 
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the towers may be expected to experience 
slightly more direct strokes than the phase 
wires in mid-span. With installation of 
earth wires and increasing span lengths, 
the number of direct strokes to an earth 
wire increases rapidly until, for a line 
with two earth wires and long spans, the 
earth wires may be subjected to 2!/. times 
as many direct flashes as the towers. 


EFFECT OF THE INSTALLATION OF EARTH 
WIRES 


From the earlier assumptions as to the 
areas protected by a phase wire and by an 
earth wire, respectively, it follows that 
the addition of an earth wire to an exist- 
ing line should cause an increase in the 
number of flashes to the system. This 
effect might be checked numerically in 
the practical case of a line which was oper- 
ated over a number of years without and 
later with earth wires. Such a line is the 
66-kv Holtwood—York line of the Penn- 
sylvania Water and Power Company, 
the performance of which may now be 
analyzed. 

The type of tower used on this line is 
shown diagrammatically in Figure 9c. 
During its original operation without 
earth wires the line, which has an average 
span length of 660 feet would be expected, 
from equation 1, to cover the following 
area per span: 


Area covered by tower 4X75?x=70,600 

square feet 
- Area covered by phase wire (660—4X75) 
(19 +2X0.8X65) =44,300 square feet 


This suggests a ratio of flashes to mid- 
span to those striking the towers of 0.63. 
Now between 1925 and 1935 the number 
of single-circuit flashovers recorded on 
this line? amounted to 101, or 9.2 per 
year. If it be assumed that all these 
flashovers were due to flashes to phase 
wires, an assumption which should not be 
far from actual facts, owing to the high 
average footing resistance of 133 ohms 
which would favor double-circuit flash- 
overs in the case of flashes to towers, the 
number of flashes to towers would be ex- 
pected from the preceding striking ratio 
to be 14.7 per year. Actually 112 double- 
circuit flashovers or 10.2 flashovers per 
year have been recorded from which it 
might be concluded that about 30 per cent 
of the flashes to towers did not cause back 
flashover. 

Towards the end of August 1935 two 
earth wires were added to the existing 
dine, and in order to reduce the high foot- 
ing resistances continuous counterpoise 
wires were installed. With this arrange- 
ment the area covered by every span of 
these lines becomes 


Area covered by tower 0.85X4X75°1 +3 X 
11X75 =62,500 square feet 

Area covered by earth wires (660-3 X75) 
 (114+3X0.8X75) =83,100 square feet 


which suggests 1.33 times as many flashes 
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to mid-span as to towers. As can be seen 
from the foregoing figures the area cov- 
ered by the mid-span has been increased 
by the addition of the earth wires by a 
factor of 1.87 and the area covered by the 
towers reduced by a factor 0.88. This 
leads to an expectation of 


9.2 X 1.87 =17.2 flashes per year to mid-span 


and 
14.6 X0.88=12.9 flashes per year to towers 


or a total of 30.1 flashes to the complete 
system per year, which agrees well with 
the 190 flashes recorded?® by means of 
magnetic links in seven years of opera- 
tion, that is, 27.2 flashes per year. 

The foregoing calculations lead there- 
fore to the conclusion that the addition 
of the two earth wires increased the total 
number of flashes to the system from 
23.9 to 30.1 per year, that is, an increase 
of 26 per cent. It may be added that the 
distance between these two earth wires is 
exceptionally small, and that a distance 
of more normal dimensions would have 
raised this figure higher. However, the 
increase in the number of flashes to the 
system does not involve an increased 
number of flashovers on the line. On the 
contrary, the installation of earth wires 
not only should prevent any direct 
strokes to phase wires in mid-span but 
also may have an additional beneficial 
effect in reducing the number of strokes 
to towers. 


Frequency of Lightning Flashes 


NUMBER OF FLASHES TO TRANSMISSION 
LINES 


As has been mentioned equations 1 to 3 
enable the number of flashes to a trats- 
mission line to be calculated if the number 
of flashes to earth over the area affected 
is known. Conversely, if the number of 
flashes to a transmission line is known, 
equations 1 to 3 provide the means of 
determining the local number of flashes 
to earth. 

Such statistical data are available for 
four lines of the Pennsylvania Water and 
Power Company, some of which already 
have been discussed. As the method of 
calculation of the area protected by the 
various elements of a transmission line 
should be clear from the various instances 
already given, it may be sufficient to give 
the final results of the calculations. The 


dimensions of the lines involved, are given 
in Figure 9, and the results obtained in 
Table lil 

The foregoing four lines of widely vary- 
ing construction thus indicate figures be- 
tween 19.0 and 30.9 flashes per square 
mile per year. Though these lines are 
operated by the same company, it is in- 
teresting to note that their isokeraunic 
levels vary markedly. Thus the iso- 
keraunic levels for the first three lines con- 
sidered are stated?* to be 39, 42, and 62, 
respectively. A figure for the fourth line 
could not be found in the literature, but, 
owing to its proximity to the Holtwood- 
York line, it may be assumed to have the 
same value of 62. If the numbers of 
flashes calculated are plotted against the 
isokeraunic level, the crosses given in 
Figure 10 result. These points in the ab- 
sence of further data clearly suggest a 
linear variation of the frequency of flashes 
to earth with the isokeraunic level, and 
this assumption is represented by the 
straight line drawn in Figure 10. 

It may be worth mentioning that the 
isokeraunic level as defined does not 
necessarily give a measure of the severity 
of the storm in a certain region. This 
severity may well depend on the contour 
of the landscape, and great variation in 
the number of discharges to earth may re- 
sult on that account. However, as the 
number of days with thunder heard is the 
only standard figure which is universally 
available, it must at present be accepted 
as the basis of reference. Furthermore, 
with regard to the many assumptions in- 
volved in the calculations given, it ap- 
pears reasonable to adopt the straight- 
line law in Figure 10 until further data 
may be available. 

Reference may be made to McCann’s — 
recent account!® (which came to hand 
only after this paper had been drafted) of 
the number of direct lightning flashes to 
19 fire towers and similar structures of 
about 100 feet height with an average of 
2.7 years of observation. For an iso- 
keraunic level of 40, Figure 10 suggests 
an average of 20 flashes per square mile 
per year, and this leads to an expectation 
of 4.6 flashes during the period covered. 
Actually ten flashes were noted, but this 
discrepancy may be due to one or more of 
the following three factors: 


1. The few years of observation may have 
caused more than the average number of — 
flashes to earth. ! 


2, The fire towers may be situated on ex- 


Table IV. Frequency of Faults on Lines Without Earth Wire 


Area 
“Covered,” 
Square 
Name of Line Figure Miles 
Wallenpaupack—Siegfried........ POa coat LS 5's v6 
Turner—Logan™. .......ee eee eeee Otte. «anes A Zicters 
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Figure 7. Diagram of Nipigon lines of the 
Hydro-Electric Power Commission of Ontario 


posed hills which would increase their ef- 
fective height above ground and therefore 
their susceptibility to flashes. 


8. The currents involved may have been 
greater than average. 


These data therefore do not invalidate 
Figure 10 from which it may be concluded 
that the number of flashes to earth per 
square mile per year is roughly equal to 
one half of the figure for the isokeraunic 
level of the area involved. 


NUMBER OF FLASHOVERS ON 
TRANSMISSION LINES 


In view of the few transmission lines 
discussed in the preceding section, for 
which the number of lightning hits is 
accurately known, an attempt now will be 
made to obtain further evidence from field 
observations in support of the curve given 
in Figure 10. There appear to exist two 
methods of approach: 


1. From data on lines fitted with protector 
tubes with counting devices. 


2. From steel tower lines without earth 
wires. 


In both cases the numbers of flashovers 
registered depend on the average tower- 
footing resistances of the lines involved, 
so that the following analysis should pro- 
vide some minimum figures for the num- 
ber of flashes to earth, with the deviation 
of numbers of flashovers from that of 
actual flashes to the system increasing 
with decreasing footing resistances. 

In the first category mentioned, sta- 
tistical data on the number of operations 
of protector tubes are available?’ for the 
132-kv Roanoke—Danville line of the 
American Gas and Electric Service Cor- 
poration. The total area covered by this 
line (Figure 9f) amounts to 3.31 square 
miles with a ratio of area covered by the 
earth wire as against that covered by 
towers of 1.98. The total number of tube 
operations including external flashovers 
of the tubes in the course of four years 
was found to be 426. Now this figure 
cannot be taken as equal to the number 
of flashes to the line since flashes to an 
earth wire in mid-span may be expected, 
in view of the high average footing re- 
sistance of the line of 67.3 ohms, to pro- 
duce tube operation on both the adjacent 
towers. These two relations, that is, the 
ratio of flashes to mid-span and tower and 
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the assumption that the total number of 
tube operations is equal to the sum of the 
number of flashes to towers and twice the 
number of flashes to mid-span, enable the 
total number of flashes to be found. This 
then gives 170 flashes to mid-span as 
against 86 flashes to towers or, with the 
data given, 12.8 flashes per square mile 
per year to mid-span, and 6.5 flashes per 
square mile per year to towers, that is, 
a total of 19.3 flashes per square mile per 
year to earth. 

As already explained, this latter num- 
ber should be regarded as a minimum 
value, since even with the high average 
footing resistance of 67.3 ohms, a few 
flashes may not cause a back flashover. 
In order to indicate this “minimum” 
character the result is plotted in Figure 
10 against the isokeraunic level of the line 
of 34 as a point with a vertical arrow 
pointing upwards. 

As to the second category, that is, steel- 
tower lines without earth wires, four lines 
can be analyzed. The results obtained 
are given in Table IV and plotted in 
Figure 10, the fact of their being mint- 
mum values being indicated by upward 
arrows. 

As previously mentioned, high footing 
resistances should produce small differ- 
ences between the minimum values cal- 
culated and the curve shown in Figure 
10, whereas low footing resistances should 
cause considerable deviations. The aver- 
age footing resistances for the three lines 
given in Table IV in combination with 
Figure 10 clearly conform with this pre- 
diction, and it may also be expected that 
line 34/K has a higher average earthing 
resistance than line 34/0, though both 
may be expected to be moderate. 

In this connection it may also be in- 
teresting to analyze further the informa- 
tion available for the Turner—Logan line, 
though its operation of only three years 
without earth wire is rather too short to 
permit of any generalization. If the 
curve shown in Figure 10 is accepted as 
correct, the area under consideration 
should, with its isokeraunic level of 54, be 
subjected to 26 flashes to earth per square 
mile per year. Now a calculation of the 
areas covered by the phase wires in mid- 
span and the towers, respectively, sug- 
gests a ratio of 1.29 flashes to phase wires 
for every flash to a tower, so that alto- 
gether the phase wires should be struck 
annually by 14.6 flashes, and the towers 
by 11.4 flashes. 

Actually the three years’ record of the 
Turner—Logan line shows an average of 


16 single-circuit flashovers per year. 
2.3 double-circuit flashovers per year. 


If it be assumed that all 14.6 flashes to 
phase wires produce single-circuit flash- 
overs, the flashes to towers should be 
expected to cause per year: 


2.3 double-circuit flashovers, or 20.2 per 
cent. 
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1.4 single-circuit flashovers, or 12.3 per cent. 
7.7 cases without flashovers, or 67.5 per 
cent. 


In view of the average footing resistance 
of 10.9 ohms, this result appears not un- 
reasonable. 


FREQUENCY OF LIGHTNING FLASHES TO 
EARTH 


The results obtained in the preceding 
sections are at least not in contradiction 
to the frequency curve given in Figure 10. 
Whereas it appears therefore desirable 
to obtain some additional direct informa- 
tion about the number of flashes to earth, 
a survey of the technical and meteoro- 
logical literature leads to the surprising 
result that there do not appear to exist 
any long-term counts of flashes to earth. 

Indirect information can be obtained 
from two series of investigations with the 
point discharge recorder in England, from 
the number of buildings struck or of trees 
damaged by lightning, and from the num- 
ber of human casualties. This material 
is discussed in an investigation which soon 
will be published in the Quarterly Journal 
of the Royal Meteorological Society, 
London, where it is shown that all the 
methods named are open to objection 
and infact cannot be expected to pro- 
vide more than minimum values. 

With regard to this lack of data, an at- 
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Protective ranges of towers and 
earth wires 


tempt was made to obtain the informa- 
tion required for England by means of a 
census to which the author’s colleagues 
and a number of undergraduates of Cam- 
bridge University were subjected. The 
method adopted and the result obtained 
by this census are described in detail in 
the afore-mentioned publication. It must 
suffice to state here that a total of 254 
persons (including all the author’s 142 
colleagues and a random selection of 112 
undergraduates) with a total experience 
covering more than 4,000 years were 
asked to report all cases of close lightning 
flashes within their memory. With every 
precaution in the analysis being taken, a 
figure of about six flashes per square mile 
per year was deduced, areas involved 
being England proper with a pronounced 
bias towards the southern half and the 
area around London. The average iso- 
keraunic level of this area may be stated 
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to be about 14, and this result appears to 
fit well the curve suggested in Figure 10. 


Discussion of Results 


In assessing the results obtained it 
should be kept in mind that the present 
investigation represents the first attempt 
to put the problem of the protective range 
of a lightning conductor or a similar 
structure on a physical basis. , 

Now the numerical evaluation of the 
solution of the problem suggested herein 
entails two basic assumptions, namely, as 
to the initiating field strength for upward 
streamers from ordinary ground and from 
an earthed metal structure. The numeri- 
cal values estimated were shown to lead 
to an average protective ratio which ap- 
pears reasonable. Similarly, from field 
data on the frequency of flashes to trans- 
mission lines, numbers of flashes to earth 
are suggested which at least appear to be 
in no disagreement with the evidence 
available. 

The question now arises as to the best 
method to obtain actual information on 


ordinary law for the current discharge 
from a pointed conductor: 


1=cE? (4) 
in which 


4 =the discharge current in amperes 

¢ =a constant 

E=the potential of the discharge point in 
volts 


is apparently also applicable to the case 
of the lightning discharge. 

From this theory of the lightning dis- 
charge Bruce deduces that a self-propa- 
gating discharge develops when the cur- 
rent in the initial streamer discharge 
reaches a value of about one ampere, that 
is, the transition current from a glow to an 
are discharge. Accepting this current 
value and for a value of 3,000 volts per 
centimeter adopted earlier for the initi- 
ating field strength from an earthed metal 
conductor of 20 meters height, the con- 
stant c is found from equation 4 to be 
278 < N0s"* astagainst ¢ = 2:5 < 10% 
derived by Bruce. While the agreement 


}<——42.25FT——>| sisi-g 


}-23 FT 
Ag d Feort 84FT 
Sree as ape 
@) MrecemEDS (b) SAFE HARBOR -TAKOMA 
= 62 Fi 


(c) HOLTWoOoD - YORK 


19.5) ET 


75 FT 
LETS ET. 


(€) HOLT WOOD -COATESVILLE 


96F) 
85 FT 


(Ff) ROANOKE - DANVILLE 


23\FT 


96 FT ' 
83 FT 


(g) TURNER- LOGAN 


(i) LINE 34/0 


the field strength which is required to 
initiate upward-streamer discharges. If 
_the possibility of future experimental and 
field work which it is hoped may be under- 
taken is omitted, some relevant informa- 
tion is available in a recent paper by 
Bruce!! in which it is shown that the 
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is not perfect, it is good enough to suggest 
that further investigation of the factor ¢ 
might provide the missing link in a more 
accurate calculation of the field strength 
required to produce streamer discharges. 
In addition, when the variation of the 
factor c with the height of the earthed 
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conductor and with polarity has been 
determined, the combination of the data 
with the methods suggested in this in- 
vestigation should render the question of 
the protective effects of high conductors 
and allied problems readily calculable. 


Conclusions 


While no finality can be claimed for the 
numerical results obtained in this investi- 
gation, owing to the inherent uncertainty 
of some assumptions which had to be 
made, it is felt that the methods de- 
veloped herein throw new light on the 
problem of the protective range of a 
lightning conductor and related ques- 
tions. With this limitation in mind the 
following conclusions can be drawn: 


(a). A method has been evolved for calcu- 
lating the protective range of a lightning 
conductor or a similar structure. 


(6). With numerical assumptions as to the 
field strength required to initiate an upward 
streamer from open ground and from a 
pointed earthed conductor, the average pro- 
teetive range of a lightning conductor of 
ordinary height is found to be about 2. 


(c). The protective ratio is shown to vary 
with the intensity of the lightning current, 
such that it increases with increasing ampli- 
tude of the lightning current. 


(d). The distribution of direct strokes be- 
tween transmission towers and earth wires 
or between towers and phase wires in cases 
of lines without earth wires has been deter- 
mined. An indication also is given of the 
increase in the number of flashes to a system, 
due to the addition of earth wires. Calcu- 
lated values are shown to agree with field 
observations. 


(e). The number of lightning flashes to 
earth is given as a function of the isokeraunic 
level of the district. 


(f). By reversing the procedure underlying 
items d and e, the number of probable 
flashes to a transmission line and their dis- 
tribution between various parts of the line 
can now be calculated if the isokeraunic 
level of the district is known. 


(g). Suggestions are made as to further 
investigations to correlate the method de- 
veloped herein with the physical phenomena 
governing the initiation of streamer dis- 
charges. 


Appendix. Calculation of the 
Earth's Potential Gradient — 
Underneath a Leader Stroke 


Reasons have been given elsewhere® for 
assuming the charge density Q, at any height 
of a leader channel h above earth to decrease 
towards the cloud according to the expo- 
nential law: 


Q = Qoe- Bh (5) 


where Q, is the charge density at ground 
level and B a constant of about 10 5, With 
relation 5 the total charge g, deposited along 
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the leader channel before it contacts earth 
becomes 


he Q 
ano f cM dha (ie F") 


where fz is the height of the cloud charge. 
Taking this latter as 2.5X10° centimeters 
the total charge is seen to be approximately 


NOK (6) 


Now the potential gradient at a plane 
under the influence of a point charge q, at 
a height # above the plane, is 


2hq 


= Tay electrostatic units (7) 


where y is the horizontal distance between 
the point of observation and the projection 
of the point charge. If g be measured in 
coulombs equation 7 becomes 


1.8X10"hg 
(ht y3)"73 


Thus the potential gradient produced by 
a leader channel, the top of which is at 
height /; above earth becomes 


Ghy feel 
e=1.8X10! eae 
0 f (h2 +2) */2 


and with equation 6 
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e= volts per centimeter 
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and with Dwight’s ‘‘Tables of Integrals,” 
the solution of expression 8 can be written 
in form of a converging series 
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volts per centimeter (9) 


where a= ¥V h?+y? 
Directly underneath the leader stroke, 
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Figure 10. Variation of number of flashes 
per square mile per year with isokeraunic 
level 


that is, for y=0 or a=h, the gradient be- 
comes then 
1 
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Report of Conference on Radio-Frequency 


Cables 


l. The Development of Radio-Frequency Cables in 


HE EXTENSIVE PART played by 
electronic equipments in the recent 
war has occasioned the rapid development 
of a number of component parts which 
were not available in satisfactory form at 
the outset. One of the more important 
of these developments is that of solid- 
dielectric flexible radio-frequency cables 
for internal wiring and interconnections 
between component parts of equipment. 
While these cables have been developed 
specifically for war requirements and their 
production has been devoted exclusively 
toward this end, they are capable of gen- 
eral applications involving radio-fre- 
quency transmission and are therefore a 
subject of considerable interest to elec- 
trical engineers. 

Despite the fact that, because of the 
military applications involved and their 
attendant security aspects, nothing can 
be said about the specific end use of the 
cables and equipments with which they 
are now being used, nor can certain as- 
pects of their performance be discussed; 
considerable information can be pre- 
sented at this time which will be of in- 
terest. 


Development of Solid-Dielectric 
Radio-Frequency ‘Cables 


Just prior to the start of the war, the 
British had developed a new material, 
polyethylene, or ‘‘polythene,” as they 
called it, and had investigated its use in 


submarine cables. Its suitability for use , 


in radio-frequency cables was imme- 
diately established, and such cables utiliz- 
ing this dielectric played an important 
part in the battle of Britain. 

- At the time of the entry of the United 
States into the war the demands for flex- 
ible coaxial transmission-line cable to 
meet the requirements of the electronic 
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equipments needed were supplied for the 
most part by England and Canada with 
the aforementioned polyethylene cables. 
But the quantities required for our pro- 
grams soon exceeded the capacity of the 
facilities thus available, and domestic 
sources had to be developed. Through the 
foresightedness and efforts of Commodore 
J. B. Dow, director of electronics, the Navy 
immediately sponsored the production of 
polyethylene in the United States. This 
involved first the setting up of pilot plants 
by two chemical manufacturers and then 
the construction of two plants capable of 
producing the required amount of the ma- 
terial. 

Asan interim measure, some equipment 
used flexible cables employing beads, 
washers, spacers, and other separators to 
maintain. concentricity of the two con- 
ductors. For various reasons, stich as the 
ease with which such cable could be short- 
circuited, low dielectric breakdown, diffi- 
culty of maintaining constancy of elec- 
trical characteristics, and because the 
requirements for cables were far in excess 
of the capacity to produce this type of 
transmission line, these were replaced 
rapidly by the solid-dielectric lines similar 
to those supplied by the British, but us- 
ing new insulations which had been com- 
pounded here. 

Since polyethylene was not yet avail- 
able, these depended primarily on poly- 
isobutylene compounded with various 
additional agents such as cyclized rubber, 
polystyrene, waxes of various kinds, or- 
ganic and inorganic filling agents and 
other synthetic rubbers. These dielec- 
trics were produced under such trade 
names as ‘“‘Copolene,”’ “Radol,” ‘‘In- 
telin.”” Various characteristics were ob- 
tained, each of which was an advantage 
if coupled with others, but none of the 
compounds had all the characteristics 
which were considered necessary to meet 
the requirements of the military equip- 
ments. 

Early in 1943 small quantities of locally 


- produced polyethylene became available, 


and a committee was set up to co-ordinate 
the research work done by the various 
cable manufacturers on the methods of 


handling the material. As it was neces- 
sary to obtain the greatest amount of in- 
formation about each bit of material al- 
lotted to each user, it was agreed among 
the participating cable manufacturers, 
laboratories, and raw-material producers 
that all information gained as to methods 
of operation, methods of cooling, methods 
of testing, and so forth, would be pooled 
for the mutual benefit of all concerned. 
This spirit of co-operation was of great 
help in reducing the time necessary to 
produce good cable with minimum waste 
of the then very scarce material. 

By the summer of 1943 polyethylene 
was available in sufficient quantities, and 
sufficient experience with its handling 
had been gained by the cable manufac- 
turers working with the committee to 
permit all of the required radio-frequency . 
cables to be manufactured with it. Over 
115,000,000 feet of polyethylene coaxial 
cable have since been manufactured. 


The Army-Navy Radio-Frequency- 
Cable Co-ordinating Committee 


The development of solid-dielectric 
radio-frequency cables in the United 
States has been accomplished through the 
combined efforts of the various cable and 
chemical manufacturers at the request 
of the Services. _ 

Early in 1943 the Bureau of Ships in 
co-operation with the Signal Corps and 
the War Production Board set up in the 
Radio Division a special section to handle 
the research, development, co-ordination, 
and standardization of radio-frequency 
cables and associated fittings, not only for » 
the Navy, but for the Army as well. Rep- 
resentatives of the Army were assigned 
to duty with the section which functioned 


-as the “Army-Navy Radio-Frequency- 


Cable Co-ordinating Group.” 

In order to create a more effective 
organization, the Signal Corps Standards 
Agency and the Bureau of Ships reorgan- 
ized the co-ordinating group in March of 
1944, Since a primary function of the 
group was the co-ordination of the serv- 
ices and industry toward more complete 
standardization of radio-frequency trans- 
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mission-line components, the Signal Corps 
Standards Agency took cognizance over 
the Signal Corps part of the group by ac- 
tion of the Chief Signal Officer. The 
group was then known as the Army-Navy 
Radio-Frequency-Cable Co-ordinating 
Committee and was composed of a mini- 
mum number of full-time permanently 
assigned members designated by the 
Signal Corps Standards Agency and the 
Bureau of Ships. The committee now 
meets in continuous session at the Bureau 
of Ships with a Bureau of Ships officer as 
chairman and a representative from the 
Signal Corps and the Bureau of Ships. 

The committee has authority to carry 
out for the Signal Corps and the Bureau 
of Ships the following duties: 


(a). Co-ordinate the activities of the Army, 
the Navy, and industry with respect to the 
research, development, and testing of radio- 
frequency transmission lines and associated 
fittings. 


(b). Prepare and issue specifications and 
revisions thereof covering radio-frequency 
transmission lines and fittings and recom- 
mend to the interested contracting agencies 
and bureaus waivers of any provisions of 
these specifications. 


(c). Prepare and issue approved standard 
lists of radio-frequency transmission lines 
and fittings and issue waivers thereto. 


(d). Designate testing laboratories, super- 
vise tests, procure samples, analyze test 
data, and issue type approvals. 


The co-ordinating group and later the 
co-ordinating committee carried on the 
arrangements previously begun concern- 
ing the production of polyethylene in the 
United States. The group prepared and 
issued the Army-Navy Standard List of 
Cables of October 18, 1943, and later a 
revision of this list dated October 15, 
1944. This list reduced the number of 
radio-frequency cables in service equip- 
ments and recommended cables designed 


on the basis of universal application to 
cover all requirements. 

The committee had been responsible 
for the preparation and issuance in July 
1944 of the joint Army-Navy specifica- 
tion JAN-C-17 covering radio-frequency 
cables. The specification covers all radio- 
frequency cables on the standard list and 
is used almost exclusively by all procure- 
ment agencies, both services, and private 
industry, as the procurement specifica- 
tion for radio-frequency cables. 


International Standardization 


Work is under way toward the estab- 
lishment of international standards for 
radio-frequency cables. In view of basic 
design differences among equipments in 
use in the United States, Great Britain, 
and Canada, such work must be con- 
sidered in the light of a long-range pro- 
gram. Its importance in the future, how- 
ever, should not be overlooked. 


ll. General Characteristics of Polyethylene 


T IS THE AIM, or at least the hope of 

most research workers to achieve per- 
fection—and this is a commendable aim— 
but the more practical man, while waiting 
for the panacea, is inclined to go to work 
with materials at hand—to improvise 
perhaps. 

So it is with the plastics industry and 
those which utilize plastics. 

Since no plastic possesses all of the good 
characteristics which may be desired, a 
manufacturer selects, for a given use, 
that plastic which has properties indis- 
pensable for his needs, and then designs 
the manufactured article to minimize the 
disadvantages of its less desirable proper- 
ties. With polyethylene this task is some- 
what simplified, since the resin offers an 
‘unusual number of extraordinary proper- 
ties. Slade and Crafton of the Okonite 
Company in a paper presented before the 
May 1944 Chicago meeting of the Society 
of the Plastics Industry have pointed out 
that, of 23 properties of interest to their 
particular industry, polyethylene could 
be rated excellent in 18 and good in 4 of 


these properties. These are summarized 


in Table I. 

_ The outstanding properties of poly- 
ethylene, upon which it is expected that 
many important uses will be based, are 
its flexibility and toughness over a wide 
range of temperature, its light weight, its 
unusually good resistance to water and 
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to penetration by moisture, its chemical 
inertness, and its excellent electrical 
properties. : 

The fact that ethylene can be polymer- 
ized has been known for many years, but 
the products of early experiments were of 
relatively indefinite molecular size, and 
were liquid oily resins or brittle solids. 
The work of Fawcett and Gibson, in Eng- 
land, on the effect of high pressures on 
chemical reactions, including those of 
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Figure 1. Dielectric strength of polythene, 
compression-molded 
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polymerization, led to the development 
of solid polymers of ethylene and of prac- 
ticable methods of manufacturing them. 

Polythene is a generic name applied by 
Imperial Chemical Industries, Ltd., and 
adopted by E. I. du Pont de Nemours and 
Company to cover polymers of ethylene 
suitable for use in plastics. It is not a 
trade name. Polythene and the chemical 
term polyethylene may be considered 
interchangeable. 
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Figure 2. Dielectric constant and power factor 
of molded polythene 
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Figure 3. Dielectric constant and power factor _ 
(3 megacycles) of polythene versus tempera-_ 
ture 
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Figure 4. Typical stress-strain data for in- 
jected molded polythene in tension 
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Figure 5. 


The essentially saturated chain hydro- 
carbons in this category range from semi- 
solid to solid, according to their average 
molecular size, and differ in details of 
physical and chemical properties. A pic- 
ture of the molecular model of polythene 
is shown in Figure 13. The chemical 
formula of polythene is given below in 
which the nonpolar structure should be 
noted: 

ce gerser a | 
C—C—C—C—C—C— C 
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The polymer developed especially for 
dielectric applications to wire and cable 
has an average molecular weight in the 
vicinity of 18,000 to 20,000. Like others 
of greater molecular weight, this product 
is tough, flexible over a wide range of 
temperatures, including even very low 
temperatures, translucent, and normally 
white in ‘color. Its structure, as would 
be expected, results in unusual resistance 
to water and chemicals, and its nonpolar 
nature leads to characteristic electrical 


properties, such as extremely low power 


factor and low dielectric constant, with 
high resistivity and dielectric strength. 


' frequency is shown in Figure 2. 
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Figure 8. Specific heat of polythene versus 
temperature 
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The breakdown strength of compres- 
sion-molded samples of polythene is 
shown in Figure 1. There will be variance 
between these values and those obtained 
with extruded specimens however. 

The constancy of specific inductive 
capacity and power factor with changes in 
Note 
that data are given for frequency values 
only up to 100 megacycles. 

Characteristic curves for the change of 
power factor and dielectric constant with 
temperature are shown in Figure 3. 
These data are based on work carried out 
by W. A. Vager of the Bell Telephone 
Laboratories, and confirmed by our 
Arlington laboratories. 

Polythene is a microcrystalline plastic, 
which contains, however, some amor- 
phous material. Its mechanical behavior 
resembles in many respects that of nylon 
and other quasicrystalline polymers. The 
arrangement of its microcrystalline com- 
ponents, or crystallites, may vary con- 
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Figure 9. Thermal coefficient of cubical ex- 
pansion of polythene 


siderably according to the source and 
treatment of the sample. In polythene 
which has not had special pretreatment, 
the crystallites tend to occur in a struc- 
ture of spherulitic type which on X-ray 
examination shows a random distribution 
of crystallites. It consists largely of 
spherulites which are radial or tangential 
aggregates of crystallites having, under 
ideal conditions, a gross structure of 
spherical shape. The spherulitic struc- 
ture is best seen under the polarizing 
microscope (Figure 14). 

Figure 15 shows an X-ray photograph 
of a polythene specimen. This pattern is 
characteristic of a crystalline material. 

The size of the spherulites can be varied 
by thermal treatment. By shock cooling, 
for example, a sheet can be made to con- 
tain only a few spherulites large enough 
to be resolved by the ordinary micro- 
scope. Such sheets are more flexible and 
more nearly transparent than ones which 
have been slowly cooled. In annealed 
films the spherulites may measure 20 
microns or more in size. 

If tension is applied to a test specimen 
of polythene sheeting at ordinary tem- 
perature, the elongation during the first 
phase of the stretching, up to about 100 
per cent, is substantially reversible. 
When the tensile stress exceeds a certain 
critical value, a second phase of stretching 
occurs, up to about 600-700 per cent, im 
which a permanent orientation of the 
crystallites takes place, and the specimen 
necks down as cold drawing proceeds. 
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In the curve of Figure 4, it may be seen 
that for stresses up to about 10,000 to 
12,000 pounds per square inch a nominal 
elongation of the sample occurs. This is 
an elastic phenomenon. At a stress value 
somewhere in the neighborhood of 1,600 
pounds per square inch an irreversible 
elongation occurs. This is known as 
“cold drawing” of the sample. Orienta- 
tion of the spherulites takes place, and the 
tensile strength of cold-drawn samples 
of polythene may run as high as 25,000 
pounds per square inch. 

Figure 16 shows the necking down of a 
cold-drawn filament. Polaroid examina- 
tion shows the direction of the strain. 
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Figure 10. Tensile strength of polythene 
versus temperature 
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Figure 11. Power factor of polythene versus 
milling time 
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Figure 12. Moisture permeability versus sheet 
thickness, cellophane method 
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Figure 17 shows the orientation of the 
spherulites in a cold-drawn sample of 
polythene under a polarizing microscope. 

The X-ray diffraction pattern shown 
in Figure 18 of a cold-drawn sample of 
polythene is characteristic of orientated 
filaments. 

Polythene is a thermoplastic resin 
which can be readily moided by injection 
or by compression; extruded to form 
sheets, films, fibers, tubes and the like; 
and extruded on wire and cable. In thin 
sections it is nonrigid, without having the 
limp rubbery quality that characterized 
most nonrigid plastics. In thick speci- 
mens, polyethylene, on the other hand, is 
stiff enough to be classed among the more 
rigid plastics. 

The American Society for Testing Ma- 
terials curve of stiffness values plotted 
against temperature in Figure 5 shows 
how polythene lies between the rigid and 
nonrigid plastics with regard to this prop- 
erty. 

The degree of rigidity is influenced by 
the molecular weight and also may be 
varied by the incorporation of auxiliary 
ingredients. Plasticizers, for example, 
can be used to increase the pliability. 
But with polyethylene, it is not necessary, 
as with most other plastics, to incorporate 
a plasticizer in order to impart flexibility 
at low temperatures. Uuplasticized poly- 
thene has a remarkably low temperature 
brittleness point, well below —50 degrees 
Fahrenheit. 


The microcrystalline condition of poly- 
thene depends directly upon the tempera- 
ture, and for this reason certain of its 
physical properties which are influenced 
by the microstructure show corresponding 
distinct changes with temperature, par- 
ticularlyin therangeof temperature within 
which there is a transition from crystalline 
to amorphous in liquid condition. Thus 
in Figure 6 in the range 80 to 100 degrees 
centigrade there occurs a change in index 
of refraction which is evidently due to the 
disappearance of a certain crystalline 
phase by solution of fusion, but the polar- 
izing microscope demonstrates the per- 
sistence of some crystalline structure up 
to about 112 degrees centigrade beyond 
which the relationship of refractive index 
to temperature becomes a straight line. 
Analogous phenomena are indicated by 
curves showing the variation of density, 
specific heat, and coefficient of thermal 
expansion (Figures 7, 8, and 9). The 
variation of tensile strength with tem- 
perature is shown in Figure 10. 


Polythene has very largely replaced all 
other materials in the insulation of wires 
for radio-frequency use. Thisis primarily 
on account of its outstanding dielectric 
properties—a power factor below 0.0005 
and a dielectric constant of 2.2—2.3 at fre- 
quencies between 60- and 10-degree cy- 
cles. But, in addition, its insensitivity 
to moisture protects its electrical proper- 
ties. Itis substantially unimpaired in the 
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Figure 13. Molecular model of polythene 


Figure 14. Spherulitic structure as seen under 
polarizing microscope 


presence of dampness, and its mechanical 
strength and flexibility are not seriously 
reduced by exposure to extremes of tem- 
perature. 

Damage to the electrical properties by 
the high temperatures applied in milling 
and extrusion is entirely avoided by the 
incorporation of an antioxidant (Figure 
Tt): 

By the incorporation of pigments or 
colors, polythene insulating compound 
may be colored to provide identification 
of circuits. 

The unusually large coefficient of 
thermal expansion of polythene must be 
considered in the design of equipment for 
molding and for extrusion. The com- 
pression-molding technique is rather 
simple, but certain precautions must be 
observed. 

Light pressures are applied during the 
heating cycle, but it is particularly im- 
portant to hold the molding under full 
pressure during the cooling, and it is de- 
sirable to cool with relative slowness in 
order to minimize the development of 
strains in the article. To make sound 
moldings, the material should be heated 
to at least 120 degrees centigrade, but 
temperatures above 160 degrees centi- 
grade should be avoided because they 
cause the article to adhere to the mold. 
An external lubricant may be applied to 
the surface of the mold to facilitate the 
removal of the molded article, 

Polyethylene can be handled also in 
standard automatic-injection molding 
equipment with cylinder temperatures of 
175-260 degrees centigrade (350-500 de- 
grees Fahrenheit, and die temperatures 
usually in the vicinity of 60 degrees centi- 
grade (140 degrees Fahrenheit). The 
channels from the heating cylinder to the 
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Figure 15. X-ray picture of a polythene speci- 
men 


mold must be of ample cross section to 
ensure the transmittal of pressure to the 
material in the cavity to compensate for 
its shrinkage as it cools. 

The extrusion of polyethylene involves 
no special difficulty if suitable equipment 
is available and reasonable attention is 
given to control. The freshly extruded 
material, particularly in heavy sections, 
is cooled slowly, first in hot water and 
then in cold water, since, because of the 
extremely high coefficient of thermal ex- 
pansion, rapid cooling would cause the 
surface of the coating to become hard- 
ened while the center remains still soft. 
The decrease in volume during further 
cooling would result then in the formation 
of voids in the interior of the mass. Mix- 
tures of polyethylene with polyisobutyl- 
ene can be extruded similarly but with 
less care in the cooling, because the ex- 
terior does not become so rigid when 
cooled. 

Sheeting of polyethylene in various 
thicknesses can be made by calendering 
or by extrusion, or by forming a block 
attached to a bedplate and slicing it, as is 
done in the manufacture of the pyroxylin 
plastics. Massive polythene is readily 
machined with wood- or metal-working 
tools. 

Waterproof and chemically resistant 
coating of polyethylene can be applied 
from hot solutions of the resin in, for ex- 
ample, xylene, or from dispersion in 


water or organic solvents, or the so-called ' 


flame-spraying process or by ‘“‘hot-melt”’ 
dip technique. A solution in xylene 
should be prepared at a temperature of at 
least 80 degrees centigrade, preferably 
100 degrees centigrade or more, and 
should be kept hot during its application. 
A film applied from solution or dispersion 
should be either dried at a temperature 
above 100 degrees centigrade or fused 
after it has been dried, to ensure a con- 
tinuous and adherent film. 

Films of polyethylene can be joined by 
heat sealing, and massive polyethylene 
can be welded satisfactorily if care is 
taken to prevent excessive oxidation. 


For patching and welding, a mixture of 
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Illustration of necking down of a 
cold-drawn filament 


Orientation of the spherulites in a 
cold-drawn sample 


Figure 17. 


polyethylene with polyisobutylene is 
more satisfactory than polyethylene 
alone. 

Polyethylene is unusual in its insolu- 
bility and in its inertness to chemical re- 
agents. At room temperature, it is sub- 
stantially unaffected by concentrated 
hydrochloric sulphuric, or even hydro- 
fluoric acid, while nitric acid has no visible 
effect but ultimately does impair the ten- 
sile strength and elongation. In 24 hours 
at 100 degrees centigrade, concentrated 
hydrochloric acid, 50 per cent caustic 
soda solution, dilute nitric acid, and dilute 
sulphuric acid have no effect, while con- 
centrated sulphuric acid causes some char- 
ring. The only common solvents which 
will affect polyethylene at room tempera- 
ture are the chlorinated hydrocarbons, for 
example, carbon tetrachloride and tri- 
chloroethylene, and to a lesser extent the 
aromatic and aliphatic hydrocarbons in 
general. These solvents at room tempera- 
ture tend to swell the plastic but do not 
usually dissolve it. Unfortunately this 
sensitivity to hydrocarbons prevents the 
use of polyethylene in parts which will be 
immersed in high-octane gasoline. It 
should be noted, however, that brief con- 
tact with gasolines, and the other solvents 
which attack polyethylene, generally does 
not harm the material. 

Polyethylene is reported to be fungus- 
resistant. It is not attacked by salt 
water, and its use as an insulation on sub- 
marine cable and in other applications 
where contact with salt water has dele- 
terious effects on other materials is being 
investigated. Protective coatings for 
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Figure 18. X-ray defraction pattern 


metal parts which corrode in salt water 
are also being studied. 

We can report little data on weathering, 
but polyethylene samples containing 
antioxidants appear to be stable over 
periods ranging up to and over two years. 
In a weatherometer, a sample of poly- 
ethylene exposed for 200 hours shows no 
loss in flexibility and appears to be un- 
changed. This would be equivalent to 
several years exposure, although we real- 
ize that such data are not infallible and 
are subject to question. 

Thus far, the available supplies of poly- 
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ethylene have been used in the production 
of items urgently needed by the Armed 
Forces, almost altogether in the field of 
electrical insulation. The material is 
available in production quantities only 
by specific authorization of the War Pro- 
duction Board under conservation order 
M-300, schedule 60, but small quanti- 
ties for experimental purposes may be 
obtained on proper application. 

After the war it is expected that the use 
of polyethylene in electric equipment will 


continue and expand, and that further 
varieties and modifications of it will be 
developed to meet specific needs. In 
addition, however, once the material be- 
comes available in quantity for civilian 
uses, there will be many fields of applica- 
tion in which its unusual combination of 
properties will make it valuable. Its good 
resistance to chemicals and solvents 
points to its utility in chemical equipment 
in the manufacture of battery parts and 
as a coating and gasketing material. Its 


impermeability to moisture, Figure 12, 
sndicates a broad utility in containers and 
the packaging of electrical and other 
goods, foods, and so forth. In this field 
it may be used as sheeting, as molded 
containers, or as an impregnant or coat- 
ing of paper. 


Reference 


1. PoLyETHYLENE, A NEW DIELECTRIC FOR 
Cases, H. C. Crafton, Jr., H. B. Slade. The 
Okonite Company. 


Ill. Polyethylene as Cable Insulation 


States Navy requested Carbide and 

arbon Chemicals Corporation to pro- 
duce polyethylene resin, required for one 
of the most urgent war applications, co- 
axial-cable insulation. Prior to that time, 
the laboratories of its associated com- 
pany, The Linde Air Products Company, 
had done some experimental work with 
high-pressure synthesis, and they pro- 
ceeded to apply this knowledge to the 
making of polyethylene resin. A year 
from the date that the experimental work 
was started for the Navy, a plant had 
been built and was producing at 180 per 
cent of the rated capacity. In the short 
space of two years, all the problems on 
development, engineering, and operation 
of the plant were brought to a point where 
the Navy’s requirements for coaxial-cable 
insulation could be met. The vital role 
which this insulation plays in military 
operations undoubtedly will be brought 
to light at cessation of hostilities. 

In this discussion, an attempt will be 
made to review some of the important 
properties of polyethylene resin and to 
point out some that are of particular in- 
terest to the electrical engineer. It will 
be confined to the polyethylene resin now 
used widely in commercial coaxial-cable 
production. This resin has a molecular 
weight of 18,000-20,000, as determined 
by a modified Staudinger solution-vis- 
cosity method, described by Kemp and 
‘Peters of Bell Telephone Laboratories, 
and it will be referred to as D-55 grade. 
Those interested in detailed properties of 
other molecular-weight resin grades can 
find a complete discussion in the paper on 
“Polyethylene” by C. S. Myers*. How- 
ever, in order to fix the material under dis- 
cussion, Figure 1 illustrates the flow- 
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height dependence of polyethylene and 
polyisobutylene on the average molecular 
weight. Flow heights were obtained using 
the Williams’ plastometer operated at 130 
degrees centigrade. Standard D-55 resin 
has an average Williams flow height of 
55 mils between allowable limits of 50 and 
60 mils. Resins of other grades, plastic- 
ity-wise, are designated accordingly. 

The flow height of both polyethylene 
and polyisobutylene shows a direct rela- 
tionship with the average molecular 
weight for the range indicated by these 
curves. The resin under discussion is on 
the lower portion of the curve. 

The following seven points have been 
chosen as being of sufficient interest to 
the electrical engineers to justify further 
comment: 


1. Electrical properties. 
2. Heat deformation. 
8. Pliability. 
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Figure 1.. Williams plasticity versus average 
molecular weight of polyethylene resins and 
polyisobutylene resins 
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The electrical properties of polyethylene 
have been widely discussed and appear in 
several technical publications. The power 
factor of commercial production averages 
about 0.0003, and the dielectric constant 
about 2.3. These values are independent 
of either frequency or temperature. The 
electrical engineer has always regarded 
quartz as an ideal insulation, and it is 
interesting to note that a resin which has 
electrical properties approaching those of 
quartz is now available in commercial 
quantities and is being applied to wire 
under practical commercial conditions. 
The addition of stabilizer to polyethylene 
does not markedly change the constancy 
of its electrical properties with either 
temperature or frequency. 

To give some idea of the temperature- 
load deformation, the following data are 
presented on two types of tests: 


1. The United States Navy mandrel test. 
2. A micrometer dial-gauge test for com- 
parison. 
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Figure 2. Heat deformation on coaxial cables 
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Figure 2 shows curves based on data 
taken on an RG-8/U cable insulated with 
stabilized D-55 resin, known as DE-3401 
natural. This cable has a diameter over 
the dielectric of 0.285 inch and an outside 
diameter over jacket and braid of 0.405 
inch. A length of cable complete with 
braid and jacket, equal to 30 times the 
diameter over the jacket, is placed on a 
mandrel whose diameter is ten times the 
outside diameter of the cable. Eight- 
pound weights are attached to the ends 
of the cable, and the assembly is kept at a 
specified temperature for 7!/. hours. At 
the end of this time, the deviation of the 
central conductor is noted. In the data 
shown, the test was run at 103, 108, and 
113 degrees centigrade. At 103 there was 
no conductor deviation; at 108 the two 
samples tested showed a wide variation, 
whereas at 113 degrees centigrade the 
deviation was between 30 and 35 per cent. 
The curves indicate that, although no 
deviation was observed at 103 degrees 
centigrade, a critical range begins at about 
108, and at 113 the values are quite high. 

Figure 3 shows data obtained using 
a dial gauge with a */s-inch foot and 
a number-14 solid copper wire with a 
0.030-inch wall insulation. Tests were 
made using both 500- and 1,000-gram 
loads and two resin insulations, one the 
standard grade and the other having a 
flow height of 100 mils. With a 500- 
gram load, deformation of the standard- 
grade resin does not change appreciably 
until a temperature of 100 degrees centi- 
grade is reached, at which point deforma- 
tion increases sharply. With the 1,000- 
gram load, the rate up to 100 degrees 
centigrade is somewhat higher. For the 
other resin, the break point is raised only 
slightly, about three degrees centigrade. 

Polyethylene is in itself a pliable resin, 
and does not require the addition of plas- 
ticizer. It is therefore, a relatively homo- 
geneous material, and the usual prob- 
lems, such as plasticizer volatilization and 
effect of plasticizer on electrical proper- 
ties, are not present. It might be well to 
add a word here on stiffness. The stiff- 
ness of a plastic is used to define its re- 
sistance to elastic deformation. It is not 
simply related to the ability of the ma- 
terial to withstand fracture under impact 


conditions. This latter property is meas-' 


ured by its brittle temperature. The 
brittle temperature of polyethylene ED- 
3401 natural 
centigrade. Thus, polythylene is pli- 
able over a wide temperature range and 
is similarly resistant to impact over the 
same temperature range. 

Figure 4 is a plot of log stiffness versus 
temperature for polyethylene resins anda 
vinyl plasticized resin. The vinyl resin 
plasticized with 21-per-cent dioctyl 


_phthalate shows about the same stiffness 


at room temperature as polyethylene. 
As the temperature is lowered, however, 
the plasticized vinyl resin increases in 


_ stiffness much more rapidly than the 


is below —70 degrees — 
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Figure 3. Per-cent deformation versus tem- 
perature American Wire Gauge number-14 
solid wire, 30-mil insulation 
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Figure 4. Stiffness-temperature comparison of 
plasticized Vinylite resin WYNW and 


polyethylene resins, average values 


polyethylene. The more highly plasti- 
cized vinyl-resin compound is much more 
flexible at room temperature, but its 
stiffness increases very quickly also as 
the temperature is lowered with the 
difference between it and polyethylene 
decreasing until at —60 degrees centi- 
grade the stiffness is about equal. 

The stiffness of polyethylene resins has 
been found to be essentially independent 
of resin grade in the range of 40 to 145 
mils flow height. 

Addition of 50-per-cent polyisobutyl- 
ene to polyethylene lowers the stiffness in 
the whole temperature range. The curve 
is the same general shape as for poly- 
ethylene alone. 

Properties 4, 5, and 6 will be men- 
tioned briefly: 

A coaxial cable is an accessory to pre- 
cision equipment and as such requires 
smaller dimensional tolerances which are 
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Figure 6. Milling stability of D-55 resin versus 
stabilizer concentration 


not so essential in other types of cable in- 
sulation. A high degree of dimensional 
uniformity is possible at wire extrusion 
rates, which are commercially satisfactory 
when using polyethylene. 

In connection with dimensional toler- 
ances, however, it is extremely important 
in the design of forming equipment, such 
as dies and molds, to keep in mind the 
relatively high-expansion coefficient of 
polyethylene. 

Figure 5 shows data published by Clash 
and Rynkiewicz,’ which illustrate change 
of relative volume of polyethylene with 
temperature. Starting with a relative 
volume of 1, at 0 degree centigrade, the 
volume changes slowly up to about 60 
degrees centigrade, where the rate of 
change begins to increase much faster 
until the softening temperature of ap- 
proximately 115 degrees centigrade is 
reached. At this temperature, the tran- 
sition interval ends and the variation be- 
comes linear and is also smaller than at 
temperatures immediately below it. 

It is well to stress, in passing, the low 
specific gravity of polyethylene which is 
0.92. Ineffect, this results in a larger vol- 
ume per pound with lower insulation 
costs. For certain types of applications 
there is also an important weight ad- 
vantage. 

The subject of stability of polyethylene 
at elevated temperatures has been given 
much attention. For coaxial-cable in- 
sulation, it is essential that the power 
factor does not change after aging at ele- 
vated temperatures. However, it is im- 
portant to keep in mind that the data to 
be shown were taken under greatly accel- 
erated conditions and that, while the 


changes in power factor of the unstabi- 
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Figure 7. Thermal stability of D-55 polyethyl- 

ene resin and high-frequency insulating com- 

pounds aged in air at 100 degrees centi- 
grade 


lized resin could not be tolerated for a co- 
axial cable, they would not be considered 
prohibitive for some other types of cables. 

Figure 6 shows the variation of power 
factor with milling time at 150 degrees 
centigrade with several concentrations of 
the standard stabilizer. After one hour 
milling at 150 degrees centigrade the un- 
stabilized resin shows a sharp rise in 
power factor from approximately 0.00022 
to 0.00144. In the presence of 0.01-per- 
cent stabilizer, this increase is sharply 
retarded but is still significant. Concen- 
trations of 0.05- and 0.2-per-cent stabi- 
lizer show that the electrical deterioration 
has been practically arrested over the 
milling period studied. ; 

Figure 7 shows the change in power 
factor with continued heating at 100 
degrees centigrade. The unstabilized 
resin shows a sharp increase up to 400 
hours after which it appears to level off. 
DE-3401 natural, containing 0.2 per cent 
of the standard stabilizer, shows practi- 
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cally no change after 800 hours. Since 
these curves were drawn, this test has 
run to 2,000 hours, and there is still no 
tendency for the stabilized resin to reflect 
a power-factor increase. 

Table I illustrates weight gains of 
stabilized and unstabilized samples. The 
samples were °/,.-inch granules, and they 
were held at 100 degrees centigrade with 
periodic weighings. After 432 hours, the 
unstabilized resin gained a total of 2.85 
percent. The gains on the stabilized resin 
were much smaller and less regular. The 
total gain in one sample after 432 hours 
was.0.168 per cent. 

To study further what was apparently 
an oxidation effect, samples were placed 
in sealed glass tubes connected to a mer-, 
cury column, so that changes in pressure 
in the sealed tubes could be studied. This 
test was run in the presence of nitrogen, 
carbon dioxide, air, and oxygen. 

Figure 8 shows the changes in pressure 
while the sealed tubes were held at 150 
degrees centigrade. With nitrogen and 
carbon dioxide, there is practically no 
change. With air, the drop in pressure 
is marked, but apparently there is an 


Table |. Oxidation of Polyethylene Aged at 
100 Degrees Centigrade and Weighed 
Periodically 
Materials: Approximately 5/16-Inch Granular 


= 


Per Cent Change in Weight 


DE-3401 Natural 


Heating D-55 Resin Compound 
Period — 
at 100 C, Sample Sample Sample Sample 
Hours 1 2 2 
et re rhe —0.02 ..—0.008..—0.008..—0.01 
ris eacle —0.014..—0.004.. 0 ..—-0.008 
Py errs 4+0.054..+0.042..—0.006..—0.004 
06 res +0.67 +0.72 ..+0.18 ..+0.156 
264s sc. xs +2.25 +2.25 ..+0.090..+0.074 
BS Zixeeitele +2.85 ..1+2.85 ..,......-- +0.168 


equilibrium point followed by a pressure 
rise. The drop in the oxygen curve in- 
dicates an appreciable oxygen absorption. 
A possible explanation for the air curve is 
that an equilibrium point is reached be- 
cause of the limited amount of oxygen 
available. The reaction products, on fur- 
ther heating, probably account for the ex- 
pansion which follows. It is believed 
that, if the oxygen curve could have been 
carried further, it too ultimately would 
assume-a shape similar to the air curve. 

This discussion has brought together 
several of the more important properties 
of polyethylene which are of interest to 
engineers. It is hoped that by giving 
these particular properties emphasis, the 
cable engineer will be in a better position 
to design cables to meet the various serv- 
ice requirements. 
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IV. Dielectric Strength of Polyethylene 


OLYETHYLENE is a particularly 

interesting material with which to 
study dielectric strength because of the 
remarkable uniformity of results obtain- 
able, a characteristic which differen- 
tiates it from other dielectrics used for 
wires and cables. This uniformity, how- 
ever, exists only if the material is free of 

~ mechanical stress. ; 

As with other dielectrics, the dielec- 
tric strength of polyethylene, that is, 
the volts per unit thickness, is a func- 
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tion of the thickness, and is much higher 
for thin walls than for thick ones. This 
difference is more marked at low than at 
high temperatures, as indicated by the 
figures in Table I based on short-time 
60-cycle tests. 

. There is a sharp break in dielectric 
strength at a little below 100 degrees 
centigrade. Thus a cable with 120 mils 
of insulation maintained a dielectric 
strength of 500 volts per mil (average 
stress) from 30 degrees centigrade to 
nearly 100 degrees centigrade but had 
only about 200 volts per mil dielectric 
strength at 110 degrees centigrade. This 
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drop was even more pronounced with 
thin sheets. Thus a ten-mil sheet having 
1,700 volts per mil at 30 degrees centi- 
grade, had only 500 volts per mil at 110 
degrees centigrade. 

This characteristic is not peculiar to 
polyethylene but is common to most 
plastics as their softening point is ap- 
proached. : 

Polyethylene bears a curious resem- 
blance in its characteristics to oil-im- 
pregnated-paper insulation, owing partly 
to the fact that their coefficients of ther- 
mal expansion are about the same, and 
partly to the fact that impregnated- 


AIEE TRANSACTIONS 


paper insulation is virtually oil thickened 
with paper, whereas polyethylene is an 
oil product thickened by polymerization. 

Longitudinal expansion of cable insula- 
tion 1s usually limited by friction to the 
amount of expansion of the copper con- 
ductor, which is about one tenth of that 
of the polyethylene. The greater part of 
the volume expansion, therefore, is taken 
up by radial expansion, which reveals 
itself by separation of the insulation from 
the conductor, by pressure against any 
outer covering, and by the introduction 
of mechanical stresses. 

The resultant void between conductor 
and insulation is liable to be the seat of 
discharges which, if maintained, will lead 
to failure. 

Like oil-impregnated paper, polyethyl- 
ene may fail either by direct puncture or 
by dendritic discharges. The latter occur 
when a void of considerable thickness 
exists at the conductor surface. 

Several years ago, some experimental 


Table 1. Dielectric Strength of Polyethylene 
Thickness Volts Per Mil 
of Sheet, 
Mils 30 C 90 C 


data were published in England by F. 
Fernie, tending to show that impreg- 
nated-paper cables fail, on short-time 
voltage test, when a certain stress (about 


Figure 1. 


Dendritic failure in polyethylene 


250 volts per mil is attained at the outer 
surface of the insulation, whereas the cur- 
rent view at that time was that failure 
should occur at a certain critical stress at 
the inner surface of the insulation. 
Neither theory can be said to have been 
proved owing to the uneven dielectric 
strength of oil-impregnated-paper insula- 
tion. 

However, in the case of polyethylene, 
the uniformity of the material is so great 
that the two theories can be compared 
with considerable accuracy. Thus six 
cables of widely different dimensions 
made with some of the first American 
polyethylene failed at internal stresses 
from 720 to 2,300 volts per mil, whereas 
the external stresses ranged only from 200 
to 280 volts per mil, the average value of 
230 volts per mil being not far from the 


250 volts per mil obtained in England for 
impregnated paper. The stress at diam- 
eter (1/2.72) X outside diameter varied 
from 600 to 1,420 volts per mil. Im- 
provements in polyethylene have raised 
the critical exterior stress to about 400 
volts per mil. It is of interest to note 
that this stress of 400 volts per mil is 
about the value to which the dielectric 
strength of the same grade of polyethy- 
lene sheets approaches asymptotically, 
for thicknesses above 100 mils. Nine of 
these cables had woven-wire outer elec- 
trodes; three were immersed in water. 


With reference to the radial- and den- 
dritic-type failures, the former occur at 
voltages ‘characteristic of normal-tem- 
perature dielectric strength, whereas the 
latter occur at lower voltages character- 
istic of high-temperature dielectric 
strength, indicating that dendritic failure 
is caused by heat generated by the dis- 
charges in voids. A typical dendritic 
failure, which started at an air pocket on 
the conductor, is shown in Figure 1. 

Polyethylene is very sensitive to pres- 
sure caused by local restraint against 
radial expansion. This is also character- 
istic of impregnated paper, although to a 
less degree. Breakdowns under these 
conditions have occurred at stresses as 
low as 60 volts per mil. Polyethylene is 
also very sensitive to tension such as 
occurs at sharp bends: 

The d-c dielectric strength of poly- 
ethylene sheets is very high, being of the 
order of 6,000 volts per mil for thickness 
from 14 to 28 mils at room temperature. 
This is of the order of five or six times 
the 60-cycle dielectric strength. 


V. Properties of Different Polyethylenes 


T THE PRESENT TIME the 

manufacturers of polyethylene in 
the United States are producing but one 
grade of the material for radio-frequency 
dielectric purposes, and this standard 
grade is covered by a Bureau of Ships 
specification. In England on the other 
hand the material produced by the Im- 
perial Chemical Industries under the 
trade name Alkathene has been commer- 
cially available in various grades for the 
cableindustry. The British classify their 
polyethylene according to a plasticity 
(melt-viscosity) index based on the 
amount of material at 190 degrees centi- 
grade which flows through an orifice of 
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arbitrary size under a definite pressure. 
The smaller the ICI plasticity index, the 
higher is the average molecular weight of 
the polyethylene. The British have 
commonly used for their radio-frequency 
cable a moderately low-molecular-weight 
grade known as Alkathene 20, and in 
order to improve its extrudability and 
low-temperature mechanical properties 
it has been their practice to modify the 
polyethylene slightly by the addition 
of some high-molecular-weight poly- 
isobutylene. The highest - molecular- 
weight grades of polyethylene are the 
toughest forms of the material, but they 
are also not entirely satisfactory from the 
standpoint of smooth uniform diameter 
extrusion on wire. The standard Ameri- 
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can product represents a compromise be- 
tween practical extrudability and good 
mechanical properties over the widest 
possible temperature range. Itis superior 
to the polyisobutylene-modified British 
cable insulation chiefly in respect to very 
low-temperature impact and bend re- 
sistance and to deformation resistance 
at relatively high service temperatures, 
approaching 100 degrees centigrade. 

The plasticity of the American poly- 
ethylene is measured by means of a par- 
allel plate device known as the Williams 
plastometer. The Williams plasticity 
index is the thickness in mils of a two- 
cubic-centimeter specimen after being 
subjected to a five-kilogram load for 
three minutes at a test temperature of 
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Figure 1. Comparison of British and American 
plasticity indices for polyethylene 


130 degrees centigrade. The relationship 
between the British and American meth- 
ods of measuring the plasticity of poly- 
ethylene is shown in Figure 1. 

The physical properties of polyethylene 
at normal temperatures correlate ap- 
proximately with the plasticity of the 
material in the melted state. As the com- 
plexity of the material increases, that is, 
as the average molecular weight goes up, 
such properties as tensile strength and 
elongation increase and the temperature 
at which the polyethylene becomes 
brittle under sharp impact is substantially 
lowered, as shown in Figures 2 and 3. 

The intermolecular forces acting be- 
tween the nonpolar hydrocarbon chains 


Table I. 
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Tensile strength and elongation 
versus plasticity index 


Figure 2. 
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Figure 3. Brittleness temperature versus plas- 
ticity index 


of polyethylene, both in the crystalline 
and amorphous regions of the material, 
are not large. These forces vary con- 
siderably with temperature, as is the case 
in all thermoplastic polymers. For ex- 
ample the tensile strength averages 1,800 
pounds per square inch at 25 degrees 
centigrade but varies over the range of 
0 degree centigrade to 100 degrees centi- 
grade from over 3,000 pounds per square 


Differences in Properties of Commercial Polyethylenes* 
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* All of approximately the same order of Williams plasticity at 130 degrees centigrade. 
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Figure 4. Average molecular weight by 
dilute-solution viscosity method versus Wil- 
liams plasticity at 130 degrees centigrade, 
five-kilogram load, two-cubic-centimeter 
specimen for three minutes 


inch to about 200 pounds per square inch. 

The brittleness temperature, as a rule 
an inherent characteristic of high-poly- 
meric materials, shows a marked decrease 
as the average hydrocarbon chain length 
increases. The brittleness temperature 
of recent commercial lots of the radio- 
frequency-cable grade of polyethylene is 
exceptionally low when compared to most 
other plastics; in fact it is frequently 
below the minimum temperature to which 
it is practical to lower the test bath in the 
laboratory (that is, below about —65 
degrees centigrade). 

One would expect certain properties of 
the solid ethylene polymers not to change 
appreciably with variations in the molecu- 
lar complexity of the material, for ex- 
ample: 


1. Specific gravity. 


2. Hardness (indentation, scratch, and so 
forth). 


3. Water absorption. 
4. Flammability. 


5. Resistance to degradation by heat and 
ultraviolet light (stabilizer present). 


6. Thermal conductivity, coefficient of ex- 
pansion. ‘ 


7. Machinability. 


8. Resistance to alkalies, acids, and most 
organic chemicals. 

Slight differences may exist in certain 
other properties however. The radio- 
frequency-cable grade of polyethylene is 
controlled as closely as is commercially 
practical between stated plasticity limits — 
(see Figure 4 which shows the relation- 
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ship between plasticity and average 
molecular weights), but even in this 
rather narrow range of 50 to 60 slight 
variations in the average molecular 
weight and molecular species distribu- 
tion may occur. This is characteristic of 
all synthetic high-polymeric materials. 
These variations, however small, are of 
importance to the cable manufacturers 
who may have to adjust extrusion 
temperatures and speeds accordingly. 
They may also have some bearing on 
the characteristics of the insulation, 
especially in its physical properties. In 
Table I is shown a series of four poly- 
ethylenes all of approximately the radio- 
frequency-cable-grade plasticity range. 
They were selected merely to illustrate 


possible variation and are not necessarily . 


representative of current production. 

The molecular-weight measurements 
were made by the dilute-solution viscos- 
ity method originated by Staudinger and 
commonly employed in the investigation 
of polymeric materials. No attempt is 
made to discuss the details of this work 
except to say that the measurements were 
made at 80 degrees centigrade in tetralin 
asasolvent. The results show that the 
average molecular weight of this series 
varies from 17,800 to 23,800. 

In addition to the determination of the 
average molecular weight of the ma- 
terial as received from the manufacturer, 
an attempt was made to separate the 
samples into fractions of varying average 
molecular weight according to their solu- 
bility in carbon tetrachloride at different 
temperatures. Although a number of 


fractions were obtained, the results for 
convenience have been summarized in the 
table to show the percentage of the 
original material below 10,000 in average 
molecular weight, the percentage be- 
tween 10,000 and 20,000, and the percent- 
age over 20,000. It is not meant to infer 
that there has been a sharp separation of 
molecular species, that is, long and short 
chains. Nevertheless the characteristic 
distributions have been indicated. 

Some of the physical properties may be 
seen to vary with the average molecular 
weight of the original polyethylenes, but 
the distribution data show more clearly 
why there are certain differences in the 
mechanical characteristics. Sample 1 
represents a fairly narrow-band poly- 
ethylene with 78.8 per cent lying be- 
tween 10,000 and 20,000 in average 
molecular weight. This material is high 
in softening temperature, tensile strength, 
and impact strength at low temperatures; 
and low in brittleness temperature and in 
deformation under load and elastic re- 
covery at 98 degrees centigrade. 

Polyethylenes 2 and 3 have somewhat 
different and broader distributions of 
their molecular species, “which are re- 
flected in various properties. Polyethyl- 
ene 4 has the highest average molecular 
weight and a still different distribution. 
The high percentage of relatively short- 
chain molecules lowers the softening 
temperature (plastic point) and tensile 
properties. It also results in a higher 
brittleness temperature for the material, 
and the brittleness data seem to vary over 
a wider-than-normal temperature range. 


The weakening effect of the low-molecu- 
lar-weight portion shows up also in the 
higher deformation of this sample at 98 
degrees centigrade under load. The 
gradual increase in the elastic recovery 
after deformation with molecular weight 
may be due to the complexity of the 
molecular structure, that is, to a me- 
chanical intertwining of the long straight 
hydrocarbon chains, or it may be an in- 
dication of an occasional chemical cross- 
linking between hydrocarbon chains to 
form a soft rubbery gel structure. 

The dielectric losses of these samples 
at various frequencies differ slightly, but 
there does not appear to be any definite 
correlation with the molecular-weight 
data. The reason for this is probably 
that the samples are from different 
sources. When polyethylenes from only 
one source are considered, there appears to 
be a slight but definite decrease in power 
factor with an increase in average molecu- 
lar weight, which is most noticeable at 
the higher frequencies. 

The development of polyethylene has 
been rapid, spurred on by the need for the 
material in the war. It is impossible to 
say yet what the ideal molecular-weight 
distribution should be in a polyethylene 
coaxial-cable insulation. The present 
standard grade appears to be a very satis- 
factory material. 

The slight differences existing in the 
properties of commercial lots of poly- 
ethylene will undoubtedly be gradually 
eliminated as greater knowledge of the 
material is gained and the polymeriza- 
tion process is further controlled. 


Summary of Discussion on Polyethylene 


After the presentation of the various 
prepared discussions on polyethylene a 
period of informal discussion followed 
from the floor. In response to a question 
regarding the hope of increasing the serv- 
ice range of polyethylene to higher tem- 
peratures, Doctor Shackelton stated that 
such an extension of the service range 
would to some degree be realized as the 
producers obtain better control over the 
molecular weight distribution, chain 
branching, cross-linking, and so forth, of 
polyethylene. 

Mr. Rosch (Anaconda Wire and Cable) 
asked how the nature of the dielectric 
breakdown of polyethylene-insulated con- 
ductors compared with that of rubber- 
insulated conductors. Mr. Del Mar re- 


plied that no corona cracking has occurred | 
~ with polyethylene, such as usually happens 


with rubber. Mr. Merrill (Phelps Dodge) 


added that it is the intrinsic dielectric 


strength of polyethylene that governs the 
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breakdown rather than the cable con- 
struction. Tests were made on cables 
with copper braid and with lead on the 
outside and on cables under water, results 
being all about the same. An important 
point is the size of the void space around 
the center conductor where the corona 
discharge first occurs. Breakdown stud- 
ies at higher frequencies than 60 cycles 
have not yet been made. 

Mr. Cooper (du Pont) pointed out that, 
although polyethylene is essentially non- 
polar, it is the small amount of polar 
constituents which accounts for the slight 
but definite power factor of the material. 
Mr. Yager (Bell Telephone Laboratories) 
stated that the dielectric losses in poly- 
esters, polyamides, vinyl derivatives, 
vulcanized rubber, and polyethylene 
differ only in the matter of degree. The 
losses are due to rotational displays of 
polar groups of side chains, polar groups 
on the chain, or polar bridges cross-link- 
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ing the long molecules. It is doubtful if 
much loss can be attributed to the stabi- 
lizer added to polyethylene, since it would 
not be free to rotate at high frequencies 
in such a viscous medium. More than 
likely in the case of polyethylene some 
oxidation occurs (from the oxygen cata- 
lyst used in the polymerization or from 
subsequent processing and handling of 
the material). The power factor-versus- 
frequency curve indicates a maximum 
dispersion at ultrahigh frequencies, which 
means that the internal friction must be | 
low. Mr. Warner (Federal Telephone 
and Radio) called attention to a British 
paper by W. Jackson (and J. 5. A. For- 
syth) presented before the Institution’ of 
Electrical Engineers last year which 
showed that the dielectric losses in poly- 
ethylene may be largely ascribed to tke 
formation first of —OOH groups, whichare 
subsequently broken down to —OH groups 
attached to the hydrocarbon structure. 


921 


In answer to a question from Doctor 
‘Odarenko, Mr. Clarke stated that un- 
modified polyethylene was chosen as the 
cable dielectric in this country because 


of the exceptional combination of me- 
chanical and electrical properties over the 
widest possible temperature range. 
Whether polyethylene will replace other 


coaxial-cable dielectrics after the war 
will be determined by economic considera- 
tions and the relative usefulness of other 
materials over this temperature range. 


VI. Radio-Frequency-Cable Manufacturing Methods 


HE METHODS and processes cur- 

rently used in the manufacture of 
radio-frequency low-loss  semiflexible 
cables are the outcome of combined 
closely co-ordinated efforts of research 
institutions, raw-material producers, and 
cable manufacturers. In this manner it 
has proved possible, in a remarkably short 
time, to arrive at the manufacturing 
methods capable of turning out many 
types of high-frequency cables, which are 
subject to severe operating requirements, 
with the available equipments and man 
power in quantities sufficient to meet the 
everchanging war needs. Incidentally, 


Figure 1. Basic types of coaxial cables 


A—Conductor or 
cable from pay-off 
B—Tensioning device 
<(—Wire straightener 
D—Preheater 
E—Gate-type head 
f—Torpedo 

4G—Hot or cold water 
iH—Cooling trough 
[Cable after extrusion 
J—Tip 

K—Die 

1—Breaker plate 


M—Screen 
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the methods developed for high-frequency 
cables proved directly applicable and 
most useful, in the production of other 
plastic cables such as submarine cables, 
radio hookup wires, and Army field wires. 
Of the large number of standard and 
experimental high-frequency low-loss 
cables which have determined the present 
manufacturing methods, most are of the 
so-called coaxial type, although some 
dual lines as well as twin-coaxial pairs are 
used. These “basic types are shown in 
Figure 1. Fundamentally, a single con- 
ductor, or a pair of conductors, is em- 
bedded in the primary dielectric, over 
which a braid is applied. A jacket is pro- 
vided for mechanical. protection and for 
protection against the ingress of moisture, 
oils, gasoline, and the like. Frequently, 
particularly for the Navy use, an addi- 
tional armoring braid is served over the 
jacket. Where shielding is of importance, 
a second braid is used under the jacket. 
The problem of a cable manufacturer, 
then, is to build up the afore-mentioned 
structures, utilizing the known character- 
istics of the raw materials involved. 
These are: polyethylene for the primary 
insulation, various synthetic resins for 
the jacket, copper wires for the central 


Figure 2. Schematic 
cross section of ex- 
truder 


IN—Hot-oil return 
~ .O—Stock screw 


“a 


P—Hot-oil feed 
Q—Heot oil in extruder barrel 
R—Oil-heating and storage tank 
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Sere 
S—Hopper feed for extrusion material 


T—Extruder 
U—Motor 
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conductors and braid, steel or aluminum 
for the armor. Where the requirements 
of the ultimate use demand them, copper- 
clad steel wires and silver- or tin-coated 
wires are also used. 

The normal sequence of operations 
evolved to build up the structure of high- 
frequency cables is: 


1. Extrusion. 


2. Braiding. 
8. Jacketing. 
4, Armoring. 


These operations have to be controlled 
very closely in order to meet the narrow 
tolerances of physical and electrical char- 
acteristics of the produced cables, which 
are dictated by the conditions of ultimate 
use of cables. Thus, simple in principle 
as the high-frequency-cable manufactur- — 
ing processes are, they call for highly 
trained operators, a constant and close 
engineering supervision, and faultlessly 
performing equipments. The high-fre- 
quency low-loss transmission lines are 
still, therefore, the blue-blooded members 
of the cable and wire family. 


Extrusion Equipments 


The first and the most critical opera- 
tion is the application of polyethylene 
around the central conductor or conduc- 
tors. This is done universally by extru- 
sion, and the basic equipment used for 
the purpose in the United States is a 
plastic extruder. Figure 2 shows a sche- 
matic cross-section of such extruder. 
This consists of a feed, a plasticizing 
chamber with a masticating screw, a head, 
andadie. A jacket is provided to control 
the temperature of different parts of the 
extruder by means of circulating oil. The 
general appearance of a plastic extruder is 
not unlike that of a conventional rubber 
extruder. There are, however, some im- 
portant differences. 

Unvulcanized rubber stocks of the type 
long used for wire-insulating purposes re- 
quired comparatively little mechanical 
working to bring them to the proper con- 
sistency for extrusion, and this consist- 
ency often was obtained by prewarming 


T. M. ODARENKO is products-line manager, Federal 
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on a two-roll mill. 
tubing machine acted primarily as a con- 
veyor and as a device to build up suffi- 
cient pressure to form the rubber around 


Consequently, the 


the wire. A steam-heated short-barrel 
machine with a deep-cut worm having a 
single thread of uniform pitch was found 


‘to give optimum delivery and product 


uniformity. 

With the thermoplastic materials, how- 
ever, a considerably greater mechanical 
working was required to bring the ma- 
terial to the proper extrusion consistency. 
Higher temperatures were essential, and 
the temperature build-up had to be ac- 
complished primarily by internal fric- 
tional working. To accomplish this it 
was found desirable to increase the length 
of the worm and barrel by approximately 
50 per cent, to add a breaker plate, 
backed up by steel-wire screens, at the 
end of the barrel, and to alter the worm 
design. 

The breaker plate, a steel disk with a 
multitude of small-diameter holes, backed 
up by one or more wire-mesh screens, 
serves to hold the material back in the 
worm until, by the churning action of the 
worm and slippage of, material between 
the thread surfaces and the cylinder wall, 
the material is brought to the proper 
plastic state. It is further broken down 
in passing through the screens and breaker 
plate and re-fuses in the crosshead into a 
mass of thoroughly plasticized material. 


By extending the length of the worm ° 


additional time was obtained for the 
afore-mentioned plasticizing action. By 
using a single-lead narrow-depth thread 
of decreasing pitch, improved frictional 
working and pressure build-up was ob- 
tained. The worm, in addition, is water- 
cooled to prevent excessive temperature 
rise, with consequent thermal decom- 
position of the plastic material and stick- 
ing or burning on the worm. 

Oil heating of the barrel jacket sections 


‘tas been found to be more practical than 


high-pressure steam-heating methods, the 
oil being pump-circulated through the 
system from electrically heated storage 
tanks. Actually, with most thermoplastic 
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Figures 3 (left) and 4 (right). Two general 
views of extruder 


materials, it has been found that the 
barrel sections need only be heated to 
bring the machine to the proper tempera- 
ture, and that once extrusion has started 
sufficient heat is developed by the fric- 
tional working of the material so that 
either the oil circulation in those sections 
must be turned off, or the temperature of 
the circulating oil must be reduced to the 
point where oil acts as a cooling medium. 
Proper temperature balance is obtained 
by adjustment of oil circulation at the 
breaker plate, barrel sections, and head, 
and water circulation through the worm. 

The head and die design of the plastics 
extruder is extremely important. The 
main problem is one of providing stream- 
lining of all parts, minimum volume of 
cavity, and elimination of “dead spots” 
or pockets where material may lie stag- 
nant and decompose. 

Figures 3 and 4 show a general view of 
a plastic extruder. This is a so-called 
number-2 extruder, with the diameter of 
the screw about 3!/,inches. Plastic ex- 
truders come in various sizes, and those 
used in the United States vary from 
number 1, the smallest machine with the 
screw diameter of 11/, inches to number 5, 
the diameter of the screw of which is 


R 
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Figure 5. Schematic layout of extruder line 


B—Tensioning device 

C—Wire straightener 

D—Preheater 

E—Gate-type head 

G—Hot or cold water 

H—Cooling trough 

R—Hot-oil tank and heaters | 
S—Hopper feed for extrusion material 
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Most of the extruders in 


eight inches. 
use are number 2 and number 4. 


EXTRUDER ACCESSORY EQUIPMENTS 


Originally it was thought that the ex- 
truder was the most important part for 
the high-quality extrusion. Now it is 
generally recognized that the successful 
manufacture of radio-frequency trans- 
mission lines will be found to depend as 
much on the design of extruder accessory 
equipment as on the design of the ex- 
truder itself. Because of the necessity for 
extremely close diameter control, the wire 
pay-off and take-up mechanisms must 
provide smooth actions over a wide range 
of speeds, free from jerks. This has 
necessitated careful design of frictioning 
devices, drive mechanisms, capstans, and 
reel traverse mechanisms. Electromag- 
netic drives with automatic electronic 
controls are coming into use, but much 
remains to be accomplished in this field. 

A representative setup of extrusion 
equipments is shown in Figure 5. This 
involves a pay-off mechanism, a tension- 
ing device, a wire straightener, a pre- 
heater, an extruder, a cooling trough, a 
capstan, a take-up mechanism, and vari- 
ous control devices. 


POLYETHYLENE EXTRUSION 


In the United States, polyethylene is 
universally fed into the extruder cold, 


T—Extruder 

U—Motor 
V—Power-control panel 
W—Pay-off 

X—Operator’s control panel 
Y—Take-up 

Z—Printing machine 

A1—Sparker 

B1—Footage indicator 
C1—Capstan 
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and for this reason it is supplied to the 


manufacturers in granulated form. It is 
plasticized by the mechanical working of 
the extruder worm and its extrusion tem- 
perature is kept around 310-320 degrees 
Fahrenheit. 

Because of its rather sharp softening 
point, around 240 degrees Fahrenheit, 
and a comparatively high rate of volume 
expansion in the temperature range be- 
tween the softening point and the room 
temperature, it has been found necessary 
to provide a careful control of the cooling 
rate. 

If the extruded cable is chilled sud- 
denly, the material will set rigidly on the 
outside, and on subsequent internal cool- 
ing, will shrink away from the center con- 
ductor forming voids of air spaces in 
which corona can take place at relatively 
low voltages. This is prevented by the 
use of a long cooling trough with a care- 
fully controlled water-temperature gradi- 
ent from approximately 200 degrees Fah- 
renheit at the input end to room tempera- 
ture or lower at the capstan. Similarly, 
it is desirable to preheat the conductor as 
it enters the extruder head to assure re- 
moval of moisture and prevent chilling of 
the polyethylene at the conductor. Mois- 
ture in any form will cause bubbles or 
vapor formations in the extruded product. 


JACKET EXTRUSION 


Jacket compounds of the plasticized 
polyvinyl type have a critical extrusion 
temperature range, and are subject to 
thermal decomposition, or burning, but 
can be extruded at appreciably higher 
_ speeds than polyethylene. They do not 
have a sharp melting point but soften 
gradually over a wide temperature range, 
the extrusion temperature being on the 
order of 320-350 degrees Fahrenheit. 
. They can be fed to the extruder cold in 
granular or continuous strip form, al- 
though frequently they are preheated on 
a two-roll mill and hot strips from the 
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Figure 8. Winding machine 


mill are fed directly to the machine. In 
this manner most of the mechanical work 
is done beforehand, and somewhat greater 
extrusion speeds are obtained. 

It is imperative that the jacketing ma- 
terial be free from moisture and that the 
cable core be dried thoroughly to prevent 
formation of gas bubbles in the jacket. 
There is no particular problem in cooling 
extruded jacket, and cold-water cooling 
is used universally. 


Wire Braiding and Winding 


The braid, or braids, in case of specially 
shielded cables, and the armor are applied 
by means of wire braiders. 

Two basic types of braiding machines 
are available for copper and other wire- 
braiding operations (Figures 6 and 7). 
One type is the so-called figure-eight type, 
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Figures 6 (left) and 7 (above). 


Two basic types of braiding machine 


wherein two sets of bobbin carriers re- 
volve in opposite directions in grooves in 
a horizontal plate, weaving in and out in 
a figure-eight pattern. This type is made 
by the New England Butt Company of 
Providence, R. I., and the Textile Ma- 
chine Works of Reading, Pa., and is a 
relatively slow machine. The other type 
is manufactured by the Wardwell Ma- 
chine Company of Central Falls, R. I., 
and is a considerably faster machine and 
by far the more popular type. This ma- 
chine contains bobbins mounted on two 
heads which revolve in opposite directions 
at speeds up to approximately 100 revolu- 
tions per minute, the wires from the bob- 
bins on one head being deflected around 
the bobbins of the second head in the 
proper manner to form a basket weave. 


Most of the problems in wire braiding 
arise from improperly wound bobbins. 
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Anywhere from 2 to 12 or more individual 
wires must be wound onto the bobbin, 
depending on the cable diameter and de- 
sired lay and coverage. Unless these 
wires are wound with equal tensions, 
slack or excessive tautness will develop 
in one or more strands during the braiding 
operation, causing breakage or loops in 
the braid. Thus, the bobbin winding 
operation is of extreme importance. 
Winding machines made by the Uni- 
versal Winding Machine Company of 
Providence, R. I., have been found suit- 
able for this type of work. One type is 
shown in Figure 8. Many types of 
tensioning devices and methods of pay- 
off from the individual wire spools have 
been tried. No entirely satisfactory sys- 


Summary 


Following the description of the manu- 
facturing methods used in the United 
States for production of high-frequency 
cables for communication purposes, the 
informal discussion centered on the fol- 
lowing specific problems: difference in 
extrusion methods in the United States 
and Great Britain; differences in the tol- 
erance requirements of high-frequency 
cables in the United States and Great 
Britain; the fundamental reasons for 
cold-water and hot-water cooling of the 
extruded core of polyethylene; the need 
for long lengths in cooling troughs; and 


VII. General 


UR PROBLEM in designing cables 
O.::: high frequencies is somewhat dif- 
ferent in detail from that which we have 
had in the past, but basically it comes 
down to these two facts: 


1. What materials have we to work with? 
2. What requirements do we have to meet? 


If the line is many thousand miles long, 
obviously our main consideration is loss. 


Tf it is only a few feet the primary con- 


sideration may be matching the im- 
RES 2 es EE 
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tem has been developed, and this prob- 
lem requires constant attention. 


Manufacturing Tolerances 


Tolerances on the dielectric and con- 
ductor diameters must be kept quite nar- 
row in order to maintain the variation in 
characteristic impedance within the per- 
missible limits. In order to keep a plus or 
minus two-ohm tolerance on the im- 
pedance of 52 ohms, it can be proved that 
neither the central conductor nor the di- 
electric diameter may vary from its 
nominal value by more than plus or 
minus 2.5 per cent. In actual practice it 
has been found possible to maintain the 


the cleanliness requirements in high- 
frequency cable plants. Greenfield, 
Wyatt, Warner, Clarke, Shackleton, 
Sheldon, and Rosch participated in these 
discussions. 

The discussion revealed that there 
exists a difference of opinion as to the best 
over-all cooling procedure for polyethyl- 
ene cores of high-frequency cables, and as 
to the importance of segregation of high- 
frequency-cable production units from 
the syntheticrubber wire and cable 
plants. The general procedure in this 
country is to house the high-frequency- 


Cable Design 
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pedance to the source and load to prevent 
reflections. Again, if the temperature 
under which the equipment operates 
covers a wide range, we must choose ma- 
terials which will maintain their char- 
acteristics well. Sometimes just plain 
mechanical stresses in bending or vibra- 
tion will determine the kind of design we 
finally select. In this, as in all design 
work, we pick the best compromise be- 
tween the conflicting requirements. 

By design we mean determining the 
dimensions using the best materials so that 
the requirements are met. 

I think we can assume in our discussion 
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diameter of extruded polyethylene to 
about two per cent. ASTM tolerances 
on most sizes of copper wire are less than 
2.5 per cent, and the normal variations in 
effective dielectric constant do not ccn- 
tribute more than a few tenths of an ohm 
to the impedance variations, so that in 
general it is possible to maintain the 
over-all impedance characteristics within 
the specified limits. A certain amount of 
difficulty has been experienced with toler- 
ances of the center conductors, particu- 
larly of small sizes or stranded. It has 
been found, also, that care must be taken 
during extrusion in order to prevent 
drawing down of the conductor wire. 
And, again, this problem is more severe 
with smaller sizes of conductors. 


of Discussion on Cable Manufacture 


cable production facilities in an isolated 
unit within the cable plant, and to use 
slow-cooling or annealing process in the 
manufacture of the polyethylene core of 
high-frequency cables. 

The discussion brought out the fact 
that the differences in the production 
methods in the United States and in 
Great Britain are the results of the funda- 
mental differences in the historical ap- 
proach to the manufacturing problem, 
which are further accentuated by the 
differences in the equipments available 
in the two countries. 


Considerations in Radio-Frequency- 


that copper conductors and polyethylene 
insulation are the materials we must work 
with. Variations such as silvered conduc- 
tors or high-resistance wires will be excep- 
tions to the general rule. 

So let us consider the simple case of a 
solid-dielectric coaxial cable of given di- 
ameter to connect two equal impedances 
with minimum loss. If we were working 
at voice frequencies, we would find the 
added a-c resistance of the center conduc-. 
tor changing as the square of the fre- 
quency, but above the kilocycle range the 
reactance inside the metal forces the cur- 
rent to the outer surface, and we find it 
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changing more nearly as the square root 
of the frequency. In this region up to 
some megacycles, it is quite possible on 
paper to design a stranded or braided con- 
ductor which has lower effective resistance 
than a solid one, but the strands soon get 
very fine, and problems of manufacture 
and handling multiply, so that stranding 
with a view to uniform distribution of cur- 
rent over the cross section of the wire 
rarely proves in. Certainly in the ultra- 
high-frequency and very high-frequency 
ranges we concede that the conductor with 
the minimum periphery is the best design 
and go to a stranded conductor only be- 
cause of flexibility requirements. In this 
case it is found that a few large strands 
are better than many fine ones. 

If we look at the transmission equa- 
tions, we find the impedance of a long 
cable is the square root of L/C, and the 
attenuation is proportional to R and 
square root of C/L. The capacity and 
inductance are proportional to the loga- 
rithm of the diameter ratio of the outer 
and inner conductors, and so, without list- 
ing all the formulas, suffice it to say that 
we can proportion the conductors to get 
the desired impedance and, by making 
them large enough, get the loss down to 
reasonable amounts. 

The real design problems come when 
we get down to the fine points of the 
structure. Let us take the distribution of 
the losses in the various components and 
study them individually to see where we 
may be able to compromise so as to use 
less material or get a better product. 

Figure 1 shows the three component 
losses of a line made up of solid-copper 
inner conductor, polyethylene insulation, 
and copper-braid outer conductor. It 
happens to be the standard RG-18/U 
radio-frequency cable. 

The inner and outer conductor con- 
tribute about equal amounts in the case of 
RG-18/U, each of them varying about 
as the square root of the frequency. The 
dielectric loss, however, goes up about 
directly with the frequency, and so, even 
with polyethylene, which has an extremely 
low power factor, this component becomes 
a predominating factor at the very high 
frequencies. 
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Distribution of losses in a typical 


RG-18/U cable 


Figure 1. 


Starting on the outside we can do vari- 
ous things to the braid to reduce its re- 
sistance. The currents try to flow longi- 
tudinally since they encounter larger re- 
actance if they follow the strands; there- 
fore, the longer the lay of the strands, the 
lower the resistance. Of course, the cable 
gets stiffer as the length of lay is increased, 
and so again a compromise between the 
mechanical and electrical requirements 
forces us to a fairly short-lay braid. 
Where a second braid is used, the outer 
one, in general, can be of shorter lay, 
since most of the current remains on the 
inside. When the cable is flexed, the con- 
tacts between strands change, and, if the 
copper is dirty or corroded, the resistance 
may vary considerably. Silver plating 
the strands tends to keep this resistance 
more constant and usually reduces it as 
well because of the better contacts. 

Going now to the dielectric, we di- 
mension it primarily to obtain the proper 
impedance and must take the loss which 
the material produces. The ratio of 
outer to inner diameter is about 3.6 which 
gives an impedance of about 52 ohms. 
With this ratio the inner-conductor di- 
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ameter is determined for a given-size 
cable, and the volume of dielectric is 
fixed. The absolute value of the loss due 
to the insulation is independent of the 
dimensions and is now determined by the 
power factor of the polyethylene, and we 
can do no more about reducing it. 

In general, the best electrical per- 
formance is obtained at the very high 
frequencies with solid inner conductors. 
Without putting such a cable together, 
we can calculate what the impedance and 
losses should be, but when we make it we 
run into such things as variable contact 
in the strands of the conductors and voids 
in the dielectric that make the losses dif- 
ferent from what we expected. By sepa- 
rating the component losses, we can work 
on them to determine how to improve the 
whole. 

There are many special requirements 
besides loss and impedance which deter- 
mine particular designs. For instance, 
for cables which transmit high powers, the 
heat generated in the inner conductor 
must be dissipated through the dielectric. 
Here the power rating is determined by 
the temperature the dielectric will stand. 
If the voltages are high, corona may form 
at.sharp points on the conductors, and 
small strands may produce a very inferior 
cable. In some applications high losses 
instead of low ones are desired for pad- 
ding, especially in cords for test equip- 
ment. For this purpose, high-resistance 
wires may be-used, and then the distri- 
bution of losses is quite different. 

So far we have considered only the co- 
axial type. In certain applications bal- 
anced conductors are needed. Then the 
current distribution in the shield is quite 
different, and the proximity effect of one 
conductor on the resistance of the other 
is large. There are formulas for calculat- 
ing the losses and impedance of such 
cables, and the procedure, while more 
complicated, is the same as for the coaxial 
case. 

Some of these problems are of more in- 
terest than others, and we have asked a 
number of engineers to take up specific 
ones and discuss them in more detail. 
These and other design problems will be 
brought out. 
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IELECTRICS may be described by 
means of a complex dielectric con- 
stant: 


k comp =k’ —jk"’ 


Here k’ is the ordinary dielectric constant 
associated with the component of cur- 
rent out of phase with the applied voltage. 
k"’ is associated with the inphase com- 
ponent of current and hence represents a 
loss of power. The ratio of these two 
components is called the loss tangent: 


Bee 
tan ery, 


For small values this tangent is ap- 
proximately equal to the power factor. 
For dielectrics commonly used in cables, 
tangent delta is usually much less than 
0.01. In such cases, the wave length in 
the cable is well approximated by the 
usual formula: 


fr~. Xo 
Me 


The losses in a dielectric may be due 
either to a true dielectric conductivity or 
to polarization effects in the molecule. In 
either case, one can ascribe the losses to 
an actual or to an equivalent conduc- 
tivity: 


Ca=— — == —— F’ mhos per centimeter 


The dielectric losses are expressible in the 
following alternative forms: 


tan 6 
Xo 


‘decibels per centimeter 


Adi =27.3+/k' 


tan 6 3 ee 2 
x decibels per centimeter 


c 


= 27.3 


=27.3 tan decibels per wavelength in 
cable 


It should be noted that the dielectric loss 
is independent of the dimensions of the 
cable and dependent only on the charac- 
teristics of the dielectric itself. 

For the coaxial line made of simple 
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coaxial cylinders, the characteristic im- 
pedance is given by the familiar expres- 
sion: 


Here a is the radius of the inner conductor 
and b that of the outer conductor. Where 
the center conductor is stranded and the 
outer conductor is a braid, effective values 
for a and b must be used. The losses for 
the case of simple coaxial cylinders.are 
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pqand py are the resistivities of the metals 
of which the inner and outer conductors 
are made. Here again the situation is 
complicated by stranding of the center 
conductor or braiding of the outer con- 
ductor. In each equation, a factor must 
be introduced to adjust for this effect. 
The braid factor is particularly important. 
The braid factor is usually expressed as 
the ratio of the loss due to the actual braid 
as compared to that due to a copper tube 
as outer conductor. 

The total attenuation of a cable is the 
sum of that due to copper and that due to 
dielectric: , 


a= cu ax 


The frequency dependence of these de- 
serves special attention: 


x=af ?+0f 


Both losses increase with frequency but 
at different rates. c and cz are constants. 
¢, depends on the size, material, and con- 
struction of the conductors. cz depends 
on the dielectric constant and power fac- 
tor of the dielectric. 

Since the copper losses vary less with 
frequency it is clear why RG-21/U cable 
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Losses in Radio-Frequency-Cable Components 


with a resistance wire of nichrome for its 
center conductor makes a good attenuat- 
ing cable. 

As an example of the application of the 
principles and equations here described, 
a comparison is given of calculated and 
measured losses for a specific cable: 
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Figure 1. Comparison of calculated and 


measured losses for a specific cable RG-14/U 


© Points are calculated Zo=529 
RG-14/u k'=9.95 
a=0.051 inch tan 6 =0.00037 
b=0.185 inch Braid factor= 4.0 


RG-14/U. The losses due to dielectric, 
inner conductor, and outer conductor are 
shown as calculated from the data given 
in the table. The measured curve, the 
heavy line, is also shown. The sum of 
dielectric and copper losses is shown by 
the six circled points. The agreement is 
seen to be fair at the higher frequencies 
but rather poor at the lower frequencies. 
Here the calculated points show too high 
a loss. This is probably due to the fact 
that the braid factor is not a constant but 
depends on frequency. It is known that. 
the braid factor is smaller at the lower 
frequencies. A braid factor of about two 
would bring the 100-megacycle point into 
agreement with the observations. 
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IX. Radio-Frequency-Cable Power Ratings and Stability 


UPPLEMENTING the fundamental 
S34. of the design of radio-fre- 
quency coaxial cable as reviewed by Mr. 
Wentz, there are certain details of suffi- 
cient interest to justify some additional 
amplification. A factor of considerable 
importance to the successful use of radio- 
frequency cable for many applications is 
the matter of power rating, which of 
course must be adequate to meet a given 
set of conditions at hand. 

Determination of power ratings de- 
pends on 


1. The relative distribution of electrical 
losses, in the conductors and the dielectric. 


2. Thermal conductivities of the compo- 
neuts of the particular structure and the rate 
of heat dissipation from the outer covering 


The problem of power rating was ap- 
proached in a manner similar to the 
method used in setting the rating ‘for 
ordinary power cables. The relative elec- 
trical losses in the central conductor, the 
dielectric, and the braid were determined 
experimentally and checked by calcula- 
tion. The thermal resistivities of the ma- 
terials including the braid itself, as well 
as the jacket, were measured on a number 
of samples. The particular structure in- 
volved, namely that of the coaxial, deter- 
mined the relation between the thermal 
resistivities of the materials and the 
thermal resistance to the flow of heat from 
the inner conductor to the outer conduc- 
tor. As is well known to power-cable 
engineers, the thermal resistance to the 
radial flow of heat through a coaxial 
structure is proportional to the product 
of the thermal resistivity and the loga- 
rithm of the diameter ratio familiar to im- 
pedance and capacitance calculations. 
The limiting factor which dictates de- 
sign considerations is the maximum allow- 
able temperature of the dielectric itself 
at its hottest point. In a coaxial cable 
the hottest point in the dielectric is at the 
surface of the central conductor. Esti- 
mates of suitable power ratings, therefore, 
were made with a predetermined maxi- 
mum temperature for the hot point in the 
dielectric with some factor of safety in the 
choice of the maximum allowable tem- 
perature to which the dielectric (poly- 
ethylene) may be subjected. It is of in- 
terest to note that, from the standpoint 
of temperature rise at the surface of the 
central conductor, the loss in the dielec- 
tric, being distributed in the manner 
peculiar to coaxial structures, is equiva- 
lent to one-half the total dielectric loss 
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concentrated at the surface of the central 
conductor itself. 

Unless the attenuation of a coaxial 
cable is fairly stable with time and tem- 
perature, a rating of the maximum allow- 
able power in the cable is comparatively 
meaningless. Also, instability invites pos- 
sible failure due to the establishment of a 
vicious circle in case the dissipation of 
power causes undue increase in loss. For- 
tunately the design and manufacture of 
cables having remarkable stability has 
been achieved. 

In order to obtain a knowledge of de- 
sign factors affecting stability, an in- 
vestigation of the losses in the central 
conductor and the braid was begun early 
in 1941, at which time test equipment for 
direct measurement of the electric param- 
eters was available only in the low- 
megacycle region. ‘It is evident that 
stability is a function of the magnitude 
of the absolute losses in the two conduc- 
tors; hence, the losses should be kept as 
low as practicable. It was soon dis- 
covered, for example, that an improperly 
designed braid could have a resistance 
factor many times that of an equivalent 
copper tube. For comparison. purposes, 
therefore, the copper tube was chosen as a 
standard of reference for which high-fre- 
quency metallic losses may be computed 
with greater accuracy than it is possible 
to make measurements. Investigation 
disclosed that, as would be expected, 
braids having a long lay are better than 
short-lay braids. Also, braids having 
large conductors are superior, indicating 
that the consequent reduction in number 
of contacts is desirable. A 1/1 type of 
braid weave was found to be slightly bet- 
ter than the 2/2 type of weave. Coverage 
or fullness of braids is also of importance, 
and it was found that overcrowding of the 
wires in a strand is undesirable from the 
standpoint of resistance factor as well as 
shielding effect. Metals having inherently 
low contact resistance possess merits over 
those of high contact resistance. This of 
course indicates that current flow in a 
braid is not only along the wires them- 
selves but also through the contacts be- 
tween the wires. As would be expected 
from this consideration, the pressure hold- 
ing the wires in contact with each other 
enters into the ultimate losses in the struc- 
ture. This dictates the desirability of a 
tight braid and of a jacket having capa- 
bilities of exerting some pressure over-all. 

Early in this work it also was found that 
the factors which affected the quality of a 
braid from the standpoint of loss were also 
pertinent in the design of central conduc- 
tors. Since the flexibility demanded the 
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use of multiple conductors rather than a 
solid conductor, which may be considered 
ideal electrically, numerous designs having 
multiple strands were tried. As in the 
case of braids, it was found that an im- 
properly designed multiple conductor 
could produce losses greatly in excess of 
those obtained with a solid conductor of 
such size as to give the same capacitance 
as the multiple conductor under con- 
sideration. Fortunately a simple multiple 
conductor consisting of six wires stranded 
around one was found very satisfactory 
when properly assembled, and particu- 
larly when constructed of metals having 
inherently low surface-contact resistance. 
A comparison of resistance factors for 
several braids and central conductors 
demonstrating the effect of design vari- 
ables is shown in Table I. 

In the considerations just mentioned 
the optimum electrical design has been 
emphasized. Unfortunately, mechanical 
requirements are often in conflict with 
electrical requirements, and the final de- 
sign must be a compromise between the 
two. Length of lay of braids and strand- 
ing lay of center conductors are good 
examples. The mechanical characteris- 
tics of various braid and center-conductor 
designs were determined by handling and 
flexing tests. As a result of this work, 
well-balanced designs were arrived at in 
which the braid and the center conductor 
would withstand approximately the same 
amount of handling. This applies par- 
ticularly to cables intended for service 
involving appreciable flexing. 

After factors related to the general de- 
sign of braids and central conductors have 
been examined, it is of interest to note 
what results have been obtained in prac- 


tice, in regard to the stability of the at- 


\ 
Table I. Comparison of Resistance Factors 
for Braids and Central Conductors 


0.39-Inch-Inside-Diameter Braids 


Length of lay... 3U/ Pinch waemane es eee ee 3.8 
SO ey ince fete 4.3 
Number 30 American Wire 
Wareisizeue ee Gatigesek emis Ba ote 3.8 
Number 34 American Wire 
Gauge...) ote eee re | 
Coverage...... { 85 per cent fullancenneee 4.1 
105\per cent fulla. yee ee 5.3 
Ub eres Scin Gonbawenine 3.8 
Weave. <o.+-.: { 2/2 nn. boa dee ee 4.1 
Silvers vist. siataseraeon ae ee 3.1 
Surface metal. , | COPPeL... j....ccsecsccewees 3.8 
Lead) alloy. sc seen teuneene 4.9 
Central Conductors 
Single solid-copper wire.../-eeee ae eens 1.0 
7 silvered-copper wires stranded 6 around 1..... cles 
7 copper wires stranded 6 around 1............ Le) 
19 copper wires stranded 12 around 6 around 1...6.6 
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tenuation with time, temperature, and 
flexing. In order to determine the degree 
of stability which has resulted from the 
design work already discussed, a number 
of cables have been under test for about 
100 days at a top temperature approach- 


X. Shielding Characteristics of Radio- 


HE PROBLEM of cable shielding 

from the standpoint of this discussion 
involves keeping energy inside or outside 
the cable. Shielding serves other useful 
purposes such as ground protection around 
high-voltage circuits. 

Greater and greater emphasis on circuit 
isolation is becoming necessary. This 
increased emphasis is due to several fac- 
tors, such as the need for greater sensi- 
tivity in receivers, the increasing number 
of equipment types with its consequent 
filling of the frequency spectrum, and the 
closer and closer proximity in which these 
equipments are being operated. 

From the standpoint of energy lost 
from a given equipment the amount that 
escapes through a single braided coaxial 
cable is negligible. However, when a 
transmitter operates near a receiver of 
another equipment this leakage power be- 
comes very important. Even though the 
two are not operating on the same fre- 
quency, interference to the receiver can 
and does occur. Many equipments, not 
necessarily only electronic but electronic 
as well, are inherently noise generators. 
These require adequate shielding to pro- 
tect surrounding equipment from inter- 
ference. 

A theory of shielding is discussed in 
Bell Laboratories Record, March 1936. In 
this article S. Schelknoff considers the 
energy spreading radially outward from 
acable. He considers this as being com- 
posed of an electric field parallel to the 


wire and a magnetic vector at right angles: 


to the wire and the radial line. The 
shielding effectiveness is found to be due 
to two factors: 


1. Reflection at surfaces of changing im- 


_ pedance. 


2. Penetration losses in the shield itself. 


Figure 1 shows characteristics radial 
impedance as a function of frequency for 
different materials. It is noticed that for 
low frequencies magnetic materials may 


have higher impedances than air. Table — 


I shows experimental data verifying the 
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ing 200 degrees Fahrenheit. During this 
time, periodic returns to room tempera- 
ture were made. Also, certain cables were 
subjected to flexing in combination with 
temperature cycles. In the case of cables 
which embody the features which make 
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theory. This work has been done for 
solid materials, but the same attack is 
useful for braids. For frequencies up to 
1 megacycle, the effect seems to be the 
same as for solid materials, and above, the 
braids start having effect. 

Other experimental work has been car- 
ried out using well-shielded sources and 
loads with a cable between. In this 
comparative shielding, measurements are 
made of the voltage developed across the 
outside of the cable. An example of such 
results is shown in Figure 2 where the 
voltage is measured across four feet of 
cable with the same inside noise source 
being used for different numbers and types 
of braids. The cable is electrically the 
same as RG25/U and RG64/U. These 
measurements were made at Bell Tele- 
phone Laboratories, and similar types 
are used by other manufacturers of 
shielding. Conduit has been made which 


‘is at least 12 decibels better than solid 


copper tube 0.035 inch in thickness at 
Titeflex. 

In these designs the primary criteria 
has been skin depth. 


x 


e 
J—5030—-er 
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d=depth of penetration (centimeters) 
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( th of surface value) 
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p=permeability of material 
f=frequency 


Marked improvements are being gained 
by the use of higher-resistance higher- 


Sree Flu f 


RADIAL IMPEDANCE 


FREQUENCY 


Figure 1. Characteristic radial impedance as 
a function of frequency for different materials 
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for stability, the maximum deviation in 
attenuation from the initial value for all 
conditions of temperature and flexing has 
not exceeded about ten per cent. Special 
cables of the high-loss type have shown 
even less variation than ten per cent. 


Frequency Cables 


permeability materials for outer shields. 

In Figure 2 we noticed the gain ob- 
tained in shielding in using more braids. 
Roughly we expect 40 decibels improve- 
ment in shielding when using two braids 
versus one. Experience shows the ef- 
fectiveness of various two-shielded cables 
to be about the same (the armor braid 
on cables being considered an additional 
shield). Differences between shield sepa- 
ration and actual contact of the two 
braids may cause differences of two to one 
in the shielding effectiveness. However, 
from the standpoint of interference this 
can be neglected as there are coupling 
factors over which we do not have suffi- 
cient control to make this difference 
significant. For certain applications 
more braids may be necessary, but two 
shields are usually employed. For power 
circuits two are usually required and 
three or four more may be required. For 
receiver circuits operating in noise fields 
two are often needed and requests have 
been made for three. 

It is important to point out that cable 
termination is another source of trouble. 
Many examples have occurred wherein 
blame has been laid to cable shielding for 
interference when the actual cause was 
poor braid termination. It is necessary 
to have very low-resistance terminations 
for both braids. These also should main- 
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SHIELDS 96 PER CENT COVERAGE 
4 SHIELDS 96 PER CENT COVERAGE 


MICROVOLTS DROP ACROSS 4 FT OF CABLE 
2SHIELDS 96 PER CENT COVERAGE 
2 SHIELDS 100 PER CENT COVERAGE 
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CABLES WITH VARYING SHIELDING 


Figure 2. Gain obtained in shielding by using 
more braids 
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tain shielding around the end of the cable, 
and the low resistance should be main- 
tained around this circumference at as 
many points as possible. 

Experience, not engineering knowledge, 
is about all that is available in this field, 
and a great deal more research is needed. 
Most of the development work upon 
cable shielding (outside of the telephone 
communications field) has been done by 
the people concerned with airplane-igni- 
tion shielding. The techniques used 
have been of the second type outlined. 
These have been useful and practical, 
but the experimental approach used to 
to confirm Schelknoff’s theory should be 
more productive. For example, better 


XI. Types of Radio-Frequency Cables 


N OUTLINE has been given of the 

electrical and mechanical prin- 

ciples that determine the design of high- 
frequency cable. 

The application of these principles to 
formulate correct design procedure and 
correct designs for high-frequency cable 
has necessitated the closest co-operation 
among equipment designers, equipment 
users, research and testing laboratories, 
and cable manufacturers. The contribu- 
tions of these varied groups has resulted 
in a continual and desirable evolution of 
high-frequency-cable design and manu- 
facturing techniques during the last few 
years. Hundreds, and perhaps thou- 
sands, of different high-frequency cables 
have been submitted to laboratories by 
high-frequency cable manufacturers, to 
equipment designers, and to service 
agencies for test, evaluation, and trial 
installations. At every stage of this 
evolution cable manufacturers have pro- 


duced large quantities of high-frequency 


cable for urgent and immediate require- 
ments in accordance with the latest 
knowledge and best materials available at 
that time. 

Specifications for high-frequency cable 
have kept in step with this evolution and 
have been changed often to incorporate 
new materials, new processes, new tests, 
new designs, or to standardize the cable 
components or high-frequency cables 
themselves. The preparation of specifi- 
cations for high-frequency cable has not 
been an easy task because high-frequency 
cable must meet very exacting service 
requirements yet be capable of being built 
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Table I. 


Calculated and Measured Losses 


ee 


: Measured 

pase eaked SSS Calculated Loss, Attenuation Reflection Loss, 
Material Mils Kilocycles Total, Decibels Decibels 

43.7 
Copper...o2- 66s 52 oe Jo omacsoatc { o siege! SG 52.1 
| ee 39.8 
Aluminum.......-.- USM sarverstcher cele { regieen 47.6 
SOs tes Bae) 
PAO ab ogdo aod do8Ge 15 od ongwuc { ino) eee 38.5 
£0 heme sd 
Teac ieretaeteveperelausiareials SG ica eioslas oioceiere { 150M ea. 52.3 


shielding will be required upon many air- 
plane equipments where weight consider- 
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with available cable manufacturing equip- 
ment. 

The Army-Navy Radio-Frequency Co- 
ordinating Committee has produced two 
aids to users and manufacturers of high- 
frequency cable: 


1. “Joint Army-Navy Specification JA N- 
C-17 for Coaxial Cables.” 


2. “Army-Navy Standard List of Radio- 
Frequency Cables.” 


This joint Army-Navy specification 
JAN-C-17 completely outlines the field 
of high-frequency cable as far as any 
questions may arise which concern the 
high-frequency cable manufacturer. 

The specification incorporates industry 
standards already existent, such as Ameri- 
can Society for Testing Materials stand- 
ards, wherever possible to specify the re- 
quirements for the components, such as 
the copper conductors. 

In addition JAN-C-17 describes the 
construction of high-frequency cables in 
detail, specifies the allowable tolerances, 
and lists the test procedures necessary 
for type approval, for engineering data, or 
to check any production lot. Over 42 
high-frequency cables appear in these 
specifications. Each of these types of 
high-frequency cable is identified by an 
RG number, such as RG-5/U, RG-6/U, 
or RG-8/U. 

Specification JAN-C-17 requires the 
over-all protection for most of the high- 
frequency cables to be a synthetic resin 
jacket consisting of polyvinyl chloride or 
copolymer, vinyl chloride—vinyl acetate 
compositions. As service conditions re- 
quire the use of these cables in many tem- 
peratures, the jacketed cable is sampled 
and tested often during production for 
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ations will require the best shielding de- 
signs possible. 


and Specifications 


cold-temperature flexibility. The di- 
mensional requirements also are very 
strict to facilitate the use of these cables 
with connectors. A few of these cables. 
utilize a thin polyethylene jacket over all. 

The high-frequency cables range in 
size from the smallest cable, the .RG- 
58/U, which has an outside diameter of 
0.195 inch and weighs only 2.5 pounds. 
per 100 feet to the RG-20/U which has 
an outside diameter of 1.195 inches 
maximum and a weight of 92.5 pounds 
per 100 feet. 

The ‘‘Army-Navy Standard List of 
Radio-frequency Cables” primarily 
serves the user of high-frequency cable. 
This list includes the 30 standard cables, 
the use of which is allowed in new elec- 
tronic equipments for Army-Navy use. 
The 30 cables are grouped and classified 
by their most important characteristic. 

Figure 1 shows the ‘Army-Navy 
Standard List of Radio-Frequency 
Cables” issue of October 15, 1944. The 
information presented not only includes. 
the physical dimensions and construction 
but also the nominal electrical character- 
istics. The cables are divided into groups. 

Group one consists of 12 cables with an 
impedance of 50 to 55 ohms and group 
two of five cables with an impedance 
of 70 to 80 ohms. The cables in these 
two groups are built in accordance with 
conventional high-frequency cable prac- 
tice, that is a central copper conductor, 
polyethylene dielectric, either one or two. 
copper shielding braids, synthetic resin 
jacket, and in some instances a basket- 
weave steel armor over all. 

Groups three and four include the RG 
high-frequency cables which can be con- 
sidered as special high-frequency cables. 
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ARMY-NAVY STANDARD LIST OF R.F CABLES 
15 OCTUBER 1944 


ARMY poms NOMINAL 
{ NOMINAL | MAXIMUM 
Lass OF NAVY Inwen | DIEIEC. pers SHIELDING PROTECTIVE | OVERALL | “EIGHT | NOMINAL | Capact- loPERATING 
CABLES TYPE | CONDUCTOR a ae BRAID COVERING DIA. POUNDS/ |IMPEDANCE TANCE | VOLTAG 
NUMBER LECTRIC FT. OHMS GLTAGE 
ractae) (IN.) MF / FOOT. RMS 
, oe res RG-58/U a A.W.G. 0.116 Tinned Vinyl 0.195 0.025 53.5 28.5 1900 General purpose small 
copper Copper > size flexible cable 
0.106 52.0 3.5 4000 General purpose medium 
size flexible cable 
Vinyl Max.) 0.146 29.5 4000 Same as RG-8/U armored 
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{Non-contamin- for Naval equipment 


ating) and 
Armor 


RG-8/U 7/21 A.W.G. 0.285 Copper Vinyl 
Copper 
RG-10/U | 7/21 A.W.G. 0.285 Copper 
Copper 
RG-17/U | 0.188 0.680 Copper 
Copper 
. Copper 
RG-9/U 7/21 A.W.G. 


Copper 
iA Copper 
Silvered 


RG-14/U | 10 A.W.G. 0.370 Copper 
Copper 

RG-74/U | 10 A.W.G. 0.370 Copper 
Copper 


Vinyl 0.870 0.460 11,000. | Large high power !low 
(Non-contamin- attenuation transmis- 
ating) - sion cable 


Vinyl 
(Non-contamin- 
ating) Armor 


Same as RG-17/U armored 
for Naval equipment 
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Vinyl 
(Non-contamin- 
ating) 


Vinyl 
(Nop-contamin- 
ating) Armor 


Very large high power 
low attenuation trans- 
mission cable 


Same as RG-19/U armor 
for Naval equipment 


Small size flexible 
cable : 
x Small microwave cable 


Medium size, low level 
circuit cable 
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0.087 53.5 


General purpose semi- 
flexible power trans- 
mission cable 


Same as RG-14/U armor 
\for Naval equipment 
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Medium size, flexible 
video and communica- 
tion cable 


Same as RG-11/U armored 
for Naval equipment 


0.475 0.141 75.0 
(Non-contamin- 


ating) and 


i eae 
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Small size video and 
I.F. cable 
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RG-13/U | 7/26 A.W.G. 0.126 74.0 
Tinned 
Copper 


2 Cond. 
#18 A.W.G. 


Small size twin con- 
ductor cable 


Single-Tinned 
Copper 
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Large size twin con- 
ductor cable 
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Sing le-Tinned 
Copper 


0.067 53.0 Special attenuating 
cable with small tem- 
perature coefficient 


of attenuation 


High 
Attenu- 
ation 


High Im4 RG-65/U 
pedance 


Singie | RG-62/U 
Capaci- | Braid 
tone’  RG-63/U 
Double 
Braid 


Single | RG-26/U 
Braid 
RG-27/U 
RG-64/U | 19/0.0117 
Tinned 


RG-25/U | 19/0.0117 
Tinned 
Copper 


19/Q.0185 
Tinned 
Copper 


Twisting] Single | RG-41/U 16/30, i 
Applica-| Braid A.W.G. Tin- 
tion c ___| ned Copper 


SES: 
1. Dielectric Materials 
A Stabilized Polyethylene 
C Syrtnetic Rubber Compound _ 4 
D Layer of Synthetic Rubber Dielectric Between Thin - i 
Layers of Conduct ing Rubber ri Fi gure 


Resistance 
Wire 


High impedance video 
cable, High delay 


No, 32 For- 
mex F Helix 


ay 


Small size low capaci- 
tance air-spaced cable 


Medium size low capaci- 
tance air-spaced cable 


93.0 13.5 7S 


Vinyl 


Small size low capaci- 
tance air-spaced cable 
for 1,F. purposes 


Polyethylene 


Medium size pulse cable 
armored for Naval - 
equipment 


19/0.0117 
Tinned 


Large size pulse cable 
armored for Naval 
equipment 


19/0.9185 
Tinned 


ao. ier il al 
Tinned Copper] Neoprene 


Inner-Tinned 4 Synthetic Rub- | 0,805 
Copper Outer-|! 
Galvanized 
Steél 


Special twisting pulse 
cable for Naval 


equipment 


2. This Value is the Diameter Over the Outer Layer 
of Conducting Rubber 
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That is their physical construction varies 
considerably from the conventional con- 
struction just described to attain differ- 
ent electrical characteristics. 

The twin conductor cables, an attenu- 
ating cable, a high-impedance cable, and 
three low-capacitance cables are listed in 


XIl. 


HERE ARE a large number of cases 

in which it is required to transfer 
electric power at high frequencies by 
means of twin-conductor cable. For ex- 
ample, high-power transmitting dipole 
antennas require twin-conductor cable 
capable of operating at high voltage and 
high frequency with minimum losses. 
So, too, do the dipole receiving antennas 
require twin cable, but with somewhat 
different working characteristics. Meas- 
uring circuits also very often require 
twin cable and, in general, whenever a 
circuit source of balanced power, neither 
side of which is at ground potential, must 
be transmitted by wire, a twin- or duplex- 
conductor cable will be utilized. Con- 
version of coaxial circuits to balanced 
twins may also be desirable to obtain 
better shielding. 

Design considerations for twin-con- 
ductor cable involve much the same prob- 
lems and limitations as for coaxial cable. 
However, the mathematics for the twin 
is far more complicated, and, in fact, there 

“are no exact solutions available for any 
but the most simple of configurations. 
This comes about, of course, as a result 
of nonuniform distribution of electric 
and magnetic fields and, in the case of the 
unshielded twin, refraction of the electric 
field at the dielectric boundaries. 

Broadly speaking, there are about 
eight principal factors which are required 
to guide the designer before he can solve 
his twin-conductor-cable problem. These 
are: 


Maximum operating frequency range. 
Required impedance. 

Maximum permitted unbalance. 
Maximum power transfer. 

Maximum permitted loss. 

Maximum operating voltage. 

Ambient temperature range. 
Mechanical conditions of installation. 
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Unfortunately, in a presentation of this 


E. W. GREENFIELD is head of the electrical labora- 
tory, engineering department, Anaconda Wire and 
Cable Company, Hastings-on-Hudson, N. Y. 


932 


these two groups. The capacitance of 
these semisolid low-capacitance cables is 
about one half of the capacitance of 
equivalent solid dielectric high-frequency 
cables. 

Groups five and six show the RG high- 
frequency cables insulated with syn- 


Conductor Cable 
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limited nature there is insufficient time to 
discuss all of the afore-mentioned factors. 
It is suggested, therefore, that we first 
examine the procedures for evaluating 
characteristic impedance, since these 
generally are a fundamental requirement, 
and then discuss losses in twin-conductor 
cable. 

In the megacycle frequency range, char- 
acteristic impedance is for all purposes 
equal to the square root of the ratio of 
inductance to capacitance. 

The calculation of inductance for equal 
round-conductor twins presents no great 
problem. At high frequency the internal 
inductances of each conductor certainly 
can be neglected. However, when the 
conductor radii are not small as compared 
to their separation the mutual actions 
between currents in the two wires cause 
“‘proximity’’ effect which is a further dis- 
tortion of the current distribution, so 
that the assumption of cylindrical sheets 
is not admissible. At high frequency for 
nonmagnetic materials then: 


L=0.281 log cas § millihenry per 1,000 feet 
4 (for a>>r) (1) 


and 


L=0.281 oa millihenryper 


a+ | 
2r 
1,000 feet (for r appreciable as com- 
pared toa) (2) 
where 


ry =conductor radius 
a=separation of conductor axis 


In these equations for inductance the 
kinds of conductor and dielectric mate- 
rial, so long as they are nonmagnetic, are 
of little importance. So also is the shape 
of the surrounding dielectric and to some 
extent the question as to whether the 
cable has or has not a shield over the di- 
electric. 

On the other hand, the evaluation of 
capacitance for a twin-conductor cable 
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thetic rubber insulation. 
only cables in the ‘Army-Navy Stand- 
ard List of Radio-Frequency Cables’’ 
utilizing synthetic-rubber insulations 
rather than polyethylene. The pulse 
cables and a flexible rubber-insulated 
cable are included in these two groups. 


Design Considerations of High-Frequency Twin- 


is definitely not simple. The kind of di- 
electric material, its shape and extent, 
and the presence or absence of a grounded 
shield over all are all equally as important 
as conductor size and separation. For 
equal round conductors symmetrically 
located within a cylindrically shaped 
uniform dielectric having a conducting 
shield over all there are available a num- 
ber of more or less rigorous expressions 
for capacitance. That due to Russell and 
independently to Breisig is given as fol- 
lows: 


Capacitance between conductors = 


3.68 X 107% € é 
microfarads per 1,000 feet 


(3) 


2a D*?—a? 
los=—— 
d D?+a? 


Two types of shielded twin ultra- 
high-frequency cables 


Figure 1. 


Characteristic impedance about 100 ohms 


Figure 2._ A group of unshielded twin ultra- 
high-frequency cables 


The lower two have a characteristic impedance 


of approximately 200 ohms 
The upper one has a characteristic impedance 
of approximately 300 ohms 
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These are the 


Table |. 


Capacitance of Twin-Conductor Cable 


Cable Description 


Capacitance at 1,000 Cycles Per Second, 
Micromicrofarads Per Foot 


Measured Computed 
Conductor Conductor Shielded Unshi 
; . : ; ° C unshielded 
4 Major Axis, Minor Axis, Separation, Diameter, Insulating Braid Case Using Case Using 
hape Inch Inch Inch Inch Material Shielded Unshielded Equation 3 Equation 4 
SoTL Co I Arcee et O;28S eo ie as oT eee 0.101 0.046 Polyethyl 
tate ee svete ICIS cree arate LOLODs scn cisle sists sls oshiv age ea ae LOCO 
Ovals i ite 0. 550me5 Seats LB ly eae 0.380 ewes O08 Sitter aes Polyethylene......... LO Qu mmeantsaawetaleay syakts~Oistoiouet seve eae UR de, oon care ge 9.28 
Oval i. I acts. shes ORS TS on ates = C2 a sos O05 5 wr. aarmuees 0:034 Fees: Polyethylene. . 5. ...... be OCemetees ausieusast hae aoe tere wos receeys DG Ue Pte cuc moire 11.8 
where Capacitance of shielded twin cables assuming ground remote and an infinite 


a@=separation of conductor axis 

d=conductor diameter 

D=diameter of insulation 

€=dielectric constant of 
terial. 


insulating ma- 


Equation 3 neglects ‘‘proximity”’ effect 
which, as in the case of inductance, will 
modify the resulting capacitance when 
the conductor size is greater than about 
one-tenth their separation. When prox- 
imity effect is taken into account, it will 
be found to decrease inductance (see 
equation 2) but to increase capacitance. 
However, for all practical twin-conductor 
designs, it is not necessary to take “‘prox- 
imity”’ effect into the equations, since the 
error by not doing so is by far the least 
among the other uncertainties present. 
For example, in an open two-wire line one 
inch in separation, the conductor diame- 
ters can be as much as half the line separa- 
tion and yet will give only an error of —5 
per cent when proximity is neglected. 


Summary 


This discussion was entirely on shield- 
ing. It was brought out that most radio- 
frequency shielding studies have been on 
coaxial cables. In balanced circuits re- 
quirement must be placed on the balance 
if the shield provided is to be effective. 
Balanced systems for shielding must be 
transformed to unbalanced ones to use 


the present line of connectors. An article. 
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which are not circular in section cannot be 
computed in any systematic manner. 
However, it is found that for the usual 
oval shielded-type twin cable as used by 
the Signal Corps equation 3 can be used 
to give a close estimate of the capacitance 
between conductors. All symbols are 
used as given in the equation with the 
exception that D is taken as the oval’s 
major axis width. For so-called ‘‘flat” 
constructions the foregoing procedure 
gives values which are too great and is 
not recommended. 


For unshielded twin cables, capacitance 
computations cannot be made with any 
certainty at all. Although for design 
purposes it is valid to assume ground far 
away, conditions of operation often bring 
grounded objects adjacent to the cable 
and in fact may cause considerable un- 
balance between conductors. To get a 
first-hand approximation, one can calcu- 
late the capacitance between conductors 


extent of dielectric as follows: 


OLS pe) Omen 
C= ae RET microfarads per 1,000 feet 
oe 
log —— (4) 
where 


a=separation of conductor axis 
r =conductor radius 
€= dielectric constant 


Equation 4 will yield values which are 
anywhere from 15 to 75 per cent too high 
depending on the size and shape of the 
cable. Table I gives capacitance design 
data on a number of shielded and un- 
shielded twin cables. These twins and 
others are pictured in Figures 1 and 2. 

It follows that in all but the simplest 
cases one cannot lay out the final twin- 
cable design for characteristic impedance, 
but from preliminary approximations an 
experimental cable must be made and 
measured for conformity to desired 
values. 


of Discussion on Cable Design 


on this subject was published in Electrical 
Communication, 1945. 

It was pointed out that an important 
problem in getting proper shielding is 
good bonding of the outer conductor and 
the shield of apparatus. 

Armor acts as shielding, and in the 
RG-26/U it is about equivalent to the 
extra copper layer on RG-25/U. Semi- 
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conducting jackets are ineffective as 
shields because the conductivity is too 
low. 


Reference 


1. Sprecrat Aspects or HicH-FREQUENCY FLEXIBLE. 
BaLANcep Casvgs, N. Marchand. Electrical Com- 
munication, volume 22, 1945, number 3, page 193. 


933 


XIll. 


Methods of Electrical and Mechanical Testing of 


Radio-Frequency Cables at the Naval Research Laboratory 


HE FOLLOWING methods of electri- 
Ta: and mechanical testing are in gen- 
eral use at the Naval Research Labora- 
tory for the type-approval testing of 
radio-frequency cables submitted by the 
various manufacturers and for special 
tests. Many of the methods originated 
at this laboratory. 


Measurement of Attenuation 


NAVAL RESEARCH LABORATORY METHOD 
FOR THE FREQUENCY RANGE OF THE 
ORDER OF 100 To 400 MEGACYCLES 


This method is in general use by cable 
manufacturers and combines the advan- 
tages of accuracy, simplicity, speed, and 
wide range of applicability. The method 
is applicable to cables of any size or char- 
acteristic impedance of both the concen- 
tric and twin-conductor varieties. It 
does not require' the application of con- 
nectors to the sample under test and em- 
ploys a low-voltage low-power oscillator. 

The equipment consists of an oscillator 
unit, a vacuum-tube voltmeter unit, and 
nonreactive coupling loops which are 
used to terminate the cable under test. 
The oscillator unit uses a type-955 acorn 
triode in a tunable lumped oscillator 
circuit contained in a small metal box. 
A tunable circuit is also mounted on the 
box, partly inside and partly outside. 
The inside portion is loosely coupled to 
the oscillator, while the exterior portion 
is arranged so that it can be coupled 
magnetically with other circuits. The 
vacuum-tube voltmeter employs a type- 
9005 diode in a similar box. The input 
circuit of the diode is tunable and runs 
outside of the box so as to permit also 
magnetic coupling with other circuits. 
The nonreactive coupling loops are each 
a single turn of heavy wire with a small 
capacitor in series to compensate for the 
inductance of the loop. A loop is sol- 
dered on each end of the cable between 
the center conductor and braid in the case 
of concentric cable or between the two 
conductors in the case of twin-conductor 
cable. The two ends of the cable under 
test are brought to within about a foot 
and a half of each other, and the braid is 
well grounded to a common metal plate. 

In making the measurement, the os- 
cillator unit is first coupled directly to the 

voltmeter circuit. 
used, the circuits are tuned to resonance. 
Then, by moving the boxes, the coupling 
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is increased until the maximum volt- 
meter reading is obtained. This corre- 
sponds with the well-known critical or 
optimum coupling of resonant circuits. 
Next, utilizing the nonreactive coupling 
loops, the oscillator unit is coupled 
through the cable under test to the volt- 
meter unit, and the coupling of each unit 
is adjusted for a second maximum volt- 
meter reading. These adjustments auto- 
matically terminate the cable in its char- 
acteristic impedance, and the power in 
the voltmeter in the second step is equal 
to that in the first, excepting for the power 
loss in the cable under test. Hence the 
ratio of these two powers gives the at- 
tenuation. 

Originally the voltmeter tubes were 
calibrated for voltage at 60 cycles, and 
the attenuation was calculated from the 
ratio of the voltage readings. ‘The method 
was of sufficient accuracy to be very tse- 
ful for several years in the development 
and production testing of radio-frequency 
cables. However, comparison with re- 
sults obtained by the Bell Telephone 
Laboratories in the investigation re- 
ported upon by C. C. Fleming indicated 
that the Naval Research Laboratory re- 
sults were 10 to 15 per cent high. Inves- 
tigation showed that the error resulted 
from variations in impedance with volt- 
age in the measurement diode, due to 
transit time, which produced variations in 
impedance in the voltmeter tuned-input 
circuit, so that power ratios did not corre- 
spond exactly with voltage-squared ratios. 
Looser coupling of the diode to its tuned 
input circuit minimized the error but 
with the inconvenient requirement of 
more power in the oscillator unit. A 
method of calibration was developed, 
using a piston-type mutual-inductance 
attenuator which gives a calibration, at 
the frequency of the measurement, of 
voltmeter circuit power plotted with an 
arbitrary decibel scale, against voltmeter 
deflection. The difference in decibel 


readings for the two deflections observed 


in the measurement gives directly the 
attenuation of the cable in decibels. 
Complete agreement with Bell Labora- 
tory results are now obtained. 


PREFERRED METHOD FOR FREQUENCIES 
OF THE ORDER OF 1,000 MrGaAcyCLES 


In the first step of this method, about 
100 feet of the cable under test is included 
in a series circuit comprising the oscilla- 
tion generator, variable attenuator, test 
cable, and receiver. ‘Lossy’ cable is also 
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included to isolate the various elements, 
and the cable under test is terminated 
with matching stub tuners. With a low 
setting of the variable attenuator, the 
tuners are adjusted for the best output of 
the receiver. A short length of similar 
cable then is substituted for the long 
length, and, without readjustment of the 
stub tuners, the attenuator setting is in- 
creased until the same receiver output is 
obtained. The difference in the attenua- 
tor settings measures the attenuation 
corresponding to the change in cable 
length. A piston-type mutual-induct- 
ance attenuator is convenient for this 
test. 


METHOD FOR FREQUENCIES OF THE ORDER 
oF ONE MEGACYCLE 


This method is essentially a measure- 
ment of resistance, conductance, induct- 
ance, and capacitance per unit length 
using a Q meter or the equivalent. A 
length of cable short relative to one 
eighth of a wave length is employed. 
With the far end short-circuited, the 
cable is first inserted in series in the Q- 
meter circuit; the change in Q reading 
and tuning capacitance giving the resist- 
ance and inductance of the cable sample. 
With the far end open, the cable is con- 
nected across the tuning capacity of the 
Q meter; the change in Q reading and 
tuning capacitance giving the’ conduct- 
ance and the capacitance of the sample. 
If we assume that the cable length to be 
short enough so that the current is sub- 
stantially uniform in the first case and 
the voltage uniform in the second case, the 
quantitites Ri, Gi, L1, and C, per unit 
length are obtained by dividing by the 
length. The error due to this assumption 
is in the direction of giving too high 
values for these quantities. A first-order 
correction can be applied by reducing the 
LI, and C; values by the same percentage 
that the tangent of the electrical angle 
(tan 27l1/d) exceeds the angle in radians 
(271/d), where | is the length of the cable 
and A the wave length in the cable. The 
R, and G,; values should be reduced by 
twice this percentage. The attenuation 


is given by 
R 
Att(db/100 ft) = ssaai( 3 + G20) 
0 
where 
iy = VIi ih Ci 


The term G,Z) is frequently negligible 
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particularly at the lower frequencies, with 
the smaller cables. and with low-loss in- 
sulations. 


MetTHop EMPLOYING RESONANT CABLE 
LENGTHS 


This laboratory has employed for about 
four years a method of deriving the attenu- 
ation from the measurement of the ef- 
fective resistance of antiresonant lengths 
of cable which has been of particular 
value in certain applications. An odd 
number of quarter wave lengths short-cir- 
cuited at the far end, or an even number 
of quarter wave lengths open-circuited, 
can be employed. Generally in this labo- 
ratory the measurements have been made 
in the range of 100 to 300 megacycles on 
short lengths of cable using special imped- 
ance measuring equipment. TheQ-meter 
has also been used down to frequencies as 
low as two megacycles with about 100 feet 
of cable. Atsuch alow frequency, it is de- 
sirable to parallel the Q-meter capacitor 
with another variable capacitor of about 
1,500 micromicrofarads capacitance. 
The measurement is made by interpola- 
tion between several values of resistors 
which are substituted for the cable across 
the tuning capacitor of the Q meter. 
Type F, IRC, ceramic resistors are suit- 
able for this purpose having very low 
frequency corrections up to values of 
20,000 ohms and a frequency of 50 mega- 
cycles.! The attenuation is given by 


Z 
Att(db/100 ft) =26,500 mi 


T 


where 


Z)=characteristic impedance of cable 
1=total length of cable in centimeters 
R,=measured resonant resistance 


The method is particularly applicable 
to very low low-loss cables such as large- 
diameter gas-filled lines and at the higher 
frequencies to measure short lengths of 
cable. For example, the braid resistance 
factor is determined by measuring a 
short length of cable with the braid and 
then replacing the braid by copper foil. 


Determination of Velocity of 
Propagation and Characteristic 
Impedance 


The velocity of propagation is given by 
the frequency and length of a resonant 
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length of cable. The method generally 
in use by this laboratory and the cable 
manufacturers for polyethylene cables 
employs a cable length of 1.5 meters 
which is three quarters of a wave length 
at approximately 100 megacycles and is 
series resonant when open-circuited at 
the far end. The near end is terminated 
with a noninductive loop tunable about 
100 megacycles by a small variable trim- 
mer capacitor. The system is loosely 
coupled to an oscillator which is varied 
in frequency about 100 megacycles until 
resonance is indicated by a dip in a grid 
meter. The loop is then short-circuited 
on itself and the trimmer adjusted until 
the loop itself is in resonance with the 
oscillator. The loop is again made to 
terminate the cable and the oscillator re- 
adjusted for resonance with the system. 
Several repetitions of this procedure result 
in the loop, the cable, and the oscillator, 
each individually being tuned accurately 
to the same frequency f. If the cable 
length is 1.5 meters, the velocity of propa- 
gation in the cable in per cent of the ve- 
locity in free space is given by 


V (per cent) =?/:f; f in megacycles 


Based upon this method, W. A. McCool 
of this laboratory originated a so-called 
VP meter adapted for rapid testing, in 
which the tunings of the loop circuit and 
the oscillator circuit are tracked and con- 
trolled by a single dial. When the test 
cable is inserted in the loop circuit, reso- 
nance occurs and is indicated at only one 
position of the dial which can be cali- 
brated to read velocity of propagation 
directly. 

The characteristic impedance V Li/C; 
is usually derived from the velocity of 
propagation 1/ V1,C, and capacitance 
of the cable. If C is the capacitance of 
the 1.5-meter length of cable in micro- 
microfarads, the characteristic imped- 
ance is given by 


am 600,000 
~ V(per cent) XC 


0 


This assumes low-loss cable. The ca- 
pacitance measurement may be made at 
1,000 cycles to one megacycle. 

At the lower frequencies, the velocity 
of propagation and characteristic im- 
pedance will differ somewhat from the 


high-frequency values owing to current 
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penetration into the conductors: The 
values can be computed from Z; and C; 
as determined in the section, ‘‘Method 
for Frequencies of the Order of One 
Megacycle.” 


Corona-Initiation Tests 


The method of testing at this labora- 
tory for the initiation of corona at high 
voltage is described in another part of the 
paper by Ensign D. C. Depackh. 


Mechanical Tests 


FLow TESTS AT ELEVATED TEMPERATURE 


A not very scientific but practical test 
for flow of the dielectric in cables at ele- 
vated temperature was developed by this- 
laboratory and adopted in Army—Navy 
specifications. A 12-inch length of cable 
is prepared so as to expose one inch of 
the inner conductor at each end. Weights: 
specified for each cable size are attached 
to the inner conductor at the ends. The 
cable is then draped over a circular man- 
dril of specified size in an oven with the 
weights hanging free and tending to 
cause the inner conductor to cut through 
the dielectric. For polyethylene dielec- 
tric the temperature is raised to 98 de- 
grees centigrade for seven hours. Any 
displacement of the inner conductor is 
observed by an X-ray picture or by slic- 
ing the cable and is strictly limited in the 
specifications. 


CoLtp BenD TEST 


A standard length of cable is cooled and 
bent over a standard mandril, and ob- 
servation for possible failure is made. 
In general the cause of failure is cracking 
of the jacket. In the case of a plasticized 
polyvinyl jacket the test is effected at 
—50 degrees centigrade. 


Twist TESTS 
The cable is repeatedly twisted under 


conditions simulating the most severe : 


practical application until failure occurs 
generally caused by rupture of the inner 
conductor or braid. 


Reference 


1. Miller, Salzberg. RCA Review, April 1939, 
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XIV. Electrical Tests Over a Range of Frequencies 


ARTLY at the request of the Navy 

Department, during 1942 the Bell 
Telephone Laboratories became actively 
involved in a program of measurement of 
electric-transmission characteristics of 
radio-frequency cables. There was great- 
est interest in improvement of the pre- 
cision of attenuation measurements. At 
that time, the state of the art was such 
that spot measurements had been made 
at various isolated frequencies, but little 
if any wide-range data had been obtained 
on any one cable sample. Since the re- 
sistance of a cable braid and the power 
factor of the dielectric were almost always 
in doubt, we had no adequate check of 
the precision of specific measurements on 
a specific set. 

We therefore sought to develop means 
for measuring attenuation over as wide a 
frequency range as possible and to let the 
smoothness of a curve through the meas- 
ured points be one of the criteria of pre- 
cision. It was realized that it would be 
necessary to use many test sets, each of 
which would be useful in only a restricted 
range of frequencies. However, we have 
gone through this procedure and find that 
we can plot smooth curves of attenuation 
against frequency over a range of 20 to 
3,000 megacycles. Concurrently, other 
work has been proceeding on evaluation 
of the shunt and series losses in cables. 


ce Pe eee UNDER TEST |Loss Reve 
ce Pe PAD Reve 
t Figure 1. (left) Gen- 
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Therefore, with the aid of certain meas- 
urements or reasonable assumptions as 
to components, we are now able to add 
up attenuation components to check 
within a few per cent a smooth curve 
drawn through measured points. 

We have investigated many methods of 
utilization of standing wave phenomena, 
but have found that the method of most 
general value is that of measuring the in- 
sertion loss of a cable sample which has 
considerable attenuation at the frequency 
of test. In a sense this is a brute-force 
method requiring test samples of long 
length. At frequencies above 100 mega- 
cycles, however, it is generally possible to 
restrict test samples to lengths of the 
order of 100 or 200 feet. 

Figure 1 shows the essential elements 
of any setup for measuring insertion loss. 
It is assumed either that the indicating 
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meter is calibrated in decibels or that it 
includes a variable attenuator calibrated 
in decibels. ‘Reference’ and ‘‘measure”’ 
readings are taken, respectively, without 
and with the cable under test in circuit, 
and the cable attenuation is determined 
by subtraction. It may be noted that 
two loss pads are shown. If the loss-pad 
cables closely matched the impedance of 
the cable under test, and if the cable con- 
nectors introduced no impedance ir- 
regularity, it would be possible to elim- 
inate one of the isolating pads, and still 
read true attenuation differences on the 
indicating meter. However, since we 
cannot be certain of these factors at high 
frequencies, it is our general practice to 
provide as good a termination as possible 
on each side of the-cable under test. 
Note also that if the indicating meter is 
placed ahead of the second loss pad, the 
sensitivity requirement of the indicating 
device is reduced. 

This principle is utilized in our shielded 
voltmeter set, a block diagram of which 
is shown in Figure 2. The equipment 
is so named in order to distinguish it 
from a Naval Research Laboratory test 
set which operates in a similar frequency 
range, but which utilizes coupling loops 
external to the oscillator and voltmeter. 
The shielded voltméter consists of a type- 
9004 diode vacuum tube mounted on a 


SI4S-Fee st 


eralized setup for 
insertion-loss tests 


short section of air-dielectric coaxial line 
of impedance about equal to that of the 
cable under test and enclosed in a com- 
pletely shielded copper box. Rectified 
current is read on a sensitive microam- 
meter calibrated in decibels. Inthe range 
of 140 to 420 megacycles for which the set 
was originally designed, we have used a 
General Radio 757A oscillator. This type 
is now unavailable, but is reported to have 
been replaced by the 857A. The same 
diode voltmeter may be used in the region 
of 20 to 50 megacycles by provision of a 
suitable oscillator and loss pads. In this 
range we have used an oscillator of special 
design built around a type HY-615 
vacuum tube. The probable precision 
of attenuation measurements on the 
shielded voltmeter is conservatively rated 
at +5 per cent. 

Most of the standard radio-frequency 
cables have a characteristic impedance 
in the region of 50 or 75 ohms. For both 
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the shielded voltmeter and the hetero- 
dyne detector sets to be descriked later, 

sets of pads of both impedances have 
been provided. For each measurement 
the pads more closely matching the cable 
under test are used. For 50-ohm meas- 
urements, we have standardized on type- 
N connectors; and for 75-ohm measure- 
ments, Holmdel connectors. It is under- 
stood that 75-ohm type-N connectors 
will be available in the near future. As 
a further refinement of impedance match- 
ing, the shielded voltmeter is provided , 
with inner conductors of different diame- 
ters, one of which is inserted for 50-ohm 
tests, the other for 75-ohm tests. 

At higher frequencies, it has appeared 
desirable to read attenuation differences 
on a variable attenuator operating at a 
frequency considerably lower than that 
of test: This has been accomplished by 
utilization of the double-detection or 
heterodyne-detection systems of Figure 3. 
The method has been used in the regions 
of 1,100 and 3,000 megacycles, but may 
be extended to any part of the radio-fre- 
quency spectrum in which oscillators are 
available. In different frequency ranges, 
it is in general also necessary to change 
the design of the crystal converter to 
tune at the desired frequency. 

Two oscillators with frequencies 60 
megacycles apart are introduced into an 
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Figure 2. Shielded voltmeter set 


Preferred Cable Attenuations 


Range, Mc Test Cable Pad and Termination 
SOS5OMaen eae 1O0dbat50mc ..... 7 db at 50 me 
140-490...... 10 dbat400mc..... 20 db at 400 mc 


International type of crystal converter; 
the beat oscillator directly, and the signal 
oscillator through isolating loss pads and | 
the cable under test. The difference 
frequency product is fed into a 60-mega- 
cycle intermediate-frequency system con- 
sisting of a variable attenuator, high gain 
amplifier, rectifier, and indicating meter. 
The decibel difference between conditions 
of constant indicated output, with and 
without the test cable in circuit, is read on 
the 60-megacycle variable attenuator. 
The probable precision of results is about 
+3 per cent. To achieve linearity of 
conversion of voltage ratios in the signal 
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Figure 3. Heterodyne detector for 3,000 or 1,100 


megacycles 


meter for cable tests 
at 100 megacycles 


Velocity, impe- 
dance, and attenu- 
ation 


Test cable should have 15-30 decibels loss 


circuit to voltage ratios in the 60-mega- 
cycle circuit, that is, to insure decibel-for- 
decibel conversion, it is necessary that 
the crystal operate at essentially the same 
point of its characteristic at both ‘“‘refer- 
ence’ and “‘measure’’ conditions. This 
is accomplished by taking two precau- 
tions regarding voltage level differences: 


1. The beat oscillator must be sufficiently 
powerful to ‘‘bias’”’ the crystal at some sig- 
nificant current value, in this case about 1.2 
milliamperes. 


2. At the crystal, the level of the signal 
voltage should at all times be at least 25 
decibels below the voltage from the beat 
oscillator. 


Oscillators at 1,100 and 3,000 mega- 
cycles are of special design. At 1,100 
megacycles, type-GL-446 Lighthouse tubes 
are used in resonant cavities. These are 
specialized triodes with elements of cy- 
lindrical structure. At 3,000 megacycles, 
a velocity-modulated type is used. 

We have commonly used one other test 
method which does not fall in the inser- 
tion loss category. This is the use of a 
Q meter to measure cable samples of 
relatively short physical length which 
resonate electrically at about 100 mega- 
cycles. The cable characteristics deter- 
mined by the method are velocity ratio, 
characteristic impedance, and attenua- 
tion at about 100 megacycles. Theoreti- 
cal considerations and comparison meas- 
urements indicate that,-if the structure 
of a polyethylene cable does not vary 
with length, velocity and impedance are 
effectively constant between 100 mega- 
cycles and 3,000 megacycles. The neces- 
sary measured quantities to be observed 
on a test sample are: physical length, 
electrical length, resonant frequency, 
effective resistance at resonance, and 
capacitance at a low frequency such as 
1,000 cycles per second. 

A Boonton 170A Q meter is shown 
schematically in Figure 4. It is apparent 
that the device is essentially a variable- 
oscillator, tunable series-resonant circuit, 
and a device indicating the peak voltage 
(or Q) across the variable capacitor at 
resonance. The cable sample, which is 
connected across the variable capacitor, 
is commonly of electrical length equal to 
a multiple of half wave lengths, and is 
left open-circuited at the far end, For 
instance a test sample of RG-8/U cable 
is about 31/4 feet long, a half wave length 
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open-circuited. In some cases a test 
sample may have electrical length of an 
odd number of quarter wave lengths, with 
the far end short-circuited. In all in- 
stances, the junction between the test 
cable and the Q meter occurs at a high- 
impedance point on the resonant cable. 

The resonant frequency is determined 
by finding the frequency at which the 
setting of the variable capacitor for reso- 
nance is the same with and without the 
test cable in circuit. From the physical 
and electrical lengths and the resonant 
frequency, the velocity ratio is calculated. 
From these data and a measurement of 
capacitance at 1,000 cycles per second by 
any standard method, the characteristic 
impedance is calculated. 

The equivalent resonance resistance of 
the cable sample is determined by com- 
parison of the relative Q of the cable with 
that of a number of International Re- 
sistance Company type-F resistances in 
the range of the value of resistance 
of the cable. To increase precision, 
the values of relative Q are read on an 
external meter of 10 or 30: microamperes 
full-scale sensitivity. It has been deter- 
mined that the resistance of these type-F 
resistors under 10,000 ohms remains 
constant from direct current to 100 mega- 
cycles. Therefore, it is found convenient 
to measure the resistors on a standard 
Wheatstone bridgé at direct current, and 
to plot a curve of meter deflection against 
d-c resistance. On this curve the value 
of resistance of the cable may be spotted. 
From the measured resistance and the 
previously measured quantities, the cable 
attenuation at the resonant frequency is 
calculated. For 50-ohm cables, the pre- 
cision is within + 5 per cent. 

It should be emphasized that use of 
the foregoing procedure places no de- 
pendence on absolute values read on the 
Q indicating meter and the variable- 
capacitance dial of the Q meter. Owing 
to the inductance of internal leads and 
other more obscure parasitic effects, it 
appears that at 100 megacycles the ab- 
solute capacitance and Q indicated by 
commercial Q meters may be seriously in 
error and that the error may vary con- 
siderably between different instruments. 
On the other hand, assumption of the 
constancy of resistance of the type-F 
resistors appears to be well justified by 
tests at the Naval Research Laboratory, 
Bell Telephone Laboratories, and else- 
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Figure 5. Attenuation of RG-18/U and 
RG-21/U cables 


where. Moreover, the attenuation re- 
sults obtained by the resistance-compari- 
son method lie very nicely on curves of 
attenuation against frequency. 

All the methods described have been 
used to determine the measured attenua- 
tion values plotted in Figure 5. The 
curves of attenuation against frequency 
drawn through the measured points are 
in close agreement with the results of 
theoretical analysis. Some degree of en- 
gineering judgment is required in making 
such comparisons, but it is possible to 
calculate closely enough to enable a test 
engineer to maintain a critical attitude 
toward test results. The curves of Figure 
5 may be considered as examples. The 
curve for RG-21/U cable is very nearly 
a straight line with slope of 0.5. This 
result is in accord with the concentration 
of attenuation in the high-resistance-alloy 
inner conductor, the attenuation compo- 
nent of which varies as the square root 
of frequency. Considering the curve for 
RG-18/U cable, it may be noted that the 
slope of the curve increases with fre- 
quency. This is caused by the dominance 
at lower frequencies of conductor losses 
which vary about as the square root of 
frequency, and by the increasing per- 
centage contribution at higher frequencies 
of dielectric loss which varies about as 
the first power of frequency. As to ab- 
solute magnitude of attenuation, the 
RG-18/U cable, by virtue of its compara- 
tively large size and solid-copper inner 
conductor, has much lower attenuation 
than RG-21/U at all frequencies. By 
means of reasoning, similar but more 
laborious in extent, the details of config- 
uration of measured curves may be evalu- 
ated theoretically. 
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XV. The S-Function Method of Measuring Attenuation of 
Coaxial Radio-Frequency Cable 


URING the last few years coaxial 

radio-frequency cable has been pur- 
chased in large quantities by the Army 
and the Navy for use in aircraft and sur- 
face vessels as radio and video transmis- 
sion lines. Inspection of this cable has 
been carried out at the factories in ac- 
cordance with the requirements of the 
applicable specifications, the latest of 
which is the Joint Army-Navy Specifica- 
tion JAN-C-17. These specifications 
require frequent measurements, at the 
factories, of characteristic impedance 
and attenuation during production. 

Characteristic impedance generally has 
been determined from results of capact- 
tance and velocity of propagation tests on 
samples of cable approximately five feet 
long. Accuracy of measurements by this 
method easily can be kept to within one 
per cent. 

Attenuation measurements generally 
have been made at one or more frequen- 
cies such as 100 megacycles or 400 mega- 
cycles, by a method involving samples 
approximately 100 feet long. It has been 
shown by a series of comparison tests that 
results of measurements by this method 
on different equipments and at different 
laboratories may vary by as much as 20 
per cent on one sample. This can be at- 
tributed partially to the use of nonstand- 
ard equipments and to the highly skilled 
technique required in making the meas- 
urements. 

Another method of measuring the at- 
tenuation, known as the S-function 
method, is here described. This method 
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Table |. Comparison of Results of Measure- 
ments by Various Government and Commer- 
cial Laboratories of Attenuation of a Sample 


of RG-8/U Cable 


N at 100 Megacycles 
(in Decibels Per 100 


Method Laboratory Feet) 
| Rhea > eae terres Bi cckik Sees 1.65 
1 Sons PREY 
OE et Bs pee Bre fica J ore «ta aioe 2.01 
OE he Oe Eas tales TES ON SE 8 ar 2.13 

Beis pate puentwlene 2.0 

3(d=19 inches).....- See aise te 2.14 
3(d=38 inches)......Sesevceeee eee 217 
3(d= 59 inches)......S...00e5 000055 +214 
Abeer eit Bit? fece Se re ae eee 2.13 


are subject to errors in direct proportion 
to the relative error in the supplied value 
of the characteristic impedance. This 
method, however, is limited by the de- 
sign of available equipment to frequen- 
cies frori about 1 to 100 megacycles. 

To measure attentuation of a cable 
sample by the S-function method, the 
approximate length of sample is deter- 
mined by the formula: 


(1) 


feet 


mc 


where 


Method 1, described in the General Electric Re- 
view for September 1941, employs diode voltmeter 
at the ends of a cable sample which is terminated in 
its own characteristic impedance. 


Method 2, one most commonly employed at 
radio-frequency-cable factories, uses tuned circuits 
to couple the cable to an oscillator and a diode 
voltmeter. 


Method 3, described in the January 1945 Proceedings 
of the Institute of Radio Engineers, employs short 
resonant lengths of cable whose impedances are 
measured by a Q meter with an inductance con- 
nected. 


Method 4 is the S-function method. 


has been found to be simpler, faster, and 
more convenient than any other in gen- 
eral use. Also, it requires samples which 
are shorter and whose lengths are less 
critical than do other, methods so far 
proposed. For example, the best length 
of RG-8/U cable for a 100-megacycle 
test is ll inches. Although a knowledge 
of the characteristic impedance is re- 
quired, an error in its value generally will 
not affect adversely the attenuation re- 
sults, which is in contrast to some meth- 
ods using resonant lengths of cable, which 


Figure 1. S-func- 
tion curve for deter- 
mining attenuation 
Plot of S= 
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Stewart— Measuring Attenuation 


V =relative velocity of propagation 


fmc=test frequency in megacycles 


Next, the sample is short-circuited at one 
end and trimmed at the other end for con- 
nection to the Q meter. The Q meter is 
operated in the usual manner for testing 
coils, and values of f, Q, and C are re- 
corded. M is determined from the for- 
mula: 


M =2710 fine Crnmy Lig (2) 


where 


fme=test frequency in megacycles 

Cnmp= capacitance dial setting micromicro- 
farads 

Z,=characteristic impedance in ohms 
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Figure 2. Results of attenuation measure- 


ments on radio-frequency cable RG-7/U by 
the S-function method (6) compared with 
engineering data listed in Joint Army-Navy 
Specification JAN-C-17, paragraph E-3 (X) 
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This value of M is applied to the chart 
in Figure 1 to obtain S, which is inserted 
in the following formula for attenuation: 


Ss 
Oe decibels per 100 feet (3) 


It can be shown that if the sample length 
d is held to within ten per cent of the 
length d,, prescribed by equation 1, a ten- 
per-cent error in Z, will cause less than 
two-per-cent error in attenuation JN, and 
likewise a 20-per-cent error in Z, will 
cause less than a six-per-cent error in JV. 
Also, it can be shown that, if as cal- 
culated is held to within ten per cent of 
M,, a 20-per-cent error in M (which 
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N THE MAIN, cable corona is consid- 
ered as being due to the presence of 
minute air voids within the body of the 
dielectric or adjacent to the inner or outer 
conductor. That this hypothesis is justi- 
fied is well established by examination of 
cables in which corona is known to occur 
and by the experimental behavior of 
cables under test; their performance is 
identical with that of a capacitance- 
shunted gap in series with another ca- 
pacitance, the whole being shunted by a 
large capacitor whose capacitance is 
equal to that of the cable under test. 
The gaps and their associated capaci- 
tances are basically microscopic circuits 
whose effects are to be measured by de- 
tection circuits capable of responding to 
macroscopic phenomena. 

In order that such measurements may 
be carried out, it is necessary to trans- 
form the physical discharge into an elec- 
trically measurable quantity and to 
eliminate from the detecting circuit the 
component due to the applied voltage, 
whose amplitude is in general enormously 
greater than the corona-discharge ampli- 
tudes to be measured. This transforma- 
tion can be effected in a variety of ways. 
Series detection involves the transforma- 
tion of the discharge into a current; when 
this current passes through a small im- 
pedance in series with the cable, a voltage 
drop is created which may be measured 
by an oscilloscope or other device. Inthe 
case of shunt detection the minute change 
of voltage across the cable is measured 
Se ees ee eee 
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would be due mainly to error in Z,) would 
cause less than a four-per-cent error in NV. 
A typical sample of coaxial cable, about 
200 feet long, was tested at several Gov- 
ernment and commercial laboratories by 
various methods at 100 megacycles. The 
results are listed in Table I. It will be 
seen that the result obtained by the S- 
function method agrees closely with the 
average of the results of other methods. 
In Figure 2, results obtained on a sam- 
ple of RG-7/U cable at frequencies from 
1 to 100 megacycles by the S-function 
method have been plotted and compared 
with nominal values listed in the Joint 
Army-Navy Specification JAN-C-17. 


and Rubber Cables 
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by connecting the detecting circuit to the 
high-potential side of the cable through 
a capacitor of sufficient insulating 
strength to withstand the applied voltage 
without corona of its own. Again, the 
detecting circuits themselves may differ. 
In aseries circuit, for example, the applied 
voltage component may be eliminated by 
bridge-balancing methods, in which a 
corona-free capacitor and associated im- 
pedance are made one side of a bridge of 
which the cable and its series impedance 
to ground are made the other side. The 
bridge then is unbalanced by corona oc- 
curring in the cable arm; this can be de- 
tected by an_oscilloscope suitably con- 
nected. 

Also, use may be made of the fact that 
the discharge in air at normal pressure 
has frequency components extending to 
hundreds of megacycles; that is, the 
breakdown process itself is exceedingly 
rapid. Thus the applied voltage compo- 
nent may be eliminated by using amplify- 
ing systems designed to have high gain 
over a band of frequencies not including 
the high-voltage components. 

The problem in the case of 60-cycle 
sine-wave initiation measurements is a 
relatively simple one, and most of the 
methods already outlined have been used 
at one time or another in the measure- 
ment of corona-initiation point in these 
cables. Thus, the original method of de- 
tection used by the Bell Telephone Labo- 
ratory consisted of a shunt detector anda 
rather narrow-band selective amplifier 
operating around one megacycle per 
second. In their tests a loudspeaker is 
used by detection and audio amplification 
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The measurement results lie almost in a 
straight line on log paper. 

Tests were attempted at 200 mega- 
cycles, but in each case the results were 
from 10 to 15 per cent higher than values 
obtained by other methods or by extra- 
polation from lower frequencies. This 
is probably due to losses in the Q meter 
and cable terminals, and possibly to some 
radiation. At frequencies below one 
megacycle, for most types of cable now 
in use, the Q values are too low to read 
accurately. Consequently, it is recom- 
mended that for presently available 
equipment this method be limited to fre- 
quencies from 1 to 100 megacycles. 


Corona-Initiation Measurements on Polyethylene 


of these components. An oscilloscope 
also can be used with this system; this 
gives better resolving power and ability 
to discriminate against various interfer- 
ence. If adequate provision is taken 
against interference, the loudspeaker 
method is adequate and is in fact used 
in many cases. 

The Naval Research Laboratory em- 
ploys a series detector in a bridge circuit 
for 60-cycle measurements. The oscillo- 
scope is used and the bridge itself pro- 
vides some balancing effect against ex- 
ternal interference. Since the balancing 
capacitor cannot be made precisely identi- 
cal with the cable, it is in general possible 
to balance completely in both amplitude 
and phase for only one frequency. There- 
fore, since there are harmonics present, 
although only to a very small extent, in 
the applied voltage, these can be bal- 
anced only imperfectly. In general, how- 
ever, harmonics can be kept well below 
corona level. Use of the bridge permits 
separation of effects of corona in different 
parts of the system by their characteristic 
appearance on the oscilloscope trace. It 
further permits, by virtue of its accep- 
tance of all frequencies up to the limit of 
the oscilloscope, of some knowledge of 
the type of discharge by observation of 
characteristic oscilloscope patterns. 

D-c pulse measurements have been 
carried out at the Naval Research Lab- 
oratory by similar methods. Pulses of 
varying recurrence rates have been used; 
pulse lengths have been employed of the 
order of 10~® seconds, in which rise and 
decay times were kept negligible com- 
pared with pulse length. A series circuit 
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combining the principles of bridge bal- 
ancing and selective amplification was 
used in these determinations. Since the 
applied voltage in this case contained 
frequency components up to a very high 
order, it was impossible to obtain com- 
plete elimination of the applied voltage, 
even by a combination of these two meth- 
ods. Since the duration of these compo- 
nents is short, however, and is confined to 
the region in the immediate vicinity of the 
rise and fall of the voltage, satisfactory 
indications can be obtained by using 
video-amplifier constants such that the 
trace is not obscured for more than an 
insignificant fraction of the total time. 
It has been found that for relatively 
lossless cables, such as those using poly- 
ethylene dielectric, there is a ratio of 
nearly exactly two between the pulse 
corona point and the 60-cycle sine-wave 
corona point. This has been largely in- 
dependent of pulse wave form and length 
and apparently is explained by the fact 
that in the case of sine-wave corona in the 
steady state it is the peak-to-peak value 
of the voltage which determines the co- 
rona point. For lossy cables, of which 
rubber pulse cables furnish an example, 
this ratio is somewhat less than two; 
this is the result of the fact that the simple 
two-capacitor and gap equivalent circuit 
does not hold accurately for cables of this 
type. If the perfect capacitors are re- 


placed by capacitances of known shunt 


leakage, the analysis predicts a ratio of 
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HIS INSTRUMENT was designed 

and built in an attempt to obtain an 
absolute low-voltage standard of corona. 
It consists of a three-inch-long coaxial 
cylindrical electrode system, the center 
conductor of which is a 0.013-inch stain- 
less-steel wire. The outer conductor con- 
sists of a brass cylinder accurately drilled 
and finished bored on a lathe to 0.1505 
inch diameter. The concentricity of the 
wire is accurately established by capaci- 
tance measurements. 

The dimensions were chosen in order 
to give an ionization point well below the 
ionization point of any of the usual sizes 
of coaxial cable. This instrument then 
may be placed in parallel with a cable 
sample and the corona discharge point 
determined in this way by the corona 
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less than two, depending on the amount of 
loss. 

The preparation of the cable itself for 
corona measurements is an important 
process. The essential thing is to prevent 
the ends of the cable from producing 
spurious corona the effect of which would 
be to give an incorrect corona point, lower 
than the true one. The first of the tech- 
niques used with the object of avoiding 
this spurious corona was employed by the 
Bell Telephone Laboratory and consisted 
of the use of aquadag under the ends of 
the braid of the sample under test; the 
end of the braid itself was covered with 
rubber tape to exclude as much of the air 
as possible. This process required con- 
siderable time and skill for the prepara- 
tion of a sample and was always subject 
to some uncertainty with regard to the 
completeness of the exclusion of the air 
from the ends. Another early technique 
was the use of guard-rings by the Naval 
Research Laboratory; the bridge method 
is such that, if guard rings are used and 
are returned to the same side of the cir- 
cuit as the balancing capacitor, then the 
effect of corona to these rings will be in 
the opposite direction on the oscilloscope 
trace to that corresponding to true cable 
corona. Although this technique is a 
theoretically valid one, it suffers from the 
severe practical disadvantage that the 
guard-ring corona amplitude on the screen 
is so great that extreme difficulty is en- 
countered in discerning the effect of cable 
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detecting device under normal working 
conditions. 

Knowing atmospheric pressure and 
temperature, we can determine the ioni- 
zation voltage of the coaxial cylinder 
standard as follows: 


0.308 
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6=density factor 
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Widmer—A Corona Voltmeter 


corona, particularly if it occurs at a high 
voltage. 

At present almost universal use is made 
of oil-immersion techniques. With rea- 
sonable care they give no trouble and 
well-reproducible results up to corona 
levels now encountered in cables, and the 
preparation of a sample requires only a 
fraction of the time and skill required by 
earlier methods. Rubber cables also may 
be tested by this technique, since the 
deterioration of the rubber is not great if 
the period of immersion is short. Testing 
rubber cables by other methods is ex- 
tremely difficult since the insertion of 
guard rings and the proper application of 
corona-sealing compounds is greatly com- 
plicated by the layer of “conducting”’ 
rubber placed adjacent to the outer con- 
ductor. Moreover.any corona occurring 
in the neighborhood of the ends of the 
cable produces rapid failure of the di- 
electric in this region. Oil immersion is 
therefore almost indispensable in the 
testing of this type of cable. 

This covers briefly the general methods 
and techniques used in corona-initiation 
measurements on polyethylene and rub- 
ber cables. Many problems remain to be 
solved, such as dependence of corona 
point and life of cables on frequency and 
in general under varying conditions of 
applied voltage. Work is going forward 
on all these tests, and it is probable that 
many of these questions will be cleared up 
in the not too distant future. 
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Figure 1. Low-voltage corona standard 
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Measured value of corona voltage using the 
Anaconda internal corona detector =2,850 
volts rms. 

The corona voltage standard may be 
used for two purposes: 


1. Itindicates whether any given discharge 


detector is operating properly as to voltage 
calibration. 


2. It provides, at its corona voltage point, a 
standard volume of ionization which, if 
measured in terms of millivolts output of 
the bridge, filter, and amplifier combination, 


Summary of Discussion on Cable 


Doctor Greenfield stated that the 
corona standard is of value in setting the 
amplification to the same level at all 
times. Ensign Depackh estimated that 
the Naval Research Laboratory voltage 
readings are accurate to less than half 
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of one per cent. Doctor Odarenko asked 
whether anyone was studying corona 
effects at frequencies higher than 60 
cycles. Ensign Depackh answered that, 
at the Naval Research Laboratory, con- 
tinuous-wave equipment is under con- 


Discussion on Cable Testing 


can be used to determine and maintain the 
sensitivity of the discharge detecting equip- 
ment constant. 


Reference 


1, Drerecrric PHENoMENA, F. W. Peek. 


Testing 


struction for corona studies at volt- 
ages up to 40 kv and at spot frequen- 
cies in the range from 10 kilocycles to 
100 megacycles per second. Also equip- 
ment is being made for observations at 
microwaves. 
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The Dielectric Strength 
and Life of Impregnated- 
Paper Insulation—IV 


Discussion and author's closure of paper 45-58 
by J. B. Whitehead and J. M. Kopper, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945, and 
published in AIEE TRANSACTIONS, 1945, 
April section, pages 171-7; earlier discussion 
published in AIEE TRANSACTIONS, 1945, 
pages 477-9. 


A. E. W. Austen (nonmember; The British 
Electrical and Allied Industries Research 
Association, Greenford, Middlesex, Eng- 
land): This discussion refers to the recent 
paper by J. B. Whitehead and J. M. Kopper, 
“The Dielectric Strength and Life of Im- 
pregnated-Paper Insulation—IV,” much of 
which is concerned with discharges in in- 
sulation. A clear understanding of the 
basic mechanism of internal discharges is 
essential in considering the sensitivity of 
detecting apparatus and in interpreting re- 
sults. The present writer and a colleague 
have stated their view! as follows: ‘‘A gas- 
filled hole in solid insulation forms a capaci- 
tor with a second capacitor, formed by the 
solid dielectric, in series with it. The re- 
maining sound dielectric is represented by a 
large capacitance in parallel. When the 
voltage on the whole capacitor attains a 
value stich that the gas in the hole breaks 
down, the voltage on the void decreases 
suddenly to a low value, the discharge is ex- 
tinguished, and the void again becomes in- 
sulating. The whole capacitor thus appears 
to have lost charge and the voltage on its 
terminals will be of the form of a unit func- 
tion.” There is much evidence which sup- 
ports this view and none, as far as is known 
to the writer including the early work of 
Paine, which conflicts with it. Thus it is 
only when the test capacitor itself forms, or 
is connected to a resonant circuit of fre- 
quency not large compared with that of the 
detecting device that the disturbances due 
to discharges will appear to be of any par- 
ticular frequency. Such termsas “‘the range 
of dominant frequencies of the gaseous dis- 
charge in cable insulation’’ used by White- 
head and Kopper are, therefore, in the writ- 
er’s opinion, meaningless. 

The apparatus used by Whitehead and 
Kopper appears from their Table I to be 
very insensitive. Thus if the solid dielec- 
tric in series with their artificial gaps be 
taken as of thickness-0.1 centimeter and di- 
electric constant 4, the size of discharge per 
square centimeter of 0.014-centimeter air 
gap would be 4,000x10~¥ coulomb, which 
gave a deflection of less than one division. 
Sensitivities of 2x10~12 coulomb, that is, 
more than 1,000 times greater, are readily 
attained and commonly used. The conclu- 
sion that the apparatus detects “‘the first 
occurrence of gaseous ionization” is proba- 
bly unjustified, as indeed the authors them- 
selves state in the body of their paper. 

Whitehead and Kopper appear to tend to 
the view that any voltage which produces 
discharges will lead ultimately to break- 
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down, so that, if the long-time breakdown 
voltage is of interest, it is the voltage which 
first produces discharges which should be 
measured. The measurement of time to 
breakdown in the short-time region is a 
measure of the relative ability of the con- 
stituents of the different dielectric samples 
to withstand severe discharges for short 
times, and it by no means follows that such 
ability is associated with a high discharge 
voltage and hence high long-time break- 
down voltage. 

It has been found in our laboratory that 
in well-impregnated paper no discharges 
were detected (and since the sensitivity was 
high it is believed that none occurred) up to 
a high stress at which there was a sudden 
onset of large discharges; discharges then 
persisted down to a very much lower stress, 
of order one sixth the ignition stress and re- 
covery occurred only after some:-hours rest. 
In the opinion of the writer this behavior is 
characteristic of discharges in a gas bubble 
not present initially, but resulting from 
breakdown of oil. In the absence of such 
observations or some other evidence, doubt 
is felt about Whitehead and Kopper’s 
assertion that their specimens were com- 
pletely free from voids. The initial pres- 
ence of voids could account for all the 
observations, since it is to be expected that 
both the denser paper and more viscous oil 
would correspond to poorer impregnation, 
larger voids, lower long-time breakdown 
voltage, and, if the stress-life curves do not 
cross at longer times, the lower breakdown 
voltages observed. : 


REFERENCE 


1. INTERNAL DISCHARGES IN DIBLECTRICS: THEIR 
OBSERVATION AND ANaALysis, A. E. W. Austen, 
W. Hackett. Journal of the Institution of Electrical 
Engineers (London, England), volume 91,"part I, 
1944, page 298. 


J. M. Kopper: The model circuit of Austen 
and Hackett to depict a gas-filled hole in 
solid insulation is reasonable and will have 
an action similar to that of a glow-discharge 
oscillator, its frequency being determined by 
the size of the void, rate of voltage rise 
across the void, and other constants of the 
dielectric circuit. At breakdown of the gas 
in the void the voltage on the whole capaci- 
tor, in the form of a unit function, will pro- 
duce a transient current in the entire circuit 
of which the dielectric is a part. Break- 
down of the gas in voids of various sizes will 
result in the application to the remainder of 
the circuit of unit functions at varying inter- 
vals in the power-frequency cycle. The 
total internal discharge in the insulation 
then will appear to have a conglomerate 
group frequency, which has been found to be 
in the range 4,000 to 10,000 cycles per sec- 
ond.! As the tests reported upon were car- 
ried out at stresses several times those used 
in normal cable operation, ionization, once 
started, reached formidable proportions in a 
comparatively short time. The purpose of 
the ionization recorder was to detect the 
stage in the test at which the ionization lead- 
ing to rapid breakdown began, and then to 
follow the variation of the ionization up to 
failure. 

The sensitivity of the apparatus using the 
recording milliammeter was 4,200X10~¥ 


‘ 
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coulomb per scale division. (In Figures 3 
and 4 of the paper the recorder reading 
should be multiplied by 50 to get the deflec- 
tion in scale divisions.) Had the galva- 
nometer (sensitivity 120 megohms) used ina 
previous investigation? been employed in 
this study, the sensitivity of the equipment 
would have been 1.75X107 coulomb per 
millimeter deflection at a scale distance of 
one meter. \ 


This study was directed only to the ques- 
tion of high- versus low-density paper. The 
superiority of the low-density paper over the 
high-density paper for both a light and a 
heavy oil was shown in these tests, in which 
a high stress was applied rapidly with re- 
sulting breakdown in a few minutes or 
hours; this same superiority was shown in 
earlier relatively long-time step-voltage 
tests.2 The object of the short-time tests 
was to avoid running a sample for years at 
stresses around 60 volts per mil, at which 
stresses Whitehead and Terwilliger found 
the beginnings of internal discharges in oils. 
Whitehead and Shaw? studied internal dis- 
charges in samples similar to the ones in this 
test in the region of 90-750 volts per mil. 
Our apparatus was a recording method for a 
particular approach tothe break down prob- 
lem, making it possible to detect the begin- 
ning of extremely damaging discharge and 
to know when to remove stress from a sam- 
ple of insulation in order to obtain a partial 
failure of 5 to 75 per cent of the insulation 
wall. 


As for the degree of impregnation, a num- 
ber of specimens were opened after appear- 
ance of the smallest trace of ionization, with 
no evidence of gas or failure or at most only 
a single spot of carbon or traces of wax along 
the edge of the paper tape. Any traces of 
air that might have remained after evacua- 
tion at two millimeters mercury pressure 
would have been readily absorbed by the oil. 
The influence on the degree of impregnation 
for both oil viscosity and paper density has 
been shown to be small in an earlier paper 
of this series. The explanation of the re- 
sults is in much evidence that failure begins 
in the oil channels, and in the fact that the 
stress in these channels increases with in- 
creasing paper density, owing to the differ- 
ences in the values of dielectric constant in 
paper and in oil. A strictly rational ex- 
planation of the greater electric strength 
under certain conditions of cable insulation 
made up of papers of two different densities 
over that of paper of a single density is 
given by Whitehead.* 
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A Generalized Circle 


Diagram for a Four- 
Terminal Network and Its 
Application to the 


Capacitor Single-Phase 
Motor 


Discussion and author's closure of paper 45-93 
by J. G. Tarboux, published in AIEE 
TRANSACTIONS, 1945, pages 881-9. 


Edward Bretch (Century Electric Com- 
pany, St. Louis, Mo.): In a squirrel- 
cage motor the magnetic flux becomes sub- 
stantially constant and rotary at and near 
synchronism, irrespective of whether the 
primary excitation is symmetrical polyphase, 
capacitor, or single phase. It is thus evident 
that the synchronous squirrel cage exerts 
an equalizing effect on the flux whereby an 
unbalanced or varying primary magneto- 
motive force produces a constant synchro- 
nous flux. Professor Tarboux accounts for 
the constant synchronous flux produced by 
the unbalanced capacitor excitation by the 
cross-flux theory of the single-phase squirrel- 
cage motor. This theory does not seem to 
visualize clearly how a constant flux is 
developed from a varying primary magneto- 
motive force. 

The theory of the single-phase squirrel- 
cage motor includes two separate and dis- 
tinct problems as follows: 


1. The action of a squirrel-cage rotor in a field 
that is single phase, alternating at standstill, de- 
veloping into a constant-rotary field at synchronism. 


2. The forces and actions that change the single- 
phase alternating field at standstill into a constant- 
rotary field at synchronism. Stated another way, 
how a constant synchronous flux is derived from a 
varying magnetomotive force. 


The first problem has been logically 
treated and practical formulas developed 
that check by test. However, in the second 
problem an attempt to apply the formula 
developed by the cross-flux theory stating 
that the quadrature flux varies directly with 
the speed, results in contradiction. Tests 
show that not only does the quadrature flux 
not increase with the speed above synchro- 
nism, but that it really decreases with over- 
speed. Thus the straight-line relation be- 
tween rotor speed and quadrature flux as- 
sumed in the cross-flux theory does not exist. 

The cross-flux theory is based on the er- 
roneous assumption that two stationary 
single-phase alternating fluxes in time and 
space quadrature combine vectorially into a 
rotary flux. The fallacy of this assumption 
can be illustrated by considering the actions 
of the cathode-ray oscillograph. If a single 
cathode beam is acted on simultaneously by 
two equal alternating electromotive forces 
in time and space quadrature, their forces 
combine vectorially and cause the beam to 
trace a circle. However, if the two electro- 
motive forces are exerted individually on 
two separate beams, causing the beams to 
move in time and space quadrature, and the 
two beams are superimposed on the same 
screen, under these conditions the figure 
traced by the two beams is not a circle, but 
two straight lines at right angles. So it is 
with magnetomotive forces and fluxes. If 
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two equal alternating magnetomotive forces 
in time and space quadrature act simultane- 
ously on a single flux, their forces combine 
vectorially and produce flux rotation. How- 
ever, if the two magnetomotive forces are 
exerted individually to set up two separate 
alternating fluxes in time and space quadra- 
ture, these two fluxes will not then combine 
into a rotary flux. To produce a rotary flux 
the alternating magnetomotive forces in 
time and space quadrature must combine 
vectorially and act on a single flux. The 
vectorial combination takes place in the 
magnetomotive forces and not the fluxes. 
Magnetomotive forces are forces and com- 
bine according to the laws of forces. Fluxes 
are energies and do not follow the laws of 
forces but the laws of energy. While two 
stationary alternating magnetomotive forces 
in time and space quadrature combine into 
a rotary magnetomotive force, two station- 
ary alternating fluxes in time and space 
quadrature do not combine into a rotary 
field. Thus in any squirrel-cage motor, 
whether single phase, capacitor, or poly- 
phase, there is at synchronism but one flux, 
a constant rotating one. Therefore, at syn- 
chronism there can be no stationary single- 
phase flux component for the rotor conduc- 
tors to cut across as assumed in the cross- 
flux theory. 

While it is impossible to resolve a rotary 
field into two stationary single-phase com- 
ponents, it is interesting to consider this 
assumption and see where it leads. In the 
cross-flux theory it is assumed that the 
rotor currents generated by the speed action 
of rotor conductors cutting across the sta- 
tionary alternating main or transformer flux 
lag approximately 90 time degrees. The 
electromotive force developed in the rotor 
conductors by speed action is in position to 
set up a flux at right angles to this assumed 
transformer flux. However, at synchronism 
with the rotor current lagging 90 time de- 
grees, the rotor will move 90 space degrees 
during the time it takes the 90-degree lag- 
ging current to build up, so that when the 
rotor magnetomotive force appears it will 
have moved 90 space degrees from the quad- 
rature position into a position of opposition 
to the main flux. his shifting action of the 
magnetomotiye force is observed in the 
a-c generator and confirms the 90-degree 
space shift of the rotor magnetomotive 
force with 90-degree lagging rotor currents. 
Thus, it is physically impossible for uncom- 
mutated rotor currents generated by speed 
action to develop a cross flux that is in both 
time and:space quadrature with the main 


flux, as assumed in the cross-flux theory. 


The failure to recognize and take into ac- 
count the fundamental differences between 
magnetomotive forces which represent forces 
and follow the laws of forces and fluxes which 
represent energies and follow the law of 
conservation of energy, and also the failure 
to recognize and take into account the fact 
that at synchronism the phase shift of the 
rotor magnetomotive force due to lagging 
uncommutated rotor currents is in space as 
well as in time result in confused reasoning 
and the illogical conclusions embodied in the 
cross-flux theory of the single-phase squirrel- 
cage motor. 


J. G. Tarboux: Edward Bretch has called 
attention to some of the limitations of the 
cross-field theory as applied to the single- 
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phase motor. His comments are well made 
The author had no intention of developing 
any new basic theory; instead he used 
generally accepted laws (see reference 6 of 
the paper) as a starting point (see equations 
11) and from these he has evolved a circle- 
diagram envelope for the current vectors. 

There is no doubt that the criticisms of- 
fered by Mr. Bretch are correct. There are 
many other limitations to the circuit point 
of view as applied to electric machinery, 
particularly of the type studied in this paper. 
The standard circle diagram of the ordinary 
three-phase squirrel-cage motor is not ab- 
solutely correct. Any circle diagram of this 
type implies that all of the circuit parameters 
of the network are absolutely constant in 
magnitude. This is hardly ever true. 
Motor impedances change considerably be- 
tween zero and synchronous speed, owing to 
different degrees of magnetic saturation and 
sometimes the effect of skin effect. The 
presence of harmonics of magnetomotive 
force and flux will also further complicate 
the analyses. 

Considering the several sources of error, 
including those suggested by Mr. Bretch, it 
is quite gratifying to see how closely some 
of the operating characteristics of the capaci- 
tor motor, as obtained from the circle dia- 
gram, check true operating data. The lower 
half of the diagram, corresponding to over- 
synchronous speeds, is of no particular im- 
portance. 


Rewinding Commutator-Type 
Traction Armatures 


Discussion and authors’ closure of paper 45-91 


‘by N.J.Greene,D.E. Stafford, and C. Gentilini, 


published in AIEE TRANSACTIONS, 1945, 
August section, pages 563-9. 


R. A. Hutchins (nonmember; General 
Electric Company, Erie, Pa.): We find 
that this is a well-written article on a timely 
subject, and believe that the detailed sug- 
gestions in general may be followed with 
good results. 


COMMUTATORS 


I do not consider that the authors have 
given sufficient emphasis to the need of 
thoroughly cleaning of commutator slots 
for the new coil leads. The satisfactory 
soldering of armature-coil leads to the com- 
mutator segments can only be obtained 
provided the surface of the copper in the 
commutator slot is free of all foreign mat- 
ter and is not oxidized. After commutator 
slots have been thoroughly cleaned, they 
should be coated with a rosin alcohol flux. 


V-Rinc MIcA PROTECTION 


The use of Fiberglas braid over the out- 
side surface of the V-ring mica which pro- 
jects beyond the commutator is recom- 
mended. Some operators have found that a 
flashover which carries across this bead ring 
does a lot more damage to the bead ring 
if it has been built up with Fiberglas braid 
and varnish than one made up of cotton 
cord that had been filled with varnish. 
There is some question as to whether an 
operator should make the change from the 
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cotton cord with varnish, which has been 
used successfully for many years, to the 
Fiberglas braid. 


BINDING OF ARMATURES 


It is recommended that, “To reduce com- 
mutation voltage and band losses, a non- 
magnetic band wire is desirable on higher- 
speed traction armatures. In the reband- 
ing of armatures the operator should not 
make use of nonmagnetic binding wire un- 
less the manufacturer’s design specified its 
use. If steel binding wire were used for the 
core bands and compensation adjusted for 
the same, a change to nonmagnetic binding 
wire would affect the characteristics of the 
machine and such a change might result in 
unsatisfactory performance. 


R. Beeuwkes (Chicago, Milwaukee, St. 
Paul, and Pacific Railroad Company, 
Seattle, Wash.): I consider that the authors 
of this paper have omitted reference to 
several important factors in rewinding com- 
mutator-type traction motors. These fac- 
tors are as follows: 


1. There has been no mention of suitable megger- 
ing tests during the process of dipping and drying 
armatures in order to determine progress of drying 
and enable the workmen to know when drying is 
complete after any particular dip so that the next 
step of procedure may be started. 


2. No reference is made to turn tests for armature 

coils. These tests, where construction of coil per- 

mits, gives additional assurance that the insulation 
within the coil is in proper shape. 


3. No reference is made to infrared lamps for dty- 
ing armatures. 


4. No mention is made of high-potential tests for 


commutators or armatures after repairs are com- 


pleted. 


5. Manufacturing companies, the Milwaukee Rail- 
road, and, I presume, others, consider that the use 
of pure tin only in soldering coil ends to risers is, 
for various reasons, important, even though other 
solders are used in soldering bands and the like. 


6. Slots in armature risers should be thoroughly 
cleaned before soldering is proceeded with. 


J. W. Teker (General Electric Company, 
Schenectady, N. Y.): The subject of re- 
winding traction motor armatures, as a 
result of the rapid increase in the use of 
- Diesel-electric motive power, is of timely 
interest to the great number now actively 
engaged in directing the maintenance of this 
equipment. The authors have organized 
and presented this subject in clear and excel- 
lent form. 

Apparatus returned from the grueling 
punishment of actual service is worthy of the 
best engineering scrutiny. Often, thought- 
provoking evidence is disclosed, the proper 
analysis of which not only aids the operator 
in making correction, but is an important 
consideration for the designer as well. 

An apparently simple detail such as secur- 
ing the ends of the binding wire, presents a 
number of problems and various solutions. 
The method shown by Figures 6 and 7 in 
the paper can be improved and also simpli- 
fied by anchoring both the start and finish 
ends of the band to the same tie clip. The 
ends of the wire are then linked together by 
a common tie passing under the main body 
of the band. This arrangement is less likely 
to slip or slide apart during a moment of 
excessive overload sufficient to cause solder 
to be melted and thrown off the band. 
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While tinned copper or soft-steel material 
is adequate for intermediate band clips, 
Superascoloy (18-8) is preferable for the 
anchor clip. This material offers greater 
resistance to the tearing through of the hook 
formed on the end of the wire when the full 
stress of the band falls upon it when un- 
soldered. 

When an anchor clip of greater strength 
is required, it is preferable to use two pieces 
together rather than a single piece of double 
thickness to permit easy manipulation when 
forming and pulling tight the loops of the 
clip. 

With reference to the “Guide for Arma- 
ture Rewinding Materials,” we are not in 
agreement with the type of varnish recom- 
mended by the authors for railway applica- 
tion. 

The black synthetic varnishes are an 
improvement over the older asphaltic 
varnishes, but the black pigment is still a 
carbonaceous material which has the effect 
of lowering the arc resistance and probably 
the oil and heat resistance of the synthetic 
base. Synthetic varnishes used, either clear 
or colored, with a mineral pigment are in 
our opinion preferable to the black synthetic 
varnishes. 


A. E. Ganzert (nonmember; Chicago, Rock 
Island, and Pacific Railway Company, 
Chicago, Ill.): It is desirable to finish grind 
commutators at as near normal operating 
speed as possible. 

We have found it desirable to pull the 
equalizer windings down into place with a 
temporary band before applying the main 
winding. 

We have found a fixture with slots, cor- 
responding to the slots in the commutator 
riser, of material advantage in winding arma- 
tures with two piece coils. This arrange- 
ment insures all coils lying in their proper 
position during the entire winding operation 
and overcomes the crowding and attendant 
abuse of coils which might occur if the back 
ends of the coils are not held in a fixed posi- 
tion during the winding operation. 

During the winding operation we have set 
up a schedule of taking insulation-to- 
ground readings and applying a high-po- 
tential test to ground during various stages 
of the winding operation. With this prac- 
tice any defects are located before the 
winding is completed, with the result that 
it is often possible to remedy the defect 
with relatively little expense and labor, 
whereas, if the testing is not done.until the 
winding is completed, it would frequently 
be necessary to remove a considerable por- 
tion of the windings. While this is rather 
obvious, I have known cases where complete 
windings have been removed, owing to a 


defect in the bottom conductors which would ~ 


have been located before the top coils were 
put in place, had a progressive scheme of 
testing been used. 


W.L Conant (nonmember; Illinois Terminal 
Railroad Company, Decatur, Ill.): We 
have one thing to suggest; that is, in the 
analysis of failures, we would recommend 
you stress card records as the first step im- 
portant to making a correct analysis of each 
armature. 5 
Without these card records we would have 


been unable to maintain our armatures 


economically. 


Discussions 


N. J. Greene, D. E. Stafford, and C. Genti- 
lini: The authors thank the several con- 
tributors for their discussions. Comments 
from men haying had long experience in 
traction-motor design and maintenance are 
most valuable and appreciably broaden. the 
coverage of this paper. 

Anchoring the starting and finishing ends 
of the band wire to the same clip, as cited 
by Mr. Teker, is simpler and preferable from 
the standpoint of minimizing loosening of 
the bands, should the solder melt. However, 
multiple tie clips over the starting and 
finishing turns of the band have other ad- 
vantages: 


1. They afford some anchorage in addition to that 
realized by a single tie clip over which the ends of 
the band wire are hooked. 


2. Staggering the starting and finishing ends makes 
possible the use of an extra turn of band wire within 
the same band width. 


3. It is the practice in some rewinding shops to 
start the band with three tie clips at both the start- 
ing and finishing end, insisting that two clips on 
each end be locked, and thus giving the operator one 
free tie-clip break per end without having to re- 
place the entire band. 


The 18-8 stainless steel for the tie clips 
as cited by Mr. Teker-minimizes the hazard 
of tearing and should always be used for tie 
clips 

The black synthetic varnish referred to 
in the table, “(Guide for Armature Rewind- 
ing Material,” refers to modern reactive- 
type synthetic resins: that is, resins that 
react with vegetable drying oils in the pres- 
ence of heat to form a totally new material 
having the original characteristics of neither 
the resins nor of the drying oils. Tests on 
varnishes of this type indicate that the 
black color does not lower the arc resistance 
and that the black varnish is fully as re- 
sistant to heat as the clear varnish and very 
nearly as oilproof. 

The use of a megger for tests during proc- 
ess of dipping and baking to determine prog- 
ress of drying as mentioned by Mr. 
Beeuwkes is good. Normally, after estab- 
lishing a baking cycle for a particular arma- 
ture, a time schedule suffices for repeat 
armatures. 

Testing for quality of insulation between 
turns in multiturn coils both before and 
after installing in the armature is good prac- 
tice. A recent AIEE technical paper! gives 
an interesting description of a relatively new 
surge testing method for checking turn-to- 
turn insulation. 

Mention is made in this paper of test 
voltages with reference to commutator 
ground and bar-to-bar testing. 

Pure tin solder has been generally ac- 
cepted as standard for soldering coil leads 
to commutator risers, and, under the heading 
of ‘“‘Solders” in the ‘Guide for Armature 
Rewinding Materials,” 100-per-cent tin is 
listed along with 95-per-cent tin—5-per-cent 
antimony, and high-temperature alloy. 
Pure tin has a liquefaction and solidification 
point of 450 degrees Fahrenheit, which makes 
it more difficult to use than 95-per-cent tin 
and 5-per-cent antimony, which alloy has a 
slight plastic range and some preferred me- 
chanical properties. Also, the melting point 
of tin is often too low to meet certain condi- — 
tions where alloys melting at 550 degrees 
Fahrenheit are available and do the job. 

Infrared lamps are used frequently and 
successfully for baking varnishes on arma- 
ture windings. They are one of several forms 
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of heat that produce satisfactory results. 

The importance of a card record in con- 
nection with analyzing each armature failure 
as cited by Mr. Conant is a prime requisite to 
good maintenance, and the authors agree 
that its importance cannot be stressed too 
much. 

The discussion by Mr. Ganzert injects a 
number of new thoughts, all of which are 
very important to proper armature main- 
tenance, and the addition of these items 
materially adds to the completeness of this 
paper. The authors particularly favor the 
graduated voltage testing of the several parts 
of the armature assembly as work progresses. 

The emphasis given by Mr. Hutchins to 
proper preparation of the commutator 
risers, along with his additional thoughts for 
providing satisfactory lead to commutator 
soldered joints, are valuable additions. 

Glass braid thoroughly pretreated and 
properly coated with commutator enamel 
has been used extensively for the past five 
years over commutator mica V-ring projec- 
tion, and to the authors’ knowledge the glass 
braid has not contributed to a flashover. 
This, however, is believed to be a function of 
the varnish treatment whether glass- or 
cotton-wrapped. 

Mr. Hutchins’ calling attention to the 
hazard of a change from magnetic to non- 
magnetic banding wire is important, and 
such a change should not be made without 


‘ thorough engineering analysis of its effect on 


commutation. 
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Winding-Fault Detection and 
Location by Surge- 
Comparison Testing 


Discussion and authors’ closure of paper 45-94 
by G. L. Moses and Earl F, Harter, published 
in AIEE TRANSACTIONS, 1945, July sec- 
tion, pages 499-503. 


C. M. Foust and N. Rohats (General Elec- 
tric Company, Schenectady, N. Y.): This 
paper is another of the growing number of 
favorable reports on the multiple-surge 


‘method of testing with the winding-insula- 


tion tester. The authors of this discussion 


pioneered the multiple-surge method some . 


years ago, were impressed with its useful- 
ness, and proceeded steadily with a wide 
range of applications. Three instruments, 
the oscillograph electric-transient analyzer, 
the recovery-voltage analyzer, and the 
winding-insulation tester are now in general 
use and have been reported in the technical 
literature. In addition, modifications of the 
winding-insulation tester have been applied 
to good advantage in the field of aircraft 
magneto and armature testing. Other ap- 
plications have been made to limited extent. 

G. L. Moses and Earl F. Harter have done 
well in reviewing applications already made 
and several new ones. Their paper empha- 
sizes fault detection and location particu- 
larly, and these functions often are per- 
formed quite conveniently with the winding- 


- 1945, Votume 64 


. 


insulation tester. However, it should be 
pointed out that the tester serves primarily 
to very great advantage as a timesaver for 
all-around high-potential testing of winding 
or coil insulation. It made available for the 
first time a high-potential test which stresses 
turn-to-turn, coil-to-coil, and major insula- 
tion in terms of stresses encountered in 
service. Experience has shown that the use 
of the winding-insulation tester has con- 
tributed to improved field performance of 
equipments and coils in important measure. 

The connections of Figures 1C and 1D for 
d-c armature testing are satisfactory for 
small or medium-sized armatures. For 
larger ones which have equalizer connections, 
we have found it necessary to increase the 
surge-generator capacitance, to use con- 
centric leads to minimize the reactance drop, 
and to test from bar to bar in order to get 
about 1,000 volts per coil. This is about as 
high as the commutator will permit without 
flashing over. 

For stator testing Figure 1E showing the 
use of an exploring coil is quite interesting. 
However, it involves some extra: inconveni- 
ence in placing the coils which would have 
to be done quite carefully to insure the same 
degree of coupling for both. 

Figure 8 showing measurement of coil-to- 
coil voltage directly would seem to be sub- 
ject to some errors due to the isolating trans- 
former. The voltage measured would be 
reduced somewhat by the parallel imped- 
ance, although this might be negligible with 
fair-sized test pieces. The isolating trans- 
former itself would seem to be quite a design 
problem if fidelity is important. It may be 
that in most cases of this kind the coil volt- 
age would be the information wanted and 
not the exact wave shape. Of course, if it is 
assumed that coil voltages only and not wave 
shapes are required, then direct calibrations 
of transformer ratio could be made for each 
wave shape used. However, our experience 
has been that it is important to look at the 
applied wave shape in many cases. 

The multiple-surge method is firmly 
established for surge analysis of circuits, 
fault detection and location, and high- 
potential testing. Advantages already 
demonstrated suggest extended usefulness, 
and it seems fair*to say that we have here 
a tool worthy of more general attention. 
Because the multiple-surge method in some 
places has displaced older methods, and be- 
cause it has added new technique, considera- 
tion should be given to a proper place for 
it in instrument-and-measurement and test 
standards. 


REFERENCE 


1. INSULATION TESTING OF ELECTRIC WINDINGS, 
C. M. Foust, N. Rohats. AIEE TRANSACTIONS, 
volume 62, 1943, April section, pages 203-06, 


G. L. Moses and Earl F. Harter: As stated 
in the discussion by C. M. Foust and N. 
Rohats the authors reviewed the experience 
previously reported in their reference 1, 
which discussed only the testing of three- 
phase motor stators. The value of the mul- 
tiple-surge test as a quick check on internal 
insulation of many types of coils and wind- 
ings was recognized by the authors. The 
tester disclosed by Foust and Rohats is, 
however, nearly always strictly limited to 
fault detection. It was discovered, further- 
more, that even fault detection was impos- 
sible in large windings having many parallel 
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circuits, because inherent minor dissym- 
metries between phases caused more fault 
indication than did a short-circuited turn 
and often even a short-circuited coil. Refer 
to Figure 4B. Since the location of faults is 
often almost as important as their detection, 
the authors believe that means for locating 
as well as detecting faults should be pro- 
vided in the test equipment if it is to be gen- 
erally useful. 

New circuits were accordingly devised and 
incorporated in our surge-comparison tester 
to permit fulfillment of both these require- 
ments. The chief example of this described 
in the paper included the exploring coils 
mentioned by the discussers. Apparently 
this method, Figure 1E, has not been tried 
by the discussers as the adjustment of the 
exploring coils is not particularly critical. 
The coils are merely placed in the bore and 
moved around rapidly one revolution for 
each phase, giving a test which is both 
simple and positive. The fault is not only 
detected but also exactly located at the same 
time. On the subject of exploring coil use it 
may also be revealed that this same tech- 
nique made possible the testing of a group of 
large synchronous motors while they were 
completely assembled with rotors and covers 
in place. 

The circuit of Figure 8 was used, as sug- 
gested by the discussers, merely to obtain 
the relative voltage maximums between 
the coil taps. Since these maximums all 
occurred at the same time after application 
of the surge, wave shapes were neglected. 

There is evidently complete agreement 
that the multiple-surge-comparison tester 
will become an excellent tool for the engineer, 
manufacturer, andrepairman. The authors 
believe that the field of usefulness of the de- 
vice should be extended by the addition of 
means for detecting and locating faults in 
all common types of windings. The authors 
concur with the suggestion of Foust and 
Rohats that multiple-surge testing be recog- 
nized by inclusion in instrument and test 
standards. 


Chemical Contamination as 
Causes of Electrical- 
Insulation Failure 


Discussion and authors’ closure of paper 45-97 
by C. H. Braithwaite, Jr., and G. L. Moses, 
published in AIEE TRANSACTIONS, 1945, 


August section, pages 580-3. 


Alvah Small (Underwriters’ Laboratories, 
Inc., Chicago, Ill.): In regard to the sub- 
head, ‘“Carbon-Dioxide-Type Fire Ex- 
tinguishers,” the text under this subhead 
seems to apply exclusively to the foam type 
of fire extinguisher, whereas the subhead sug- 
gests that only the carbon-dioxide type is 
being discussed. 


C. H. Braithwaite, Jr., and G. L. Moses: 


In reply to Alvah Small’s comment, the use 
of the subhead “Carbon-Dioxide-Type Fire 
Extinguishers,” is unfortunate. The ex- 
tinguishing properties of foamite are due 


945 


mainly to the carbon dioxide evolved. How- 
ever, those extinguishers often referred to 
as “carbon-dioxide extinguishers’ which 
contain liquefied carbon dioxide under pres- 
sure are not a possible source of contamina- 
tion. The carbon-dioxide snow emitted 
when these are used does not contain harm- 
ful electrolytes and would be permissible 
for use near varnish tanks. 


Precision Testing of 
Electric Tachometers 


Discussion and author's closure of paper 
45-100 by M. A. Princi, published in AIEE 
TRANSACTIONS, 1945, July section, pages 
504-08. 


T. H. Long (C. G. Conn Ltd., Elkhart, Ind.): 
The equipment described by Mr. Princi 
would seem to represent the ultimate in 
convenience and precision for high-produc- 
tion testing of electric tachometers. 

For field testing, however, a very simple 
equipment may be built around a precise 
frequency-measuring instrument having an 
adequate range, such as our chromatic 
stroboscope.42 This chromatic stroboscope 
is calibrated in terms of the chromatic 
(musical) scale, and has a frequency range 
from 31.772 to 4,066.8 cycles per second and 
a precision throughout the range of 0.05 
per cent of reading. Such an equipment may 
comprise a tachometer generator driven by 
a variable-speed motor, with a tone wheel 
generator to provide frequencies within the 
range of the chromatic stroboscope. An 
equipment of this sort has been used for 
several years at Wright Field for tachometer 
testing. 

In some work done here in connection 
with automatically regulating the speed of 
a one-half-horsepower 7,500-rpm motor from 
a 500-cycle-per-second supply considerable 
difficulty was encountered owing to hunting. 
This difficulty was attributed to the use of 
a solid field structure. I would like to in- 
quire whether lamination of the field struc- 
ture of the d-c motor was found to be either 
necessary or expedient in the equipment 
described. 

Some further information would be ap- 
preciated on the full-scale calibration pro- 
cedure. In adjusting the strength of some 
small magnets to a fraction of one-per-cent 
tolerance, we have rotated them end over 
end at a constant speed near a pickup coil 
and measured the voltage induced in that 
coil while bringing up a permanent magnet 
to knock the rotating magnet down to the 
proper strength. This works, but when the 
permanent magnet is removed there is a 
change in the induced-voltage reading 
amounting to between one and two per cent 

(depending on the magnet) which occasion- 
ally leaves the magnet strength outside the 
tolerance limits and requires repetiton of the 
magnetizing and knockdown steps. It 
would seem that the same hysteresis effect 
(if that is what it is) should show up while 
the tachometer is still in the test stand and 
that it would be more serious there. We 
found that a different mechanical arrange- 
ment reversed the direction of this effect 
without changing the magnitude appreci- 
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ably and concluded that a second possible 
cause was field distortion, but have not found 
time for checking the matter. 


REFERENCES 


1. THEoRY OF THE CHROMATIC STROBOSCOPE, 
Robert W. Young, Allen Loomis. Journal of the 
Acoustical Society of America, volume 10, October 
1938, pages 112-18. 


2. An ADJUSTABLE TUNING-FORK FREQUENCY 
Sranparp, O. Hugo Schuck. Journal of the Acous- 
tical Society of America, volume 10, October 1938, 
pages 119-27. 


M. A. Princi: The full-scale calibrating 
procedure is similar to that employed in 
calibrating d-c-indicating instruments. An 
alternating field is produced by the knock- 
down coil and controlled manually by means 
of a variac. There does exist a small error 
in the full-scale indication of the instrument 
after the knockdown field is removed. This 
appears to be due to a component of torque 
produced by the knockdown field tending to 
make the instrument read high. However, 
this effect is taken into account in the cali- 
brating operation and, with a little skill, 
does not result in overcompensation. 

The method described by Mr. Long sug- 
gests the possibility of a measurement error 
due to the location of the pickup coil. The 
pickup coil indication, essentially, may be 
due to the modulating effect of the magnet 
under test on the steady-state field of the 
magnet used for knockdown. This would 
result if the pickup coil were located to link 
the field of the magnet used for knockdown 
and the magnet under test. This effect 
would be minimized if the pickup coil were 
located at right angles to the field of the 
magnet used for knockdown. Attention is 
invited to my reference 1 in which additional 
information on magnets and their testing is 
given. 

Our experience has not indicated the need 
for a laminated field structure in the d-c 
driving motor. Hunting, of course, is a 
function of other constants of the system, 
and, therefore, the scheme described by Mr. 
Long may not be directly comparable. 
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1. Brakinc MAGNETS FOR WATT-HouR METERS, 
I. F. Kinnard, J. H. Goss. AIEE TRANSACTIONS, 
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Analysis and Design of a 
-D-C Selsyn System 


Discussion and author's closure of paper 45-101 
by Joseph Manildi, published in AIEE 
TRANSACTIONS, 1945, July section, pages 
512-16. 


R. W. Votaw and P. G. Cushman (both | 


of General Electric Company, Schenec- 
tady, N. Y.): D-c Selsyn systems have 
been built and used in sizes ranging 
from a very small indicating unit weighing 
a few ounces to a large torque amplification 
and transmission unit weighing 55 pounds. 
The smaller types were described in ‘“‘A 
D-C Telemeter or D-C Selsyn for Aircraft” 
by R. G. Jewell and H. T. Faus.! 

As stated by the author they are used 
where an a-c source of power is not avail- 
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able or conveniently furnished, or where it 
is possible to use a receiver with a perma- 
nent-magnet rotor and thus eliminate two 
of the five wires which must go to the re- 
ceiver in a conventional a-c Selsyn system. 

However, they have another character- 
istic, that of torque amplification, which 
accounts for many of their applications, 
especially in the larger sizes. In an a-c 
Selsyn system, the amount of receiver 
torque obtained is equal to the mechanical 
torque impressed on the transmitter shaft, 
but in a d-c Selsyn system the transmitter 
requires only enough torque to move the 
brushes, and the receiver torque may be 
many times greater. 

At least three different types of transmit- 
ter have been used. The first type is the 
uniformly wound toroidal potentiometer 
discussed in the subject paper. The second 
type operates by varying the series resist- 
ance inserted in each stator line and suitably 
reversing the polarity of each stator phase. 
The third type is a modification of the first 
with nonlinear resistance variation. 

As is pointed out in the paper, the first 
type is subject to the disadvantages of an 
inherent electrical error of 1.1 degrees and to 
a variation of receiver torque gradient as 
the transmitter is revolved. In addition, 
such. a transmitter requires an exhorbitant 
amount of power, compared with the power 
furnished the receiver stator. This becomes 
a very serious limitation on their practical 
use where large torques must be produced, 
as is necessary for the positioning of Diesel 
engine governors, and the like. 

The second type of transmitter, at least in 
theory, can eliminate all the disadvantages 
already set forth. The power consumed in 
the transmitter varies from zero at one 
transmitter position to 13.4 per cent of the 
receiver stator power at a position 30 elec- 
trical degrees from this. There is no in- 
herent error and no variation in receiver 
torque gradient. However, the required 
resistance gradient for such a transmitter 
varies so greatly that it has been used only 
for the larger units and with discrete steps 
or taps. 

The third class includes the particular 
nonlinear potentiometer whose equations 
are developed by the author. For the partic- 
ular variation given, the inherent electrical 
error is eliminated, but the variation in 
receiver torque gradient remains the same 
as for the linear transmitter. This is a 
serious limitation in many applications. 

As a matter of fact, there are an infinite 
number of possible variations in the trans- 
mitter resistance gradient which will elim- 
inate the inherent error. There is, however, 
only one of these which also will eliminate 
the variation in receiver torque gradient. 

In a paper now in preparation, it is 
planned to give equations for the operation of 
d-c Selsyn systems at standstill and under 
rotation, and to give the derivation of the 
equations for the resistance gradients of 
transmitters of the second and third types 
mentioned. : 

Equation 23 of the paper appears to be 
incorrect. The factor 1//2 should be 0.55. 
This error arises because in the second equa- 
tion of Appendix II a factor of 1/2 should 
appear with the term, Ri7!/2(KRi+1). 
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Joseph Manildi: The author wishes to ex- 
Press appreciation for the informative elab- 
oration on the field of application and types 
of d-c Selsyn systems submitted by Mr. 
Votaw and Mr. Cushman. 

Further appreciation is expressed for 
pointing out a numerical error in the deriva- 
tion submitted in Appendix II and the con- 
sequent error in equation 23. However, 
the factor of 1/./2 should not be changed to 
0.55 as indicated by Mr. Votaw and Mr. 
Cushman but should be changed to 0.86. 
By rectifying the error pointed out in the 
second equation of Appendix II, the deter- 
mining equation for K’R, becomes 


3(K’R,)§—11(K’Ri)?+3(K'R;) +1=0 


This equation has two positive roots, namely 
K’R,=0.52 and K’R,=3.35. The latter 
value, when substituted in equation 20 
gives a negative value for Ro and hence must 
be discarded. Using K’Ri=0.52 changes 
equation 22 to read 


R; =0.52( £?/30P) 
: Ee 
120R; =resistance per leg =2.08— 


and substitution of this value in equation 20 
changes equation 23 to R2=0.86R:. Equa- 
tions 22’ and 23’ remain unchanged. 

A further error, not affecting the results, 
is noted in Figure 4. The middle resistance 
value should be 90( Ri R2/Ri+ R2). 


Basic Concepts of Moving- 
Masgnet-Instrument Rotors 


Discussion of paper 45-90 by Lewis I. 
Mendelsohn, published in AIEE TRANSAC- 
TIONS, 1945, July section, pages 529-34. 


J. R. Macintyre (General Electric Company, 
West Lynn, Mass.): Mr. Mendelsohn has 
prepared an excellent treatise on the subject, 
and his paper should prove very valuable to 
instrument designers. 

The use of the torque-to-weight ratio 
when applied to moving magnet instru- 
ments, as in Figures 11A and B, deserves 
further discussion to explain its significance. 
A general use of the term torque-to-weight 
ratio is not strictly correct, since it is the 
ratio of rate of change of torque to weight 
that actually determines instrument per- 
formance. 
course must be measured at the point of 
equilibrium of the moving system. 

In moving-coil instruments the torque- 
verstis-deflection relationship is linear, and 
hence the rate of change of torque is con- 
stant. Under these conditions the 90-de- 
gree torque measurements are proportional 
to the rate of change of torque, and the 90- 
degree torque-to-weight ratio is a direct 
criterion of performance. The torque of 
these instruments, by convention, is meas- 
ured at a deflection of 90 degrees from the 
point of equilibrium, and instrument de- 
signers are cognizant of the torque-to- 
weight factor based on this measurement. 
In moving-magnet instruments, however, 
the torque is not a linear but rather a sine 
function. The more fundamental concept 
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The rate of change of torque of 


of the rate of change of torque therefore must 
be employed to compare the performance 
of moving-magnet and moving-coil instru- 
ments. 

The torque relationships of conventional 
moving-coil and moving-magnet instru- 
ments are shown in the following two equa- 
tions: 


de x? 
NOTA (1) 
Tuu=KXK sin 0 (2) 


K=gram-millimeters torque at 7/2 radians 
deflection from equilibrium 
@=radians deflection from equilibrium 


The rate of change of torque at the point 
of equilibrium (that is, @2=0) can be deter- 
mined by taking the first derivative of each 
equation as follows: 


dTuc 2 "he 
n = K- gram-millimeters per radian 
Tv 


dT ym _ 


cP K cos @ gram-millimeters per radian 


At @=0 the rate of change of torque of 
the moving-coil instrument is 2K/m and 
K for the moving-magnet instrument. In 
other words the rate of change of torque at 
zero angle for the moving-magnet instru- 
ment is 7/2 times that of the moving-coil 
instrument, although they both have the 
same measured torque (K) at 90 degrees. 

With this in mind the torque-to-weight 
ratios shown in Figures 11A and B of Mr. 
Mendelsohn’s paper should be multiplied 
by 7/2 when applied to moving-magnet- 
instrument design. Under these conditions 
they will compare directly with conventional 
moving-coil 90-degree torque-to-weight 
ratios. 


Governor Requirements for 
Aircraft Alternator Drives 


Discussion and author's closure of paper 45-85 
by W. K. Boice and L. G. Levoy, Jr., pub- 
lished in AIEE TRANSACTIONS, 1945, 
July section, pages 534-40. 


Stanley J. Mikina (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
authors might have pointed out that the 
analysis of speed governors controlling 


variable-ratio transmissions differs radically . 


from that characterizing central-station or 
industrial governors in that the variable- 
ratio control is theoretically strictly analo- 
gous to a voltage regulator, since the ratio 
governor stability is substantially inde- 
pendent of the alternator and drive inertia. 
In the conventional speed-governed system, 
the rotational inertia of the prime mover 
and coupled machines is of paramount im- 
portance in determining governor stability. 

In the case of a voltage regulator, a volt- 
age error from the set voltage initiates a 
sequence of actions that produces a com- 
pensating output-voltage change. Simi- 
larly, in the case of these aircraft alternator 
drives, an alternator-speed deviation from 
set speed initiates a sequence of actions that 
result in a compensating output-speed 
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change. In a conventional governor sys- 
tem, on the other hand, an output-speed 
error causes first a change in the prime- 
mover torque, which change in torque then 
works principally against the inertia of the 
rotating parts of the prime mover and 
coupled machinery to re-establish the re- 
quired output speed. Mathematically 
speaking, for the same number of time de- 
lays in the governor system, the variable- 
ratio governor can be described by a differ- 
ential equation one order lower than the 
differential equation for a conventional 
governorsystem. The variable ratio is thus 
much easier to stabilize, and operation with 
much lower “‘speed droop” is possible than 
with conventional governors. 

It may be well to qualify the authors’ 
calculations of rates of change of ratio for 
different output accelerations with the 
following reservations: For example, a 
statement is made that a rate of ratio 
change of 0.005 per second corresponds to a 
rate of alternator-speed change of 13.5 rpm 
per second. It is important to recognize 
that this figure is correct only when the in- 
put speed isconstant. Thus, let 


w;R=Wo (1) 
where 


w;= input speed to transmission 
R=transmission ratio 
W,= output speed 


Then 
dwWo dR dw; 
=w; R Z 
Gi a i dt 


For the case cited, R=2.22, wi=2,700 rpm 
and dR/dt=0.005 per second. Hence 


= =2,700 X0.005 = 13.5 rpm per second (3) 


Thus, the authors’ result is correct only 
when R(dw;/dt) is zero, that is, when the in- 
put speed is constant. 


H. B. Bunce (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): In their 
conclusions the authors have listed slip in 
the transmission, a drooping speed-load 
characteristic introduced by the governor, 
and a rate of governor response proportional 
to the speed error, as beneficial in maintain- 
ing synchronism during transients caused 
by engine accelerations. It is worth noting 
that slip or droop in the drives is detrimental 
to maintenance of synchronism during sys- 
tem faults, and, unless it proves necessary 
to provide more slip to maintain synchro- 
nism during engine accelerations (which does 
not seem likely with the overrunning clutch), 
the slip and droop should be limited to that 
necessary for load division. ; 

When a fault occurs which is unsymmetri- 
cally located with respect to two generators, 
the resulting load difference will cause a 
difference in the speeds of the two machines. 
The greater the amount of slip or droop the 
generator drives have, the greater this speed 
difference will be and the faster the machines 
will tend to pull out of step. 

Also governor response proportional to 
speed error will catse the two machines to 
pull out of step faster if both machines are 
accelerating or decelerating. If one ma- 
chine is accelerating and the other deceler- 
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ating, a governor response proportional to 
speed error will be more beneficial than a 
constant rate of response. 

The authors have assumed in their analy- 
sis that the impedance between generators is 
negligibly small, which would eliminate the 
possibility of an unsymmetrical fault loca- 
tion and consequent loss of synchronism. 
If this were the case, the slip in the drives 
would have no detrimental effect. This 
assumption is not justified for airplanes now 
being designed for a-c auxiliary power. In 
a particular system the impedance between 
generators is of such magnitude to cause 
loss of synchronism for either a double-line- 
to-ground fault or a three-phase fault if the 
drives have any inherent slip or droop. 


L. G. Levoy, Jr.: We are pleased to note 
the interest which Mikina and Bunce ex- 
hibit in this study. 

With reference to Mr. Mikina’s discus- 
sion, the simplified differential equations 
which he proposes are valid only when slip is 
neglected. Although slip is not introduced 
intentionally, it is always present in a hy- 
draulic drive, and even a small amount has a 
beneficial influence as shown in the paper. 

With regard to the rate of ratio change, 
the statement referred to in the paper is 
correct without the qualifications which Mr. 
Mikina believes necessary. The’calculation 
referred to gives the relation between rate 
of ratio change and corresponding rate of 
alternator-speed change at a given speed as 
stated. This relation is established by the 
geometry of the drive only. Mr. Mikina’s 
calculation (equation 2) merely expresses 
the simple relation showing the rate of 
change of output speed when the input 
‘speed and ratio are changing simultaneously, 
but this does not influence the calculation 
for the coefficient showing the relation be- 
tween rate of ratio change and rate of alter- 
mator-speed change. The result given in 
tthe paper is correct for the assumed input 
speed and is valid at this point even when 
the input speed is changing. 

With reference to Mr. Bunce’s discussion, 
both slip and droop are limited in practice. 
Slip is made as small as possible to obtain 
high efficiency. Droop is limited to a value 
which provides satisfactory load division, 
particularly during periods of transient 
acceleration of one or more of the driving 
engines. 

In a practical case, the impedance be- 
tween generators is much smaller than the 
internal impedance of the generators them- 
selves. Consequently, the performance of 
the system is not materially influenced by 
the assumed fault location between ma- 
chines. 

We do not share Mr. Bunce’s pessimism 
concerning loss of synchronism in event of a 
double-line-to-ground fault or a three-phase 
fault, because in the systems with which we 
are concerned such faults will be removed 
quickly from the circuit by circuit protec- 
tion which is provided. It is not possible to 
state categorically whether or not any par- 
ticular fault will cause loss of synchronism 
unless the duration of the fault is consid- 
ered, as well as its location, condition of 
loading of the system, and any speed changes 
of the engines which may be occurring 
simultaneously. Many industrial systems 
are successfully operated in parallel with 
much higher-percentage impedance be- 
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tween generators than will be encountered 
in the proposed aircraft systems. 

Governor response proportional to indi- 
cated speed error (within design limits) is 
correct in direction and magnitude to re- 
store normal conditions, regardless of 
whether the machines are accelerating or 
decelerating. The indicated speed error is 
the sum of the actual speed error and the 
apparent error indicated by the droop cir- 
cuit. In the case of a four-generator system 
operating normally, if one or two engines 
begin to accelerate, the corresponding gener- 
ators will advance in angle and take more 
load, and the remaining genefators, there- 
fore, will take less load. Thus, the indi- 
cated error will-signal the governor on the 
accelerated machines to reduce ratio, and 
on the other machines to increase ratio 
slightly, thereby restoring equilibrium. 
Similarly, the deceleration of an engine 
tends to make its corresponding alternator 
drop load which signals its governor to ad- 
vance ratio while the remaining machines 
receive more load and their governors signal 
for reduced ratio, again restoring equi- 
librium. 

At the time this paper was written, all 
work was based on theoretical analyses, 
since neither drives nor governors were 
available. Since then, a complete two- 
generator system has been set up and tested 
using two 450-horsepower radial-type gaso- 
line engines. Each engine was connected to 
drive a governed continuously variable- 
ratio drive unit which in turn was directly 
connected to a 30-kw 40-kva 120Y/208-volt 
three-phase 400-cycle aircraft-type gener- 
ator. Synchronizing, parallel operation, 
load division, and system stability with 
various types of loads and faults on the sys- 
tem have been explored, as well as many 
other conditions. These tests confirm pre- 
vious calculations and show that it is 
normally possible to ride through all types of 
circuit faults without loss of synchronism 
when adequate circuit protection is pro- 
vided. 


A 400-Cycle Aircraft Motor 


Discussion and author’s closure of paper 45-87 
by G. O. Schwandt, published in AIEE 
TRANSACTIONS, 1945, July section, pages 
508-12. 


B. B. Ramey (Black and Decker Manufac- 
turing Company, Towson, Md.): I have 
read with considerable interest the paper by 
G. O. Schwandt on the 400-cycle aircraft 
motor, as I have had many years of experi- 
ence in applying high-frequency motors of 
180 cycles to portable electric tools. This 
development began about 1924 and was 
established pretty well commercially by 
1926. It would have been better if a higher 
frequency of 240 to 300 cycles had been 
chosen as it would have resulted in slightly 
less weight for the motors and greater porta- 
bility. 

I can realize that there would be special 
requirements in connection with aircraft use 
which would make the problem of develop- 
ing a motor for that service much more 
difficult than for portable tools. While 
portability is essential, it is not necessary 
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to get a certain weight limit in the case of 
both tools and the frequency changer or gen- 
erator as is the case on aircraft. Efficiency 
and power factor are always of considerable 
import in connection with induction motors 
but for portable tools not so important as 
in the case of motors for aircraft. 

The high lock-rotor torque required on 
some of the aircraft motors make the matter 

of cooling much more difficult, owing to the 
increased heat in the rotor. This is another 
factor that was not encountered in the 
portable tool field. 

In referring to Figure 3 it seems to me that 
the ventilation arrangement could be im- 
proved by not having the fan on the rotor 
at the inlet end, as this will tend to stir up 
the air locally and interfere with through- 
draft action, especially since there is such a 
limited space for the through draft to flow 
in. I have found also that on small motors. 
such as this where the dimensions are so 
small, ventilating openings through the 
rotor and the stator are liable to do more 
harm than good. The magnetic material 
sections are reduced, making it necessary 
to hold the flux value down and limit the 
possible output of the motor. The openings 
are necessarily so small that it is impossible 
to get a fan that will pull any appreciable 
amount of air through these openings against 
the resistance that is encountered. 

I believe that, in general, omitting the 
ventilating openings and arranging to draw 
air over the outside of the stator will result 
in less motor weight for a given Lae aS and 
better cooling. 

I would be interested in aqwiak what 
grade of magnetic material was used and 
what gauge. In connection with the 180- 
cycle motors mentioned, satisfactory results 
have been obtained using electrical grade 
sheet of 29 gauge. 


H. J. Braun (Westinghouse Electric Corpo- 
ration, Lima, Ohio): In his attempt to cover 
a rather broad field Mr. Schwandt, of neces- 
sity, has had to sort and sift his material. 
He has done this job well. There is one 
point that is quite often neglected or, if 
thought of, does not receive the considera- 
tion that it deserves. This point is the varia- 
tion of torque with combined variations of 
frequency and voltage. Although Mr. 
Schwandt mentions this, he does not give 
any numerical values. 


On the basis of the worst conditions as. 


cited in Mr. Schwandt’s paper, the torques 
will vary as shown in Table I of this dis- 
cussion. The values as given in the table 
are in per cent of the rated torque of the 
motor. 

While it is unlikely that the unfavorable 
conditions of voltage and frequency will 
occur simultaneously, provision must be 
made for these extremes. 


Table | 
Standard High ~ Low 
Voltage, Voltage, Voltage, 
Standard Low High 


Frequency Frequency Frequency 


Maximum : 
bOrque sis nisre ssi 200 weraels eis eae ales meus 172 
Starting torque... AGO Meee sic ce PROM een need 
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G. O. Schwandt: Certain fundaniéntals must 
be observed when designing any ventilation 
system. One is that sufficient air-flow area 
must be supplied so that the quantity of air 
flow is adequate to absorb the motor losses 
with a reasonable amount of air tempera- 
ture rise. For aircraft motors which must 
operate at high altitudes, this reasonable 
value of air temperature rise is less than for 
motors operating at normal altitudes only. 
Therefore, the quantity of air flow must be 
greater. In regard to the size and place- 
ment of ventilation openings, it is funda- 
mental that the greatest heat-transfer sur- 
face area per unit of air-flow area be used 
consistent with tooling and construction 
limitations. Both space and weight are 
conserved by a multiplicity of small ventila- 
tion paths rather than a few larger ones. 
This is done because the fewer larger air- 
flow paths do not offer adequate heat-trans- 
fer surface. 

In regard to the ventilation openings 
through the rotor, they cost nothing in the 
way of flux density. They do furnish addi- 
tional air-flow area and cooling surface. 
They also lighten the motor, since the ma- 
terial removed is excess material as far as 
the magnetic design is concerned. 

The small fans at each end of the rotor 
serve to increase the air velocity over the 
end turns. This increased velocity over the 
end turns more than offsets the disturbance 
created in the ventilating system. It is 
possible that these beneficial results will 
not exist in ventilation systems other than 
that used. Extreme care must be taken in 
the arrangement of fans in series to avoid 
considerable difficulty. 

In regard to the magnetic material, our 
investigation, while incomplete, indicates 
that best results can be obtained by using 
a 31/5-per-cent silicon iron 0.014 inch thick. 

H. J. Braun, in discussing the subject 
paper, has prepared an interesting table 
showing the percentage variations in motor 
torques due to pre-established variations 
allowed in the proposed 400-cycle aircraft 
electric system. The values given by Mr. 
Braun apply only to a specific motor design. 
Probably they are nearly correct for most 
-designs that would be practical. 

Tf the electrical constants of the motor 
are known it is possible to determine the 
internal torques by the following commonly 
used. formula: 


“Gp, gas aan cin | 
* Aaf L(nist re)? + 52(s1 +202)? 
~where 


T2 =internal torque per phase in pound-ft. 
P =number of poles 
V, =applied voltage 
fi:=applied frequency in cycles 
s =slip at which torque is to be determined 
7, =primary resistance in ohms per phase 
7, =secondary resistance in ohms per phase 
,=primary leakage reactance in ohms per 
phase at rated frequency 
‘%=secondary leakage reactance in ohms 
per phase at rated frequency 


‘Calculating values of breakdown and 
Jocked-rotor torques at voltages and fre- 
quencies within the range.of expected varia- 
tions permits obtaining percentage values 
-in terms of rated full-load torque. ~ 
~ When one uses this formula it should be 
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femembered that the reactatice constants 
change in direct proportion to the applied 
frequency. It appears that Mr. Braun neg- 
lected this change in reactance constants 
when preparing his table. 


Statistical Tools for 
Controlling Quality 


Discussion and authors’ closure of paper 45-99 
by Joseph Manuele and Casper Goffman, 
published in AIEE TRANSACTIONS, 1945, 
July section, pages 524-8. 


C. C. Craig (nonmember; University of 
Michigan, Ann Arbor, Mich.): As always 
in Mr. Manuele’s discussions of the applica- 
tions of statistical methods to the control 
of quality the exposition is clear and force- 
ful. It has too the merit which the more 
academic statistician finds difficult to 
achieve—of being written in language which 
carries conviction to practical-minded shop 
people. 

From my point of view as a mathematical 
statistician who has interested himself in 
quality-control methods there are two com- 
ments I should like to make. The first has 
to do with the relation between the use of a 
frequency tabulation with its average and 
standard deviation and the control chart as a 
means of getting and maintaining control 
over a variable-quality characteristic, say 
a dimension on a machined part. 

Suppose a control chart is being kept by 
taking samples of five pieces produced con- 
secutively at hourly intervals and plotting 
individual readings. What is being done is 
essentially comparing the variability one 
sees during the short period it takes to pro- 
duce five pieces, during which time condi- 
tions will show little if any change with the 
variation that is taking place from hour to 
hour. If this latter variation is unduly 
large compared with the former, the indica- 
tion is that the process is not stable but is 
jumping around in a way that ought to be 
corrected to get the best quality. It is 
therefore quite important that an estimate 


of variability be obtained which contains - 


only very short-run fluctuation. I am sure 
that Manuele and Goffman have in mind, 
when they recommend a preliminary ex- 
amination of 50 pieces in a frequency tabula- 


_ tion to locate the center of the process and 


to measure the variability, that the 50 pieces 
should be produced in an interval of time 
short in comparison with the one they will 
use later for periodic samples of five. My 
teaching experience has shown that this 
point is very frequently missed. The be- 
ginner may get his 50 pieces by putting to- 
gether for his frequency tabulation ten 
hourly samples of five each. If the process 
was in control during this ten-hour stretch, 
he will be able to detect future lapses from 
control. But if the process was not that 
good, he is a good deal less likely to detect 
the fact then or later. 

My second point has to do with the ex- 
ample of the analysis of variance Manuele 
and Goffman have used to illustrate the 
fact that this method frequently may be 
quite valuable in the control of quality. 
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Table | 
ee — 
De- 
grees 
of 
Sum Free- Estimated 
Source of Squares dom Variance 


Between _ col- 
ummns (cutters)..0.00056983... 
Between rows 


3...0.00018994 


(Oe Veacason se 0.00020683... 5...0.00004137 
Error (within 

same cutter 

andcam)...... 0.00006317...15...0.000004211 


Totalsinn. sci... 0.00083983. . .23 


SED 


When, as in the present case the total vari- 
ance is analyzed into two components, it 
may be noted that the interpretation of the 
results is substantially the same as that for 
a control chart for averages. It is seen that 
there is variation in results from the same 
cutter which is measured by the variance 
within columns. This means that, if all 
four cutters are identical, there still will be 
variation between the averages of six pieces 
from each cutter. The question is whether 
this latter variance, between columns, is 
clearly larger than one would expect in view 
of the within-column variance. If it is, 
the indication is that the cutters are working 
to different average thicknesses. 

But the authors remark that there also 
may be differences among the six cams. If 
this is true, unless one knows that cam dif- 
ferences are no more than chance differences 
between averages of four, then the variance 
between columns should be compared, not 
with the variance one gets on the same cut- 
ter alone, but with the variance one gets on 
the same cutter and cam. This is readily 
done with but little additional calculation 
as is explained in a number of textbooks. 
In Table I, I will merely give the results 
of the analysis of the variance into three 
components instead of two. Now to an- 
swer the question as to the reality of 
cutter differences we form the ratio 189.94 + 
4.211=45.11 which is nearly three times 
as large as the one the authors used. 
We can now also answer the same question 
for cam differences. The ratio 41.387+ 
4,.211=9.82 with five and 15 degrees of 
freedom is significant not only at the one- 
per-cent level but even at the 0.1-per-cent 
level. 

The authors can object perfectly correctly 
that their two-component analysis did show 
that there were differences between cutters. 
But suppose it had happened that the be- 
tween-cam sum of squares was twice as large 
as that between cutters. Then the ratio to 
test the cutter effect would have been on a 
two-component analysis 


189.94 es 
(569.83 X2-+63.17) +20 


which is just significant on the five-per- 
cent level. If in the present case interest 
had been centered on cam differences 
only, a two-component analysis for that 
would have given for the test ratio 41.37+ 
35.17 =1.176 which is not significant at all. 

Of course, the authors were limited by 
time and the necessity of not making the 
dose of statistics too large for one swallow. 
I hope it is clear that I am not criticizing a 
fine presentation. My anxiety is that of the 
teacher who is afraid that beginners reading 
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this paper will think they have the answers 
before they even understand the questions. 
fully. 


C. Bradner Brown (Naval Ordnance Lab- 
oratory, Washington, D. C.): This is 
an excellent: paper which all engineers 
engaged in production and design would do 
well to study. It has been my experience 
that design engineers too often do not ap- 
preciate the significance of statistical varia- 
tion both in the component parts used and 
in the performance of the ultimate product. 

If design engineers would consider the 
performance to be expected from a new de- 
sign in terms of the statistical variation to 
be expected in production, more reasonable 
specifications could be placed on component 
parts and less headaches would be encoun- 
tered in going to full-scale production from 
research samples. Too often the perform- 
ance of production items is disappointing 
when compared to handmade preproduction 
samples. In most cases this can be traced 
to lack of appreciation of the role played by 
statistical variation in manufacture. It is 
particularly noticeable in the case of com- 
plex electronic units. A thorough familiarity 
with statistical practices in quality control 
by the design engineer will result in better 
products and a more realistic attitude of per- 
formance to be expected from new designs. 


Irwin S. Hoffer (nonmember; Temple 
University, Philadelphia, Pa.): Three sta- 
tistical tools are described in this paper: 
the frequency distribution, the control chart, 
and the analysis of variance. 

The control chart is the most efficient and 
the fundamental device for controlling 
quality during production. In the opinion 
of the reviewer, the best results are secured 
by accumulating samples of four or five 
pieces each until about 20 samples have 
been secured. The control chart for 
averages and for ranges then can be pro- 
duced, and the presence of assignable causes 
can be determined. If the system is in con- 
trol, an estimate can be made of the stand- 
ard deviation of individual measures in the 
system. From these results it can be deter- 
mined whether the system is operating 


within specifications, whether the proper. 


level of quality is being secured, or whether 
too wide a distribution of individual pieces 
within the samples is appearing in the pro- 
duction process. It is believed that this 
procedure is fundamental. 

In this paper, the statement is made that 
“the control chart for individual measure- 
ments has advantage over the control charts 
for average and ranges, that control-chart 
limits may be considered to be the limits 
within which the process is actually produc- 
ing.’ It is believed that the procedure I 
have outlined will yield the same results. 
It is true that, according to the procedure 
outlined, an estimate only of the standard 
deviation of individual pieces is secured. 
It must be remembered, however, that if 
this standard deviation is based on a fre- 
quency distribution of individual pieces, the 
result will be only an estimate and will be 
subject to sampling fluctuations because 
in the instance cited in the paper the fre- 
quency distribution was based on a sample 
of 50 pieces. Moreover, this is usually the 
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case; that is, a sample of the production is 
used as a basis for the construction of the 
frequency distribution. 

In case, however, that a body of data is 
available, based on individual measurements 
which cannot be distinguished with respect 
to sequence of occurrence, a frequency dis- 
tribution of such data will be helpful in 
determining the character of the quality 
that is being obtained and may be used as a 
standard point in setting up a control sys- 
tem. Otherwise, the standard control-chart 
technique will yield the same information 
as an analysis based on individual measure- 
ments. 

The third technique which is described in 
this paper, the analysis of variance, is very 
helpful in cases like the one cited. It may be 
observed, however, that a repetition of the 
test or analysis of variance would be re- 
quired at intervals if there is any indication 
that assignable causes have entered the sys- 
tem. 

In summary then, at the beginning of the 
process, secure sufficient data for the in- 
stallation of the control chart for averages 
and ranges. Determine whether assignable 
catises are present in the system. If they 
do exist, have them eliminated and calcu- 
late new values for the grand average and 
theaveragerange. From these, test the cen- 
tralization and the distribution in the entire 
system. The frequency series is not needed 
to answer these questions. The analysis 
of variance is helpful in cases like the one 
mentioned. Other techniques which may 
be applied in specific instances are correla- 
tion and chi square. The authors of this 
paper are to be commended for bringing this 
discussion to the attention of those interested 
in the development of statistical tools for 
controlling quality. 


Martin A. Brumbaugh (nonmember; Jn- 
dustrial Quality Control; Buffalo, N. Y.): 
The use of statistical technique to obtain 
and maintain control of dimensions in the 
shop, to introduce precision in commercial 
inspection, and to catalog and assess respon- 
sibility for assembly faults is one of the im- 
portant industrial advances introduced 
widely during this war. The authors of this 
paper have made a contribution to the litera- 
ture on this subject in two major directions: 


1. The explanation of fundamental method is so 
lucidly presented that a few pages suffice to tell the 
complete story of the use of statistical methods in 
the machine shop. 


2. The approach should dispel permanently the 
criticism occasionally offered that these techniques 
are too complicated for the practical shop man to 
use. 


The statistical background of control pro- 
cedure lies in the properties of the frequency 
distribution and two measures, the average 
and the variability (standard deviation). 
The operating instrument is the control 
chart with these two measures used to 
segregate a constant system of catses or 
natural variability of a machine process 
from intermittent or assignable causes. A 
controlled process with variability consistent 
with design tolerances is the signal to the 
engineer to keep hands off the process. Lack 
of control due to assignable causes is the 
signal to the engineer to start corrective 
action to eliminate sources of trouble which 
are now producing or will produce scrap, 
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. these methods. 


rework, repair, and salvage. If orthodox 
inspection procedure can be likened to lock- 
ing the stable after the horse is stolen, sta- 
tistical quality control can be likened to the 
installation of a burglar alarm. : 
The explanation of the use of analysis of 
variance by means of an example is the best 
way of making this technique for dealing 
with related variability available to the 
practicing engineer who has neither the 
time nor the desire to master statistical 
textbooks. Mastery of Figure 10 and Table 
III of the paper is all that is required to make 
full industrial use of these statistical tools. 


R. F. Bisbee (nonmember; Westinghouse 
Electric Corporation, Mansfield, Ohio): 
I like the presentation of statistical funda- 
mentals and the illustrated examples very 
much. After reading the article, the reader 
is not confused by an excess of mathematical 
terminology and formulas. 

I believe this paper could be used by the 
average man as a training text and he could 
apply the simplified methods to his own 
work without necessity for outside help. 


P. M. Dickerson (nonmember; Westing- 
house Electric Corporation, Bloomfield, 
N. J.): It has often been said that the de- 
velopment of science has far surpassed the 
development of politics and government. 
The same may be said of the high degree of 
development of statistical-methods theory 
for quality control, compared to the actual 
application of statistical methods by factory 
personnel in the various fields of manufac- 
turing. I personally feel that more emphasis 
by writers on the subject of quality control 
should be placed, as Mr. Manuele has, on 
the practical applications of statistics for 
quality control to specific situations en- 
countered in manufacturing. Many manu- 
facturing men have been educated in sta- 
tistical methods for quality control, but far 
fewer have found practical ways of applying 
People interested in quality 
control will want more papers like this one. 


Mr. Manuele mentions that “statistical 


tests exist for symmetry, but one is often 
able to judge by sight whether or not a 
given frequency distribution is sufficiently 
symmetrical for purpose of controlling qual- 
ity.” To keep this paper in the practical 
trend of thought which distinguishes it, I 
would suggest that actual samples of curves 
be given to illustrate satisfactory and un- 
satisfactory normal curves. 

Mr. Manuele states that the control chart 
for individual readings has a distinct ad- 
vantage over the control charts for averages 
and ranges. I might point out that there 
is a disadvantage in that a significant change 
in range may not be noticed when individual 
readings are plotted, as recommended by 
Mr. Manuele. The disadvantage, however, 
may often be offset by the simplicity of Mr. 
Manuele’s method of plotting individual 
readings. In other words, theoretically, 
the chart for averages and ranges gives more 
information, but for practical considera- 
tions a chart for individual readings may be 


preferred because of its simplicity. The 


practical advantage just mentioned is 
stressed by Mr. Manuele in the next few 
paragraphs. . 

The particular examples used by Mr. 
Manuele immediately appear significantly 
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different and might not require calculation 
to reveal the fact. However, this in no 
way affects the thought contained in the 
paper. My suggestion is that perhaps an 
example could have been used in which there 
existed a significant difference, but not an 
apparent difference. 

I hope that more writers, in this field can 
be persuaded to cover the subject from the 
standpoint of practical applications, rather 
than pure theory and generalizations. I 
believe that advances in quality control will 
surely be aided more, now, by practical 
thinking than by additional theory. 


Eugene L. Grant (nonmember; Stanford 
University, Stanford University, Calif.): 
The AIEE subcommittee on applications of 
statistical methods is to be commended on 
securing these three interesting papers. 
The contrasting applications of the Shewhart 
control chart which they contain are 
evidence of the broad usefulness of this 
powerful statistical technique. All of the 
three control charts illustrated serve the 
two purposes of process control and ac- 
ceptance inspection. Mr. Taylor’s Figure 7 
applies to the results of destructive tests of 
samples of the actual product being con- 
trolled, that is, suspension insulators. The 
control charts of weld quality shown in 
Figures 5 and 6 of the paper by Hobson, 
Inglis, and McCants also apply to destruc- 
tive tests, in this case made on test speci- 
mens intended to be representative of the 
welds on the commercial product. The con- 
trol charts given by Manuele and Goffman 
apply to measured dimensions; if, in this 
type of situation, the control chart shows 
continuous control at a satisfactory level, 
it is possible to substitute actual measure- 
ments on a sample of product for 100-per- 
cent inspection with go and not-go gauges. 
Publicity given to many successful ap- 
plications of statistical quality control in 
recent years has resulted in consideration of 
these methods for use in many manufactur- 
ing plants. Two common objections to the 
introduction of the methods are ‘Our raw 
materials are too variable” and “We make 
such a variety of different designs.” Mr. 
Taylor’s paper contains answers to these two 
objections. He points out that the varia- 
bility in raw materials ip insulator manufac- 
ture is an additional reason for the use of 
statistical methods rather than a reason for 
avoiding the statistical approach. He also 
shows how, because of the similarity in raw 
materials and manufacturing operations of 
the many different insulator types, a good 


measure of quality control can be obtained, 


by the maintenance of control charts on a 
few major types. 

Mr. Taylor does a skillful job of introduc- 
ing electrical engineers to statistical concepts 
by the use of electrical analogies. His illus- 
trations of different types of nonnormal dis- 
tributions, with his explanation of the 
physical reason for each departure from 
normality, provides a good antidote to the 


easy assumption sometimes made that all 


quality . characteristics of manufactured 


_ product have normal distributions. His 


comments are particularly valuable on the 
relationship between the frequency distribu- 
tion of the quality characteristic and the 
possible good or bad effect of proof load 


testing on product quality. 


A particularly important topic for the 
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ATEE Standards committee is introduced by 
Mr. Taylor’s critical remarks about speci- 
fications as they are commonly written and 
administered. The acceptance or rejection 
of each lot separately on the basis of whether 
or not any item in a small sample falls be- 
low a specified minimum is, as he states, 
certainly uneconomical and often unfair. 
Recently progress has been made toward 
writing acceptance specifications which 
recognize the evidence of a manufacturer’s 
quality history as recorded in a control 
chart, as well as the evidence of the small 
sample from the current lot. Typical of 
these are the acceptance procedures for 
armor plate and steel castings developed by 
the Ordnance Department of the United 
States Army. These might well serve as 
models for writing of acceptance specifica- 
tions in the postwar period. 

In general, Mr. Taylor’s paper is packed 
with concise statements of general prin- 
ciples, each well illustrated. It is an out- 
standing contribution to the literature of 
statistical quality control. 

The application described by Hobson, 
Inglis, and McCants is typical of many in 
which the use of the control chart for routine 
process control must be preceded by an 
extensive program of production research 
aimed at standardization of variables previ- 
ously subject to control of the operator. 
Similar studies in the California aircraft 
industry with respect to spotwelding of thin 
sheets of various aluminum alloys also have 
led to the use of the Shewhart control chart 
to assure uniform quality. Subgroups of 
three are used here also; the control-chart 
variable has been the test strength of welded 
coupons in simple shear, in contrast to the 
more complicated quality index described 
for torsional shear tests of spotwelds of 
heavy steel. 

Manuele and Goffman, in their brief de- 
scription of the grinding operation on bars 
of rectangular stock, give an excellent ex- 
ample of the use of the control chart as a 
basis for trouble shooting on machining 
operations. 

In explaining their Figures 5 and 6, they 
mention the fact that the man in the shop is 
likely to confuse control limits on a chart 
for averages with the specification limits 
applying to.individual items of product. 
This is a common experience wherever the 
control chart is introduced and has led to 
numerous schemes to avoid the troubles 
created by this misunderstanding. One 
common scheme is the use of a chart such 
as Figure 5 of the paper which shows indi- 
vidual measurements. 

The writer believes that this is the wrong 
way to solve the problem, the true control 
chart such as Figure 6 is a much more reli- 
able basis for process control because of its 
much greater sensitivity to shifts in process 
average and process dispersion. Another 
and better way to avoid the confusion be- 
tween specification limits and control-chart 
limits is to plot the control chart for the 
sum of the numbers in the subgroup rather 
than for their average; as the control limits 
for subgroup totals appear to be numbers 
unrelated to the specification limits, they 
are not misinterpreted. The ideal way to 
avoid misinterpretation, although not al- 
ways practicable, is for everyone who uses 
the control chart to understand why the 
limits are not comparable. An important 
rule to contribute to this understanding is 
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never to show specification limits on a con- 
trol chart for averages; such limits are an 
invitation to the man in the shop to become 
confused. This rule has been violated in 
Figure 6. j 

As pointed out by Manuele and Goffman, 
occasions sometimes arise when analysis of . 
variance may help in solving manufacturing 
problems. However, the application of this 
time-consuming technique to the data of 
Table IV seems unnecessary; it should be 
reasonably obvious from inspection of 
Table IV that there are significant differ- 
ences among the cutters. For each of the 
six cams, cutter 4 gives the highest value, 
cutter 3 the next highest, and the value for 
cutter 2 is always equal to or greater than 
that for cutter 1. 


J. Manuele and Casper Goffman: Professor 
Craig is correct when he assumes that the 
preliminary sample of 50 pieces is taken 
during a short interval of time. As a matter 
of fact, the 50 pieces are taken as produced 
consecutively—one after the other. We do 
not recommend taking hourly samples and 
then lumping these together to accumulate 
a sample of 50 pieces. In many instances, 
the production order would be completed 
before the same would be accumulated. 
Therefore, we take the first 50 pieces pro- 
duced at the beginning of the order. This 
may be over a period of 15 or 20 minutes. 

The second point raised by Professor Craig 
has to do with the method used by the 
authors in presenting the example on analy- 
sis of variance. We know that given K fac- 
tors a design can be made so that the total 
variance of a characteristic can be subdi- 
vided into the variance due to each factor 
and the variance due to the interaction be- 
tween any subset of factors. The variance 
due to the interaction between all K fac- 
tors is known as the error term. One can — 
determine which factors and which inter- 
actions affect significantly the characteristic 
in question by comparing them with the 
error term. 

In the example cited by the authors the 
case of one factor was considered; namely, 
the cutter number. The error term for this 
case is the within-cutter variance. Since the 
authors also identified parts with respect to 
cam number, a two-factor analysis of vari- 
ance could have been made as Professor 
Craig has pointed out. Of course, the two- 
factor analysis makes more complete usé of 
the data and may accordingly reveal dif- 
ferences not shown by the one-factor analy- 
sis. However, for the particular intention, 
the one-factor analysis seems adequate. 


Application of Quality Con- 
trol to Resistance Welding 


Discussion of paper 45-98 by L. S. Hobson, 
R. S. Inglis, and R. P. McCants, published in 


_AIEE TRANSACTIONS, 1945, August sec- 


tion, pages 573-5. 


G. M. Reed (General Electric Company, 
Philadelphia, Pa.): The quality control of 
resistance welding as described in AIEE 
technical paper 45-98 has been a functional 
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part of the steel fabrication shop of the 
General Electric Company switchgear equip- 
ment division for the past two years. 

When it was proposed it was endorsed 
wholeheartedly, being recognized as a neces- 
sary tool by which a continued high stand- 
ard of weld quality in switchgear structures 
could be insured. 

The technical data of the weld character- 
istics obtained daily make it possible to 
record weekly trend charts to establish the 
following major controls: 


1. Detection of unfavorable quality deviations in 
sheet, plate, and structural steels, by analysis from 
a material standpoint. 


2. Detection of undesirable machine performances 
before they become critical and affect the quality 
of the finished product, by analysis from an equip- 
ment standpoint. 


8. Provision of a continuous record of operator 
performance which not only is of value to the super- 
visor but also is an incentive to the operator him- 
self. 


4. Good quality from the start, assured by making 
test specimens after each machine setup and before 
production welding. 


In this shop a large variety of steel having 
different degrees of weldability is used. 
This necessitates the use of many different 
scales in plotting weld quality on the control 
chart. The shop personnel, when discussing 
control limits, face an unnecessary complica- 
tion in that they must associate the different 
weld-quality numbers with the control 
limits for each grade of steel. It has been 
proposed to the authors of this paper that 
a system of “process-control numbers” 
common to all steels be used for plotting 
data and for factory discussion purposes. 
A conversion table has been worked out 
whereby the quality-control operator can 
readily convert weld-quality numbers to 
process-control numbers. This will require 
the use of only one plotting scale when plot- 
ting data. The process-control number will 
be indicative of weld quality with respect to 
the control limits, irrespective of the grade 
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of steel being welded. The necessary steps 
are being taken to incorporate this into the 
control system. 


Eugene L. Grant (nonmember; Stanford 
University, Stanford University, Calif.): 
For discussion, see page 951. 


Statistical Methods Applied 
to Insulator Development 
and Manufacture 


Discussion of paper 45-89 by J. J. Taylor, 
published in AIEE TRANSACTIONS, 1945, 
July section, pages 495-9. 


H. A. Adler (Commonwealth Edison Com- 
pany, Chicago, Ill.): The method of analysis 
of endurance test data based on Figures 10 
and 11 of the paper is extremely interesting. 
The author is to be complimented for having 
devised an ingenious method of evaluating 
test results for properties with a pronounced 
time dependence. There are a number of 
materials showing such a time characteristic 
for some of their properties. Impregnated- 
paper insulation of power cables, for ex- 
ample, has a dielectric breakdown strength 
which is a power function of the time to 
breakdown. - 

Further elaboration of Figures 10 and 11 
by Mr. Taylor probably would have in- 
creased their interest and value and made 
their meaning clearer to engineers unfamiliar 
with probability analysis. 

In a simplified way, Figures 10 and 11 
seem to show the following: 

1. If a number of samples are subjected 
to a constant test load A below the average 
ultimate strength, most of the samples will 
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fail after an interval for which the corre- 
sponding most probable strength value 
equals A. 

2. If the samples show a maximum 
deviation in strength of +d for any dura- 
tion, then, if a continuous load A is applied, 
failures may occur between a minimum du- 
ration which corresponds to a breakdown 
value of A—d and a maximum duration 
which corresponds to a breakdown value of 
Ad. 

3. It appears from the foregoing that a 
great spread in life of a number of samples 
subjected to a constant load may be due 
either to a wide spread in test results, that 
is, in a large value d, or to a very pronounced 
time characteristic, that is, a rapid increase 
with life for small decreases in load. This 
statement may be clearer if it is amplified 
somewhat. For example, the test results 
plotted on Figure 10, are based on a uniform 
test load for all samples of 80 per cent of the 
average short-time strength of a large num- 
ber of similar insulators. Actually this 
average 80-per-cent value may be 98 per 
cent of the actual strength of one insulator 
and only 62 per cent of that of another one. 
Then, with the average 80-per-cent load ap- 
plied to one insulator, a short life would be 
obtained, whereas a long life would be ob- 
tained on another one. Figure 10 shows 
that the results for 15 insulators fall within 
the expected load-life characteristics of the 
insulator and that the variation in life is no 
greater than should be expected. 

It is possible to evaluate the spread in test 
results independent of the time effect if the 
breakdown-time relation is known. In this 
case, the breakdown values may be evalu- 
ated on the basis of a common equivalent 
time. This method has been widely used 
in the cable industry and should be ap- 
plicable also in other fields. 


Stanford 
Calif.): 


Eugene L. Grant (nonmember; 
University, Stanford University, 
For discussion, see page 951. 
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A New Outdoor Air Switch 
and the Principles 
Involved in Its Design 


Discussion and authors’ closure of paper 
45-112 by H. W. Graybill and J. S. Ferguson, 
published in AIEE TRANSACTIONS, 1945, 
August section, pages 583-6. 


A. H. Powell (General Electric Company, 
Philadelphia, Pa.): The authors are to be 
congratulated on the excellent manner in 
which they have summarized the problems 
involved in the designing of outdoor high- 
voltage switches. The outdoor air switch 
is often considered a minor part of station 
equipment compared with circuit breakers 
and transformers, but this is not entirely 
the case, for continuity of service is also 
dependent upon the switches and the proper 
functioning of them. 

The paper presents an interesting dis- 
cussion concerning contacts in outdoor 
switches, and the authors of this paper have 
come to the conclusion that braids for 
carrying the current around the hinge end 
of a switch should be eliminated and a di- 
rect contact substituted. In contrast to 
this conclusion, it is suggested that the 
elimination of additional moving-contact 
surfaces, with the resultant decrease in 
maintenance and reduction in switch re- 
sistance, may justify the use of braids at 
the hinge end of the switch. Thinking of a 
solid conductor as the fundamentally ideal 
current-carrying circuit, a switch which 
must open the circuit preferably should have 
no more than one joint or contact point. 
This, in general, can be accomplished only 
by using braids around the hinge of the 
blade. Such basic design has been followed 
for many years by several manufacturers 
of outdoor air switches. It is a fact that 
braids of suitable material properly designed 
have proved very reliable in service Over a 
long period of time. 

In the switch described in this paper, two 
questions come to mind regarding its con- 
struction. First, methods of adjustment to 
compensate for variables in interphase 
pipes, obstructions such as ice at the con- 
tact end, and misalignment apparently are 
lacking, and this may cause trouble in in- 
stallation and maintenance. It is one thing 
to set up for test a three-pole high-voltage 
switch in ideal surroundings using every 
facility needed and obtain satisfactory 
operation. It is another thing to mount 
the switches on a steel structure high above 
the ground, with attendant variables in 
spacing, alignment, operating pipes, and the 
like. Means for adjusting the blade posi- 
tion with reference to the operating cranks 
and contact end of the switch would seem 
to be essential. 

Second, it may be that ice at the contact 
would prevent the blade from closing, and 
the force available at the operating crank 
for breaking ice does not appear adequate. 
Movement of the blade during the final 
travel of the blade is directed by the operat- 


ing arm designated as ¢, of Figure 3 of the 


paper. As clearly shown by Figure 4, as 
well as by suitable mathematics, there is 
considerable force exerted on the operating 
arm in an upward direction if the blade or 
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mechanism housing encounters ice. If we 
assume that the arm is sufficiently sturdy to 
prevent breakage, there may be a certain 
resulting deflection in the arm and, of 
course, considerable pressure on the slot in 
which the end of the arm operates. Be- 
cause the contact end of the switch blade is 
at some distance from the hinge, especially 
in the higher voltages, any variations in the 
slot or deflection of the arm is magnified to 
such an extent that poor contact may re- 
sult. 

The questions which have been raised con- 
cerning trouble-free installation and opera- 
tion of the air switch described in this paper 
appear real. However, satisfactory per- 
formance can only be determined after trials 
under operating conditions over a period of 
time. 


C. S. Beattie and S. C. Killian (Delta-Star 
Electric Company, Chicago, Ill.): The 
authors are to be commended for presenting 
a very interesting paper on an old and widely 
discussed subject. Analysis of the paper 
indicates that no attempt has been made to 
discuss new technical ideas but merely to 
describe a new switch design. The facts 
presented as applying to this switch have 
been known and applied to switch design 
by several switch manufacturers for years. 

Vertical-break rotating insulator switches 
employing the dual-blade motion de- 
scribed have been available for over 20 
years. The elimination of shunts, gears, 
cranks, and exposed levers on the hinge end 
of an outdoor switch also was accomplished 
years ago. 

The authors have made an excellent sur- 
vey of the difficulties inherent in the design 
of an outdoor air switch. Set out in the 
weather, often in exceptionally bad at- 
mospheres, this piece of equipment is ex- 
pected to perform its duties over long pe- 
riods of time with little or no maintenance, 
though coated with corrosion or severely 
iced. Since the function performed is 
simple, it seems to almost everyone that 
air-break switch design should be simple. 
Such is far from the case. A long and pain- 
ful evolution has brought forth the present 
line of equipment, and ingenious mecha- 
nisms without end have been designed in 
order to ¢reate that extra movement of the 
switch blade as described by the authors. 
This is the ice-breaking, corrosion-breaking, 
or contact-pressure-releasing motion as 
compared to the simple raising or lowering 
of the blade. Into that motion is usually 
built the success or failure of the switch. 
Contact design and contact materials are 
also features of major importance. 

We have found that the argument ad- 
vanced by the authors for line contacts 
against point contacts is not necessarily true 
from a practical standpoint, and we have 
largely abandoned the use of the line in 
favor of the point. It is recognized that 
the ability of a line to conduct heat away is 
superior to that of a point. However, it is 
difficult to get the line to lie flat against an- 
other surface so as to produce a full line con- 
tact. On heavy equipment of this nature 
mounted under all sorts of disadvantageous 
conditions where final assembly and ad- 
justment often is made by the installation 
crew, it is next to impossible to align con- 
tacts of the line type. Owing to this they 
therefore approach point contacts. We 
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have found it worth-while to admit that we 
could not obtain perfect line contacts, and 
therefore, use point contacts and design 
them with sufficient points and sufficient 
material at the points to preclude any 
danger of burning under fault conditions. 

We have not found that the softer contact 
materials such as silver and copper are sub- 
ject to galling, provided they are properly 
chosen from a physical, chemical, and elec- 
trical viewpoint. As a matter of fact, we 
find that some of the harder alloys gall much 
more than softer alloys under certain con- 
tact configurations and pressures. Since 
the authors do not mention what contact 
pressures they are using, the findings cannot 
be compared. Silver is superior as a con- 
tact metal to any of the copper alloys when 
subjected to the intensely corrosive at- 
mospheres of many of our powerhouses and 
large industrial installations. So long as 
copper is used, the high-resistant oxides of 
copper will be present unless some means is 
devised of reducing them in the contact it- 
self. 

Complete laboratory tests backed up by 
years of actual service under the most se- 
vere atmospheric conditions have proved 
that silver to copper contacts are both 
feasible and desirable on high-pressure 
switches. By proper selection of materials 
and careful design, it is possible to retain 
the high-conductivity advantages of silver 
and copper and eliminate the necessity of 
using low-conductivity alloys. The re- 
tention of the high-conductivity materials 
greatly aids the contact in absorbing high 
fault currents. 


H. W. Graybill and J. S. Ferguson: The 
question of braided shunts versus contacts 
at the hinge is, of course, not a new one, 
and opinion on the subject varies as widely 
among operators as among manufacturers. 
However, a poll of operating companies has 
indicated that, while shunts are acceptable 
for rural areas, particularly if switches are 
operated infrequently, the elimination of 
shunts is considered desirable in urban 
areas and essential near steel mills and 
chemical plants. It is true that a solid 
conductor is fundamentally ideal for cur- 
rent-carrying purposes. Unfortunately, the 
braided shunt does not approach the solid 
conductor in corrosion resistance. Con- 
sider, for example, a solid conductor one 
inch in diameter and a braid composed of 
enough 0.010-inch wires to give the same 
cross section. When corrosion has pene- 
trated to a depth of five mils, as may happen 
in two to five years, the one-inch conductor 
remains comparatively unaffected, but the 
ten-mil wires are completely destroyed. 

The number of joints or contact points 
in the switch is not, in itself, a matter of 
prime importance. The important char- 
acteristic is the temperature rise of the 
switch resulting from the resistance of the 
joints. It may be pointed out, however, 
that a braid generally introduces four joints: 
one at each end between the ferrule and the 
surface to which it is bolted, and one at 
each end between the braid and the ferrule. 
Unlike the contacts described in the paper, 
these joints have no rubbing action to keep 
the contact surfaces clean and bright; 
hence the resistance of these joints after | 
several years’ exposure to the weather may 
be higher than that of a moving contact. 
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The alignment of line contacts mentioned 
by Beattie and Killian is indeed no simple 
problem. Line contacts must be designed 
carefully if full line contact is to be ob- 
tained. They should either be so arranged 
that the contact pressure assures self- 
alignment (as is the case with the internal 
contacts described in the paper) or so that 
contact alignment is a simple matter. The 
one-piece break jaw used on the new switch 
aligns itself when the mounting bolts are 
loosened with the blade in the closed posi- 
tion, owing to its spring pressure and the 
clearance in the mounting bolt holes. When 
the jaw is aligned in this manner, the mini- 
mum number of contacts theoretically 
possible is two on each side—twice as effec- 
tive as a single point on each side. Ac- 
tually, our experience shows that uniform 
line contact is obtained with tooled pieces. 
Even if the alignment operation were omit- 
ted or neglected, the worst condition that 
would result would be a single-point con- 
tact on each side of the blade. 
Mr. Powell has raised the question of ad- 
justments negessary to assure proper and 
uniform operation of the three poles of the 
-switch. The details of these adjustments 
were not described in the paper because 
only the conventional interphase pipe 
-length and operating mechanism adjust- 
ments are necessary on installation. Ad- 
justments possible, but not required in the 
‘field, are as follows: The blade can be ro- 
tated with respect to the fork, and the arm 
can be rotated with respect to the operating 
lever. In addition, in higher-voltage 
switches there is an adjustment to slightly 
raise or lower the blade in the closed po- 
sition. As a result of these adjustments 
and careful tooling, all pole units have 
-identical mechanical characteristics when 
~leaving the factory. 

Tests have proved the adequacy of the 
_ design to close‘in on a half inch of ice on the 

~break jaw without undue effort or strain on 
the switch. A survey of the operating ex- 
perience of utilities shows that one-half 
“inch is about the maximum thickness of ice 
-coating encountered in the United States. 
- The switch can be closed with heavier coat- 
‘ings of ice by closing the blade rapidly once 
or twice to shatter the ice at the jaw. Be- 
cause of the high mechanical advantage 
-available for rotating the blade, the switch 
. can be opened when covered with even more 
-than one-half inch of ‘ice. Switches of this 
_type, some of which have been in service 
over three years, have shown very satis- 
factory performance/in this respect. 


‘Lightning Investigations on 
33-Kv Wood-Pole Lines 


*Discussion and authors’ closure of paper 
45-115 by F. E. Andrews and G. D. McCann, 

- published in AIEE TRANSACTIONS, 1945, 

November section, pages 768-77. 


~B. C. Sherwood andE. H. Grosser, Jr. 
(Commonwealth Edison :Company, Chi- 
. cago, Til.): Since our company operates 
similar lines in territory adjacent to that 
~ covered in Andrews and, McCann’s investi- 
_ gation, their findings on,the-Jightning per- 


«954 


formance of 33-kv wood-pole lines are of par- 
ticular interest to us. Tripouts per 100 
miles of line per year due to lightning on 
lines with ground wire, with protector tubes 
on the top phase at every pole, and on un- 
protected lines were found by them to be in 
the ratio 1.0, 1.4, and about 15, respectively. 
Our experience indicates performance ratios 
of-similar order. For example, based on 
28.5 miles of 33-kv wood-pole lines on the 
Commonwealth Edison system, the records 
of tripouts due to lightning in 1944 showed 
the following relative outage rates for differ- 
ent types of lightning protection: overhead 
ground wire 1.0; protector tubes (either on 
the top phase wire at each pole for lines in 
triangular configuration, or on the top phase 
wire on alternate poles for lines in double- 
circuit vertical configuration) 1.4; unpro- 
tected lines, about 8. This shows good 
agreement with the Andrews—McCann data, 
although the actual outage rates for our 
comparatively short lines were somewhat 
higher on a 100-mile-per-year basis. 

One line, later converted to double-circuit 
construction, formerly had a triangular 
conductor arrangement with a protector 
tube on the top phase wire at each pole. 
Three-phase protection was provided only 
at corner poles where vertical configuration 
was generally used. Over a period of five 
years, this line had a perfect lightning per- 
formance record. Before the initial instal- 
lation of protector tubes was made on this 
line, which runs through an open section of 
the city with negligible shielding from build- 
ings or the surrounding terrain, lightning 
damage was severe and persistent. The 
improved performance with protector tubes 
is thus particularly significant in view of the 
severity of exposure shown in its early 
operation. 

The protective scheme with a tube on the 
top phase conductor at alternate poles of 
double-cireuit construction deserves some 
mention. The obvious arrangement from 
the standpoint of best protection for the 
number of tubes used would involve two 
protector tubes on every other pole, that is, 
at the top phase wire of each line. However, 
if the top conductors on the two lines are 
of different phases, and connected to the 
same station bus, as was the case here, such 
an arrangement runs the risk of phase-to- 
phase short-circuits. Hence it was neces- 
sary to accept the lower insulation level 
imposed by the presence of the ground lead 
to the protector tube for all poles rather 
than for the protected poles only, as would 
apply with two tubes on every other pole. 
At corners the ground lead is spaced away 
from the pole, but this was not believed to be 
necessary at tangent structures, particu- 
larly for the 150-foot pole spacing involved. 
Reasonably good performance has been 
shown for this construction over one 
lightning season. 

The matter of protector-tube maintenance 
is of some concern in the consideration of 
protective methods. In order to find how 
seriously the tubes on our 33-kv system were 
eroded, a number of tubes were removed 
from random locations early this year for 
inspection and measurement of bore diam- 
eters. Some of these tubes had been in 
service since 1938. Of 56 protector tubes 
inspected, only three had bore diameters 
exceeding the manufacturers’ recommended 
limit of 125 mils over the nominal diameter. 
The average increase for all tubes checked 
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was 27 mils, indicating a reasonably large 
remaining useful life. All tubes removed 
were cleaned and repainted before reinstal- 
lation. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): The paper pre- 
sents valuable data applying to lightning 
performance to» medium-voltage wood-pole 
lines. There are several questions and com- 
ments with regard to a few particular items. 

What statistical data are available on the 
unshielded line with regard to the number 
of unguyed poles flashed over simultaneously 
with one or more guyed poles? Were there 
any cases where only the guyed poles 
flashed to ground? 

What damage occurs to the wood poles 
from the lightning discharge? Is it neces- 
sary to remove the poles? What is the esti- 
mated current amplitude on unguyed struc- 
tures as estimated from the damage pro- 
duced? 

In Table III of the paper the total number 
of direct strokes is given for the protected 
lines with an average density of 130 strokes 
per mile per year. Is it possible to give 
similar figures for the 25.4 miles of un- 
shielded line on which the special inspec- 
tions were made? Likewise, the tripout rate 
on this section would be of interest for com- 
parison. 

In Figure 5A of the paper the currents 
measured on both ends of a one-mile stretch 
were 11,000 and 12,000 amperes, respec- 
tively. Three wood poles next to one meas- 
uring station were also flashed over. It 
would seem that the total lightning stroke 
current must have been of considerable 
amplitude to produce 12,000 amperes cur- 
rent flow about one mile away. On steel- 
tower lines the current in ground wires after 
a few spans reduces to a few thousand am- 
peres. It is therefore surprising to see such 
a high current amplitude at pole 369. 

In Figure 6 of the paper, which shows 
the mechanism of the direct stroke, the 
implication is made that on contact with the 
conductor, a current wave is formed with 
amplitudes ranging between 1 and 160 
kiloamperes. In the example acrest current 
of 25,000 amperes is assumed to produce 
6,250 kv on the conductor unless flashover 
occurs. It occurs to me that the stroke cur- 
rents before flashover should be of an en- 
tirely different order of magnitude, ranging 
from a few hundred to perhaps a maximum 
of 10,000 amperes and are due to the down- 
ward leader. The charges on the conductor 
should not increase these values materially. 
Only after contact is made with the ground 
by flashover should thehigher-amplitude cur- 
rents occur. J would expect that the voltage 
relations from conductor to ground, there- 
fore, should be different from those shown 
in Figure 6. I would be interested in the 
authors’ comments concerning this situa- 
tion. : 


F, E. Andrewsand G.D. McCann: The sup- 
plementary data supplied by Sherwood and 
Grosser provide a valuable addition to those 
given in the paper. Of particular interest is 
the splendid record of their line equipped 
with a protector tube on the top-phase wire. 

In regard to Mr. Hagenguth’s first ques- 
tion, statistical data are not available on 
the unshielded line concerning the number 
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of unguyed poles flashed over simultaneously 
with one or more guyed poles. This could 
not be determined from the preliminary 
visual inspections, and insufficient data 
have so far been obtained from the detailed 
study on the short section of line to deter- 
mine statistical curves. There have how- 
ever been some cases where only one guyed 
pole appears to have been involved in the 
flashover. 

The damage which occurs to the wood 

poles from the lightning discharge varies 
widely from small slivers between the ridge 
irons and crossarm to large lengthwise sec- 
tions the entire length of the pole. In 
some cases the pole is so badly split that it 
will not hold the attachments, and replace- 
ment is required. No estimates have been 
made of current amplitude from the amount 
of splintering. 
; The 25.4 miles of unshielded line inspected 
is part of a 60-mile line with a large amount 
of type-VII (Table II) construction in addi- 
tion to the type-I construction inspected. 
Since a large part of the unprotected section 
has not been equipped with surge-recording 
devices, no data are available on stroke 
density to unprotected lines. Since line 
tripouts could not be segregated to the dif- 
ferent line sections, the tripout rate of this 
section is not available. 

Mr. Hagenguth refers to the stroke mech- 
anism pictured in Figure 6 of the paper, 
stating that the magnitude of the stroke cur- 
rent should be influenced by whether or not 
flashover occurs to ground. The authors 
agree that if a line with abnormally high in- 


sulation to ground were struck, as high crest- . 


stroke current would probably not be 
reached as would be the case with flashover 
to ground on the front of the current wave. 
This however does not affect the general 
nature of the stroke mechanism as pictured 
by Figure 6. 


New Transmission-Line 
Diagrams 


Discussion and author's closure of paper 45- 
126 by A. C. Schwager and P. Y. Wang, 
published in AIEE TRANSACTIONS, 
1945, September section, pages 610-15. 


Felix Cecchetti (Rural Electrification Ad- 
ministration, St. Louis, Mo.): Though 
time does not permit a more thorough analy- 
sis of the subject, it is believed that the 
following general comments may be of some 
benefit. 

The authors offer a simplification of the 
diagrams now in use for the calculation of 
power and impedances at either end of a 
transmission line, once the other values are 
given and the line constants are known. 
The simplification of a technical problem is 
always welcome and this one certainly meets 
the needs of the transmission-line designers. 
However, if a more detailed explanation of 
certain analytical expressions, integrated by 
typical cases, were included in the presenta- 
tion, this new method may be more convinc- 
ing in its practical applications, and more 
useful to a larger group of transmission engi- 
neers. ‘It would be easier, for instance, to 
understand the limitations in the use of the 
impedance diagram for relaying problems if 
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the authors were more explicit in their refer- 
ence to the problems involved in actual de- 
sign. 

Further, it would be particularly interest- 
ing to know under what conditions voltage 
ratio and power angle are ‘“‘not essential,’’ 
as referred to in the second paragraph of the 
paper. 


A. C. Schwager: Felix Cecchetti points 
out that a more detailed explanation of the 
derivations and additional examples would 
have helped to make the paper accessible to 
a larger number of engineers. Available 
space and time limited the paper essentially 
to proofs of the existence of certain new dia- 
grams. It is hoped that more detailed 
studies by transmission specialists will 
follow. 

With regard to the question as to when 
the knowledge of the power angle is not 
essential; this could be the case with charts 
whose range is limited initially to normal 
operating conditions. 


Oil Stresses in Impregnated- 
Paper Insulation 


Discussion and author's closure of paper 45- 
103 by J. B. Whitehead, published in 
AIEE TRANSACTIONS, 1945, August sec- 
tion, pages 555-7. 


Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
Doctor Whitehead presents an approximate 
theoretical analysis which purports to show 
that a cable of higher dielectric strength 
may be obtained by grading the paper 
density, using higher density paper for the 
inner layers. The method used in this 
analysis is admittedly approximate and 
might be of value if the author could show 
that it approximates experimental results 
with a fair degree of accuracy. Without 
such comparison, it is not apparent what 
value may be attached to the analysis. 

Unfortunately a paper cable is not such a 
simple thing as Doctor Whitehead assumes 
for mathematical study. Paper has not 
only thickness and density but also a shrink- 
age coefficient, a modulus of elasticity, and 
other physical properties which do not enter 
into this approximate treatment. Paper 
tapes are not laid simply one on another, as 
in Doctor Whitehead’s formulas, but are 
heated, dried, and impregnated. High- and 
low-density papers differ in these unconsid- 
ered characteristics. 

I have found experimentally that if low- 
density paper is placed over high-density 
paper, the overlying layer will not hug the 
inner layers but the two types of paper will 
tend to separate. This is shown clearly by 
the styrene wafers of a paper by Wyatt, 
Smart, and Reynar, in Figure 10 of that 
paper for example. On the other hand, if 
the high-density paper is put outside and 
the low-density paper inside, the overlying 
layer will hug the inner layers tightly be- 
cause it is possible to make high-density 
paper with greater elasticity and shrinkage. 
Cables of the latter type exhibit much less 
dendritic damage than those of the former 
type, under equal long applied voltages. 
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They exhibit no difference in the Association 
of Edison Illuminating Companies’ “life 
test.”’ 

The Whitehead formula, moreover, is a 
very artificial one, as it takes no account of 
the deflection of the electric field by irregu- 
larities in dielectric constant. I prefer to 
use a formula by E. B. Baker which appears 
in a letter to the editor? and which takes the 
deflection of lines of force into account. It 
gives entirely different results, as I pointed 
out in my discussion of the Whitehead and 
Kopper paper. The graded cable, it will 
be seen, shows higher stress in the oil than 
the ungraded cable, and this agrees with my 
observations of what actually happened in 
the large number of cable samples tested 
and examined in the Habirshaw labora- 
tories to check the grading theory. 
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J. B. Whitehead: Mr. Del Mar apparently 
has failed to grasp several facts. 

There has been much difference of opinion 
and much conflicting informal experimental 
evidence as to the influence of the use of 
high-density paper in cable insulation. My 
paper is a theoretical analysis showing how 
such contradictory evidence and opinion 
might be explained. 

The paper states plainly that the analysis 
does not purport to cover the influence of 
gas pockets either original or subsequent. 
Solid-type cables are subject to all the rela- 
tions given in the paper, but such cables 
usually are vulnerable at stresses much 
lower than those discussed in the paper. 

The radial stress at the center of the 
longitudinal section of an oil channel or 
paper gap is independent of the width of the 
gap. The wider the gap the lower the space 
tate at which the stress falls off from the 
central constant value because of the fring- 
ing of stress lines at the outer edges of the 
gap. 

The Baker formula to which Mr. Del Mar 
clings so tenaciously is not applicable to the 
conditions in an oil channel. (See closure 
to previous paper on impregnated paper.)! 

The statements made by Mr. Del Mar in 
his third paragraph are interesting, and ex- 
perimental data in support would be more 
so, but they are scarcely pertinent to the 
present discussion in that they deal with the 
presence of gas pockets. However, assuim- 
ing that his cable behaves as claimed, it in 
no sense invalidates my treatment of the 
graded cable. It only means that he has 
elevated the gaseous ionization voltage and 
so narrowed the usual gap between values of 
gaseous ionization and critical oil-stress 
voltages. 

An error in my computation of the quan- 
tity G, equation 13 of the paper, has been 
brought to my attention. The value of Kp 
the dielectric constant of impregnated paper 


was taken as Kap, and then as Roce tue 
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measured values for. the respective papers 
when assembled as impregnated specimens. 

Correcting this error, we find Gg=Kap/Ko 
for the denser paper and Gy=K»-/K for the 
lighter paper. 

Making the appropriate corrections in 
Figures 1 and 3 of the paper, the horizontal 
dotted line for Ey,, all D paper, is raised in 
both figures to the value 2.04 on the scale of 
ordinates. In Figure 1 the approximate 
curve for Eoq is the diagonal, from lower left 
to upper right, of the rectangle formed by 
the two dotted lines and the vertical lines, 
b/a=1 and 3. In Figure 3 the curve for 
Enq is the diagonal from upper left to lower 
right of the same rectangle. 

The conclusions of the paper should read 
as follows: 


1. As given in the paper. 


2. The use of both high- and low-density paper 
with the former inside as in a ‘‘graded”’ cable results 
in a voltage gradient, Ea at the surface of the con- 
ductor, which is lower for any proportion of the 
denser paper than that when either paper is used 
alone. However, the gradient in the oil channels or 
paper gaps, at the surface of the conductor, is al- 
Ways greater than in the case when the less dense 
_paper is used alone. 


If the denser paper is outside, Eg is always 
-higher than for either paper used alone, and 
-the gradient Ey, in the oil channels is always 
greater than in the case when the less dense 
paper is used alone. 
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_ Synchronous Starting of 
Generator and Motor 


‘Discussion and authors’ closure of paper 
45-119 by C. Concordia, S. B. Crary, C. E. 
\Kilbourne, and C. N. Weygandt, Jr., pub- 
‘lished in AIEE TRANSACTIONS, 1945, 
“September section, pages 629-34. 


‘I. C. Benson (nonmember; Electric Ma- 
.chinery Manufacturing Company, Min- 
neapolis, Minn.): The paper entitled ‘‘Syn- 
,chronous Starting of Generator and Motor”’ 
by Concordia, Crary, Kilbourne, and 
Weygandt presents many interesting curves 
-Showing the relationships among the various 
pertinent parameters. These data undoubt- 
edly will prove useful in obtaining the opti- 
mum results for starting one synchronous 
-machine by means of a second machine 
Operating as a generator. 

On several occasions of difficult starting, 
I have decelerated the generator (with 
_field excitation on) down to about 15 per 
cent of normal speed. Then, with field 
-excitation on the motor, and the motor 
.connected to the generator, the motor has 
started rotating. As soon as the motor ac- 
.celerated to substantially the operating 
-speed of the generator, the generator speed 
was increased gradually to the desired speed. 
Undoubtedly, this method of starting re- 
.quires less power from the generator prime 
mover, but I am wondering if the same 
_curves can be utilized when starting at such 
.a low speed wherein the effect of fric- 
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tion and breakaway is much reduced. 

The test checks given in the paper prove 
the calculated results to a high degree and 
the appendix sets up the torque equations— 
all in a useful manner for future use. 


C. Concordia, S. B. Crary, C. E. Kilbourne, 
and C. N. Weygandt: In regard to Mr. 
Benson’s remarks about starting the motor 
with the generator at 15-per-cent speed, 
this method should be considerably different 
from the starting of both machines from rest 
simultaneously, even though the motor is 
excited continuously. With the generator 
at 15-per-cent speed, the motor starting 
torque should depend principally upon its 
amortisseur winding, rather than on the 
synchronizing-torque characteristics. There 
are acting on the motor: 


1. An induction-motor torque caused by the gen- 
erator excitation acting on the motor amortisseur. 


2. A (negative) braking torque caused by the 
motor excitation acting on the line and armature 
resistances, 


3. An induction-motor torque caused by the motor 
excitation acting on the generator amortisseur. 


The relative magnitudes of these torque 
components will determine whether it is 
better to have the motor excited or unexcited 
during the first part of the starting period. 
One would expect the total energy from 
the generator prime mover to be smaller 
when the full start is made in synchronism, 
since there is then considerably less dissipa- 
tion of energy in the amortisseur windings. 


There is, of course, no exact and sharp - 


boundary between regions to be classified as 
primarily synchronous or primarily induc- 
tion-motor starting, but it would seem that 
the primarily synchronous region would exist 
for initial generator speeds no higher than 
two or three per cent. 


Impulse-Failure-Detection 
Methods as Applied to 


Distribution Transformers 


Discussion and authors’ closure of paper 45- 
129 by H. C. Stewart and J. E. 
Holcomb, published in AIEE TRANS- 
ACTIONS, 1945, September section, pages 
640-4. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): It is gratifying to 
note that the authors have made a deter- 
mined effort to evaluate present and pro- 
posed methods of failure detection during 
impulse test. It is of great interest that the 
experiences on distribution transformers are 
of similar character as those found in power 
transformers; namely, that very little reli- 
ance can be placed on bubbles, smoke, noise 
in tank, and normal-frequency excitation, as 
far as failure detection is concerned. In 
addition, even comparison of applied-volt- 
age-wave shapes apparently is a very un- 
satisfactory means for detecting failures in 
these units. It is, therefore, of greatest 
value that the neutral-impedance method 
for measuring the current at the grounded 
end of the winding subjected to impulse has 
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shown such excellent results even in detect- 
ing turn-to-turn short circuits. This sim- 
plifies the problem of failure detection 
greatly, since generally similar methods now 
are available which cover the entire field of 
distribution and power transformers, and 
the test procedure therefore can be stand- 
ardized for the whole range of transformers. 

The neutral-current method has been used 
during commercial impulse tests on approx- 
imately 50 power transformers. The ex- 
perience gained indicates that the method is 
extremely sensitive. As a matter of fact, it 
is almost too sensitive, since it even has 
indicated corona streamers in the impulse 
circuit external to the transformer and 
small sparks on crossed ground wires. So 
far, any failures which occurred were de- 
tected by both the current and the voltage 
wave, although in no case was the decision 
that the transformer had failed based on the 
current wave alone. However, the greater 
sensitivity of the current method has sub- 
stantially helped in the decision of deter- 
mining whether or not failure had occurred, 
when used in combination with the com- 
parison of the reduced and 100-per-cent 
voltage waves. 

I heartily agree with the authors that a 
demonstration of the ability of electric 
apparatus to withstand impulse tests is of 
little value unless adequate failure detection 
methods are used; that is, methods which 
will detect all failures. Unless these failures 
are detected and repaired, the margin of 
demonstrated transformer insulation 
strength above protective levels, as outlined 
in ASA Transformer Standards, is not 
obtained. 

Although in service a failure of the wind- 
ing will be detected only when follow current 
occurs and therefore the transformer has to 
be taken off the line, it is hardly justifiable 
to pass a transformer on test even though 
the damage done during the test is of such 
order that it is difficult to detect, and follow 
current, bubbles, and smoke do not occur. 
Such a procedure permits an arbitrary deci- 
sion by the manufacturer as to what con- 
stitutes a successful test, so that a damaged 
transformer may be said to have passed the 
test and then be shipped. This damage in 
test then may be the actual cause of ulti- 
mate failure of the transformer in the field 
after some years of service by a gradual in- 
crease in the damage over a period of years 
by corona resulting from continuous normal- 
frequency excitation and repeated surge ap- 
plications at the level permitted by protec- 
tive equipment. In sucha case, the failure, 
although due to undetected damage on im- 
pulse test, would be charged to some other 
cause or perhaps called indeterminate. 


H. C. Stewart and J. E. Holcomb: Since 
this paper was written, more experience has 
been gained in the use of method 8. Corona 
oscillations were not superimposed on the 
impulse current wave even though corona 
was observed on the circuit external to the 
transformer under test. One thing which 
helps to explain this difference from the 
power transformer tests in J. H. Hagen- 
guth’s discussion is the difference between 
the two shunts. The pure-resistance shunt 
is strictly linear and gives a true picture of 
the current wave without any distortion. 
This is not true of the parallel capacitance 
and resistance shunt. A typical shunt of 
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Table I. 


Summary of Impulse Tests 


Failure Indicated by: 


Transformer 


Rati 60-Cycle Smoke 
menue Oscillo- and 
va Volts Method 1 Method 8 gram Bubbles Type of Failure 
Me tener ea C5 ee No Yes ier A ee Vests. eictonts IN Oe hte bes Layer failure 
Z ; I INGt Sintra arch, 3 Yes A aqshenee sacs BAC | RS Rees INGE. oe ees One-half high-voltage coil 
a Gena oy OOM eet SS (itp A ae hy eta Waeghe tte 2"... Vesper Asc. cINO metas Not located 
Se ocier eee PURSE No Bisay GS Riki « Naar aiiccts MiGs Foes oe. Layer failure 
Sar GEE ope oe No Se ee RECS S Pate tens a9 8 INoM gam shot ats INO, J yve ah One-half high-voltage coil 
PR Ae 24007 neck = SES?) VICES ete INOL Bkiec. sate NOREEN aver tallure 
TOU ao ns3.< PRCA ake ace No IOS. Sc econ Nota css ING ee ae Not located 
ie A Se 2,400*. No Yes SUF occa. ING™ misters SRUN TORT tents Turn failure 
200 seyiscies: 2;400 s5., lite Yes MiGSieinuiersti., << ING oiericie cus IGS Erich. are High-voltage coil to low- 
voltage coil 
DOOR erat oy 00 tc. ais IN Glare tetas ea CES crahsisvelersiace ING! aie cre, cveus ING: aiesisre 3 Turn failure 


*Faults first detected by low-frequency tests but they immediately burned clear and could not be repeated, 


+Magnetic oscillograms taken after at least ten more impulses were applied. 


tected with method 8.) 
siderably weakened. 


0.01 microfarad and 8,000 ohms is used to 
illustrate this statement in the following 
example: 


a R - 8,000 
V/14(2nfCR)? W1+(502.4X 10-6)? 


If a natural frequency for the transformer 
of 50 kilocycles is assumed: 


8,000 


Z= 
a/ 1+ (502.4% 10-850 X 108)? 
=319 ohms 


The higher-amplitude corona frequencies 
are of the order of magnitude of one mega- 
cycle or even higher. When f=1X108 
cycles per second: 


ee 8,000 
4/ 1+ (502.4 X 10-108)? 


=16 ohms 


where 


Z=total impedance of the shunt 
R=resistance of the shunt 
C=capacitance of the shunt 
f=frequency of a particular current com- 
ponent 


Consequently, the distortion caused by 
the corona current wotild be quite small be- 
cause of the shunt’s low impedance to high- 
frequency currents. 

Since an impulse wave is really a combina- 
tion of many superimposed frequencies, this 
reasoning can be used to explain the use of 
the parallel capacitance and resistance 
shunt. The front of a 11/2x40-microsecond 
impulse wave corresponds roughly to a 200- 
kilocycle frequency and the tail of the wave 
to a much slower frequency. Conse- 
quently, by using a nonlinear shunt of this 
kind, reasonable amplitudes are observed on 
the oscillographic trace. 

It is reasonable to assume that super- 


imposed high-frequency oscillations will not | 


appear on the-crest of impulse,waves applied 
to small distribution transformers, as they 
do with power transformers, because the 
oscillation frequencies of distribution trans- 
in general. 


fault cannot be readily observed even 
though it is superimposed on the applied 
wave, for it is of approximately the same 
order of magnitude as the slower compo- 
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Conse- | 


(After failure was first de- 


Consequently, the resistance to follow current of the impulse failure path was con- 


nents of the applied wave. The amplitude of 
the higher-order harmonics appears to be 
quite small, probably because they are 
shunted to ground through the high ground 
capacitances. Calculations of this type 
show that shunts used for measuring the 
neutral current may be different for various 
types of winding construction, and dis- 
crimination must be used to select the most 
suitable method for each transformer under 
test. 

The neutral-impedance method has been 
used to confirm turn failures, caused by 
mechanical defects, which occurred during 
the standard low-frequency tests but which 
immediately cleared by burning off the 
fault, so that when commercial low-fre- 
quency tests were repeated, there was no 
indication of any defect in the transformer. 
Also further impulse tests, using method 8, 
have been made on experimental designs of 
distribution transformers. 

Table I of this discussion summarizes 
additional impulse tests where the faults 
were confined to coil interior. In four of 
the tests, the only method which indicated a 
fault was method 8: It appears that the 
effectiveness of method 1 and the 60-cycle 
oscillograms as failure-detection devices 
varies considerably with the different trans- 
former designs, but method 8 seems to be 
equally effective for all the transformers 
tested. 


Guides for Operation of 
Transformers, Regulators, 
and Reactors 


Discussion of paper 45-130 by the AIEE 
transformer subcommittee, published in AIEE 
TRANSACTIONS, 1945, November section, 
pages 797-805. 


F. A. Lane (American Gas and Electric 
Service Corporation, New York, N. Voit 
While it may seem desirable to formulate 
some procedure for gauging the capabilites 
of transformers, regulators, reactors, and 


other apparatus over and above their name- 


plate ratings, it is felt that the material in 
the paper under discussion is of a highly 
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theoretical nature. In large degree all of 
the reasoning seems to be based on assump- 
tions supplemented here and there by theo- 
retical considerations. After certain con- 
clusions are reached which, in some instances 
at least, are wholly derived from a succession 
of assumptions, it is proposed to apply those 
to transformers having measuring devices 
which in themselves are anything but per- 
fect. I have in mind the fact that the 
generally accepted temperature devices on 
transformers today do not measure any defi- 
nite temperature. The thing that they do 
measure is again something that, based upon 
a chain of assumptions and theoretical con- 
siderations, is supposed to simulate a condi- 
tion somewhere in the transformer, the loca- 
tion never being definitely understood. 

It seems to me that in the face of this an 
attempt is being made to formulate firm 
rules which cannot by any stretch of the 
imagination be any more substantial than 
the bases on which they are established. 
My conclusion is that the discussion serves 
a very useful purpose from a theoretical 
standpoint, but it has no place in practical 
application until it can have been demon- 
strated that there is something more to it 
than mere theoretical derivation based on 
assumption. 

It seems to me that, aside from these ob- 
jections, the procedure which must be fol- 
lowed by anyone trying to apply these rules 
practically is far too complicated for any 
but a very limited group of people. It re- 
quires too much time. For the most part 
the cumbersome nature of the procedure will 
cause it to be ignored. 

As I understand from a footnote of the 
paper, the material therein is to be presented 
to the American Standards Association for 
inclusion as a part of the proposed revision 
of transformer Standards. Unfortunately, 
although under the subtitle ‘“Scope’’ it is 
stated that these guides cover general recom- 
mendations, the issue is clouded by reason 
of the fact that later on the reader is cau- 
tioned that before he follows these recom- 
mendations he had better take the whole 
matter up with the manufacturer and get his 
advice and recommendations. Thus at the 
very start serious doubt is brought into the 
mind of the reader that the authors them- 
selves are inclined to take the recommenda- 
tions very seriously. 

At another point it is stated that the data 
in reference to the aging of insulation at 
different temperatures have been obtained 
in laboratory tests in which the decrease in 
mechanical strength has been measured. 
There may be a definite relationship be- 
tween mechanical strength and electrical 
strength. That is not demonstrated, how- 
ever, and to accept data on mechanical 
strength as a basis for arriving at the con- 
clusions in this paper seems to me to be er- 
roneous. 

At another point in the paper it is pointed 
out that judgment and experience are im- 
portant in determining what overloads trans- 
formers may be subjected to. This paper, 
however, attempts to set up definite rules 
which would tend to eliminate the factor of 
judgment and experience. 

There are many other points in this paper 
which could be pointed out as being some- 
what inconsistent with other parts of the 
paper. P 

A question raises itself with regard to the 
inclusion of these recommendations as part 
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of the American Standards Association 
transformer Standards, as to what the manu- 
facturers’ attitude is going to be toward 
them. Is it going to be the policy of the 
transformer manufacturer to guarantee that 
his product will perform consistently with 
theserules? Is he going to attempt to design 
his transformer so that when operated in 
accordance with these rules the result will 
be as might be predicted from the rules? 
If this material is to become part of the 
Standards it would seem logical that this 
should be the case. 

Tosum up, it appears to me that the paper 
is valuable from the standpoint that it dis- 
cusses various theoretical considerations 
with regard to the overloading of trans- 
formers and other electric equipment, It 
ought to take its place as a contribution to 
the general fund of knowledge on this point. 
I think, however, that it has not been 
demonstrated that this subject has been de- 
veloped to a point where definite rules can 
be set forth which will work satisfactorily 
in everyday life. It appears to me that a 
great deal more work needs to be done. 
Something more definite is necessary before 
final conclusions of a workable nature can be 
arrived at. In short, I feel that this should 
not be a part of the transformer Standards. 


Symmetrical Components 
as Applied to the 


Single-Phase Induction 
Motor 


Discussion and author's closure of paper 45- 
102 by F. W. Suhr, published in AIEE 
“TRANSACTIONS, 1945, September sec- 
tion, pages 651-6. 


W. V. Lyon and Charles Kingsley, Jr. 
(Massachusetts Institute of Technology, 
Cambridge, Mass.): We are glad to see 
Mr. Suhr’s paper on the method of two- 
phase symmetrical components applied to 
the analysis of single-phase induction 
motors. 

The method of symmetrical components 
is a revolving-field theory and has many 
features in common with the revolving-field 
theory developed in Mr. Morrill’s classic 
paper.1 The principal difference is that 
Mr. Morrill considers the split-phase motor 
as two single-phase motors in the same frame 
with their windings in quadrature, each 
component motor producing a forward and 
a backward revolving field. Thus, four re- 
volving fields have to be considered. When 
analyzed by the method of symmetrical 
components, the currents in the two stator 
phases are resolved into two symmetrical 
sets of components whose magnetomotive 
forces produce respectively a resultant for- 
ward and a resultant backward revolving 
field, and only these two fields need be con- 
sidered. We. believe, as does Mr. Suhr, 
that the method of symmetrical components 
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gives a clearer concept of the physical phe- 
nomena than do either the revolving-field 
theory of Mr. Morrill’s paper or the cross- 
field theory. 

Although, as Mr. Suhr says, the basic 
principles on which the analysis of his paper 
is founded were published a number of years 
ago,?: the paper should be a useful contribu- 
tion to the literature in the field of single- 
phase induction-motor theory in that it 
gives further publicity to the symmetrical- 
component concept, summarizes the earlier 
general analyses, and derives a number of 
useful relations for special cases. 
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Edward Bretch (The Century Electric Com- 
pany, St. Louis, Mo.): This timely paper 
recognizes the need for improvement in 
single-phase squirrel-cage-motor theory. 
To one who has spent many years with 
single-phase motors and has attempted to 
reconcile the conventional rotary-flux and 
cross-flux theories with each other, as well as 
with tests, the need for this action is evident. 
As these theories were proposed 50 years ago 
when experience with induction motors, 
particularly single phase, was rather limited, 
it is time they were clarified and co-ordi- 
nated into a single logical theory in the light 
of 50 years of progress. Neither of these 
theories recognizes the vital distinction be- 
tween a magnetomotive force and a flux thus 
resulting in confusion and misunderstanding 
regarding the physical actions within the 
single-phase motor. 

A magnetic flux represents energy while a 
magnetomotive force represents force only. 
Fluxes therefore follow the laws of energy 
while magnetomotive forces follow the laws 
of forces. Magnetomotive forces being forces 
combine vectorially into a resultant that de- 
pends on the space angle at which the com- 
ponents act. Fluxes, on the other hand, 
being energies combine arithmetically irre- 
spective of the space angle at which the 
components merge. 

Both the rotary-flux and cross-flux the- 
ories are based on the erroneous assumption 
that instantaneous fluxes combine vectori- 
ally in the same manner that magnetomo- 
tive forces do which results in the afore- 
mentioned confusion and misunderstanding. 

For example, the assumption made in the 
rotary-flux theory that two similar constant 
rotary fluxes, rotating simultaneously and 
oppositely in the same space, combine vec- 
torially into a single-phase alternating re- 
sultant flux, is disproved by placing two 
similar polyphase windings in the same core 
slots and then attempting to excite these 
windings simultaneously for opposite rota- 
tion. Logical considerations likewise dis- 
credit this assumption. The energy stored 
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in a constant rotary flux is constant as the 
flux does not vary with its position, speed, 
or direction of rotation. As the stored 
energy in a constant rotary flux is constant, 
the combined energy of any two constant 
rotary fluxes also is constant. As the com- 
bined energy of any two constant rotary 
fluxes is constant while that of a single- 
phase alternating flux varies between zero 
and a maximum twice in each cycle, a single- 
phase alternating flux cannot possibly be the 
resultant of two constant rotary fluxes. 

It appears that Mr. Suhr applies this 
same oppositely rotating-vector line of 
reasoning that is applied to the magnetic 
circuit in the rotary-flux theory, only in his 
case it is applied to the electric circuit. 
As phase M is a_ single-phase wind- 
ing, it is capable of responding only to a 
single-phase electromotive force. Irrespec- 
tive of what components may be included in 
Vu, Vu is their combined resultant, is 
single phase, and is the only electromotive 
force impressed on phase M. Conse- 
quently Iy, is the only current in phase M. 
Similar conditions prevail in phase S. 

It appears that by injecting these various 
arbitrary and fictitious factors, designated 
by the plus and minus subscripts, the 
mathematical expressions become so com- 
plicated and involved (see equations 45-50 
of the paper) that they develop no clear 
conception of the physical actions they are 
presumed to disclose and clarify. How- 
ever, the move to modernize single-phase 
squirrel-cage-motor theory is overdue. The 
distinction between a magnetomotive force, 
which is a force following the laws of forces, 
and a flux, which is energy following the 
laws of energy, should be recognized defi- 
nitely. Also the corollary that instantane- 
ous fluxes do not combine vectorially, as 
magnetomotive forces do, likewise should be 
recognized definitely. When this is done 
the physical actions within the single-phase 
squirrel-cage motor become as clear and as 
easily understood as those of the trans- 
former or d-c motor. 

Mr. Suhr’s paper is a move in the right 
direction. Fifty years of development and 
experience should serve to clarify the situa- 
tion so that the two controversial single- 
phase-motor theories can be co-ordinated 
into a comparatively simple and logical 
theory that clearly depicts the physical 
actions that take place in the single-phase 
squirrel-cage motor. : 


F. W. Suhr: The author wishes to thank 
Professors Lyon and Kingsley for their in- 
terest in this paper and for their comments 
which further amplify the conclusions given. 

Admittedly some of the equations derived 
are quite formidable as Mr. Bretch points 
out. Following the line of reasoning he indi- 
cates, using fluxes and magnetomotive forces, 
it does not appear that the mathematical 
treatment could be simplified as fluxes are 
functions of currents which, in turn, are func- 
tions of the electrical constants of resist- 
ances, reactances, and the applied voltage. 
A paper covering the proposed theory should 
be of general interest. 
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Response Time and Lag 
of a Thermometer 
Element Mounted 
in a Protecting Case 


Discussion and author's closure of paper 
45-133 by W. N. Goodwin, Jr., published 
in AIEE TRANSACTIONS, 1945, Septem- 
ber section, pages 665-70. 


R. W. Lohman (War Production Board 
Portland, Oreg.): In the paper by W. N. 
Goodwin which was presented to the In- 
stitute in June 1945, the author discusses 
the time lag of the temperature-sensitive 
resistance element which is introduced by 
the protective case in which such elements 
are generally placed. The following notes 
refer to methods employed by the writer 
to reduce such time lag, especially on 
thermometers required to withstand high 
hydrostatic pressure. 


A DESIGN FOR MINIMUM TIME LAG 


The type of thermometer described in the 
following was designed for use in oil wells 
filled with drilling mud, wherein the bottom 
hydrostatic pressure, in a well 15,000 feet 
deep, may be of the order of 10,000 pounds 
per square inch, and wherein such thermom- 
eters are used for logging temperature- 
depth curves during passage from the bot- 
tom to the top of the well at speeds up to 
150 feet per minute. 

Evidently, to withstand such collapsing 
pressure a closed protective case would have 
to be of such thickness that it would seri- 
ously decrease the rate of heat flow there- 
through. 

Therefore, in general, the subject design 
employs a thin inner tube in which is cut a 
spiral groove, and in which groove the 
temperature-sensitive wire is wound, 
double, so that both ends thereof may be 
brought out at one end of the groove. The 
grooves are then coated with oil, and a 
tightly fitting and also thin outer tube is 
forced over the inner tube. The container 
for the resistance element is, therefore, not 
in effect a closed vessel, but is open to fluid 
pressure at both ends, and consequently is 
not subjected to hydrostatic collapsing 
pressure. The ends of the resistance ele- 
ment are passed through a bushing, A, 
Figure 1, in the janer tube, and on out 


; Figure 1. The one-inch-by-eight-inch silver- 


tube thermometer, showing the grooves con- 
taining the wire, the leadout bushing at A, 
and the leadout tube at B 


through a small bore tube, B, which is 
soldered into a boss on the inner circumfer- 
ence of the inner tube. Figure 2 shows a 
complete thermometer mounted on its 
Bakelite thermal insulating support, A, and 
also shown is the exterior steel tubing shield, 
B, for the mechanical protection of the in- 
strument during its travel in the well. 

It will be seen that in a thermometer of 
this design heat flow will take place to the 
outer semicircumference of each turn of wire 
from the outer tube, and simultaneously, 
to the inner semicircumference of each turn 
of wire from the inner tube, since the am- 


Table | 
Temperature, 
Degrees 
Centigrade Viscosity 
DOU PIE erat ete st crviotonstionetae oan 1.005 
BO sel coves Uabeeas apie otneteds obata ents -), Sate 0.800 
poo Rs cd oeics Cadion om odor cc 0.299 


bient fluid passes through the bore of the 
inner tube and at the same time longitudi- 
nally along the outer surface of the outer 
tube, thus transferring about twice the 
quantity of heat to the resistance wire per 
unit of time that would be possible with 
only an outer closed tube (if in the latter 
case no thermal insulation within the 
single tube is assumed). 

The containing tubes may be of silver or 
copper, preferably the former, for the 
reasons set forth in the following para- 
graphs. 


THERMAL DIFFUSIVITY 


The term, thermal diffusivity, is equiva- 
lent to the expression, temperature con- 
ductivity, which latter is comparable to 
electrical conductivity, that is to say, the 
capacity of a material to conduct tempera- 
ture (or electricity). 

Now, with reference to the afore-men- 
tioned thermometers, the rate at which 
temperature is conducted across the con- 
tainer, which is supplied with heat on one 
side (say from the ambient fluid), and (say) 
cooled on the other side by the resistance 
element, is chiefly determined by the tem- 
perature conductivity or thermal diffusivity, 
of the material of the container. 

Therefore, the material of the container 
should be selected not on the basis of its 
thermal conductivity, but on the value of 
its thermal diffusivity. 

While the thermal conductivity of silver 


Figure 2. The two silver tubes soldered to- 
gether, assembled on a Bakelite thermal insu- 
lator at A, and at B the 13/4-inch-outside- 
- diameter-by-16-inch-long exterior steel shield 
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Figure 3. Curves showing the time lag of 


copper- and silver-tube resistance thermom- 
eters during heating and cooling cycles 


Curve 1—Copper-tube container, from 98 to 
26 degrees centigrade 
Curve 2—Copper-tube container, from 26 to 
98 degrees centigrade 
Curve 3—Silver-tube container, from 98 to 26 
degrees centigrade 
Curve 4—Silver-tube container, from 26 to 98 
degrees centigrade 


and copper are very nearly the same, as 
shown in the following data, the thermal 
diffusivity of silver is about 50 per cent 
higher than that of copper. 

The thermal diffusivity of a material 
may be expressed as follows: 


Thermal diffusivity =k/cp 


where 
At 18-25 C 
For For 
Silver | Copper 
k=thermal conductivity 
in gram-calories per 
second per degree 
difference per one centi- 
meter thickness, per 
square centimeter...... 1.006...0.918 
c=specific heat......-.-- 0.059. . .0.0917 
p=density in grams per 
cubic centimeter....... 10.6 ...8.89 


In the Smithsonian physical tables the 
thermal diffusivity of silver is given as 1.737, 
and that of copper as 1.133, or a ratio of 
1.533, or about 50 per cent greater for silver 
than for copper, which would indicate the 
selection of the former material for the con- 
tainer tubes. 

It will be seen from Figure 3 which shows 
measured time-lag curves, that this theory 
is approximately confirmed, for, whereas 
say ten seconds are required for the copper- 
tube thermometers to reach a given tem- 
perature, the silver tubes reach the same 
temperature in about one third to three 
fourths of the time, or say 5 and 7.5 sec- 
onds, respectively. 


DIFFERENCES IN RESPONSE TIME 


The author states, just preceding equation 
2 in his paper, that the response of a given 
thermometer is the same whether it is being © 
subjected to a heating or to a cooling cycle. 
From an examination of the curves in Fig- 
ure 3, it will be seen that the response for 
the thermometer described, when either a — 
silver- or copper-tube container thermome- — 
ter is passed from a cold to a hot bath, is 
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faster than the response when the passage 
is from the hot to the cold bath. 

The exact cause of this difference has not 
yet been determined, but we believe it to 
have some connection with the change in 
the viscosity of the ambient fluid with tem- 
perature, which for water is quite high, as 
indicated in Table I of this discussion, a 
ratio of 1.005/0.299 or 3.36 for a tempera- 
ture change from 20 to 95. 


W. N. Goodwin, Jr. Mr. Lohman’s de- 
scription of the thermometer he designed 
and employed for measuring temperature in 
oil wells, is very interesting, especially the 
ingenious construction he uses to decrease 
response time and prevent damage by the 
large hydrostatic forces encountered in deep 
wells. 

Mr. Lohman calls attention to two points 
of considerable practical value which, al- 
though considered in the writer’s analysis, 
were not referred to specifically, as was the 
case with other interesting results, because 
of lack of space. 

Attention is called to the reduction in 
response time by using metals having a small 
value of the product of density and specific 
heat. This is shown in the writer’s paper 
in the time constants 4, t, tm, and ¢g all of 
which are directly proportional to the prod- 
uct referred to, ms, since for a particular 
design m is directly proportional to density. 
To take Mr. Lohman’s example, comparing 
silver with copper, the product of the 
density and specific heat for copper is 8.89 
X 0.0917 = 0.815, and for silver it is 10.6 X 
0.059 = 0.626. The ratio of this product 
for copper to that for silver is 1.3; that is, 
all the time constants for copper will be 1.3 
times as large as those for silver. 

The effect of the product of density and 
specific heat upon response time is shown 
by equation 1 of the writer’s paper. Since 
the time constants t, tz, tm, and ft, are all 
affected alike by the product ms, if all the 
parts are constructed of the same material, 
then obviously P is not affected and is inde- 
pendent of the kind of material. The only 
quantity which changes the equation, and 
consequently the response time is ¢, in the 
dimensionless quantity t/t . 

The response time #, therefore, is directly 
proportional to the time constant é, and 
consequently to the product ms. It follows 
from this that the response time for copper 
would be 1.8 times that which it would be if 
silver were used. 

The thermal conductivity of the metal 
parts was not considered in the writer’s 
paper, since the thermal resistance through 
the thin metal case is small in comparison 
to the thermal contact resistance in series 
with it, between the metal and the cooling 
medium. For example; for a water con- 
tact with copper, the thickness of the copper 
case, to have the same thermal resistance 
as the contact resistance, would be 35 centi- 
meters, computed from the conductivity of 
copper and the convection coefficient h; = 
0.109 for water, given in Table I of the 
paper. It is also for this reason that 
thermal diffusivity which includes con- 
ductivity cannot be used as a measure of 
response time, as suggested by Mr. Loh- 
man. 

Mr. Lohman refers to the fact, experi- 
mentally determined, that the response 
time of a thermometer when it is heated by 
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placing it in hot water, is less than when it 
is cooled in cold water. He correctly as- 
sumes that at least a part of this may be 
the result of variation in the coefficient of 
viscosity, although this does not account 
for the large difference shown in Mr. Loh- 
man’s curves. It is suspected that experi- 
mental errors may account for part of the 
difference. The free convection coefficient 
h, is approximately inversely proportional 
to the fourth root of the viscosity. The 
values given in Table I of the paper are for 
room temperature, 25 degrees centigrade. 
Since, as Mr. Lohman points out, the vis- 
cosity of water at 100 degrees is 0.284 and 
at 25 degrees centigrade is 0.887, the ratio 
is 3.12. The fourth root of 312 = 1:33 
which is approximately the inverse ratio of 
the convection coefficient 4, and the di- 
rect ratio of the time constant, 4, when 
cooling from 100 to 25 degrees centi- 
grade to the convection coefficient and time 
constant when heating from 25 to 100 de- 
grees centigrade. The differences in re- 
sponse time for these two conditions can be 
found by the equations, or by interpolation 
of the curves in Figure 3 of the paper. The 
value of P for 100 degrees centigrade is 
computed to be 0.55, against 0.491 at 25 
degrees centigrade, from which it is found 
that the time required for the thermometer 
to reach one-half its final value when heat- 
ing from 25 to 100 degrees centigrade is 
approximately 90 per cent of that required 
when cooling from 100 to 25 degrees centi- 
grade. When the value of the convection 
coefficient, #1, is constant, then the heating 
and cooling curves are alike, but reversed, 
as stated in the paper. 


A Tachometer- 
Accelerometer- 
Vibrometer for Instrument- 
Gyroscope Testing 


Discussion and authors’ closure of paper 45- 
105 by R. M. Laurenson and T. H. Long, 
published in AIEE TRANSACTIONS, 
1945, August section, pages 593-6. 


M. A. Princi (General Electric Company, 
Lynn, Mass.): The equipment described 
by the authors for measuring the coast time, 
and therefore the adjustment of gyroscope 
rotor bearings, represents an advancement 
over manual methods of accomplishing this 
operation. An equivalent contribution 
seems to be the use of a qualitative means 
of evaluating bearing vibration. 

The specific use of the neon tube is not 
defined completely in the paper, and some 
indication of the degree to which this indi- 
cator is used as a measure of the bearing 
vibration would be helpful. No doubt, 
some relation exists between bearing life 
and bearing noise or vibration. I should 
like to ask the authors whether their work 
has indicated such a relation and whether a 
more quantitative measurement of bearing 
vibration has been evolved. 


T. H. Long and R. M. Laurenson: The use 
of the neon lamp as a quantitative means of 
evaluating bearing vibration was not de- 
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scribed in detail as our experience was con- 
fined to our own factory production line 
where it turned out to be unnecessary. 
The neon-lamp circuit was used in the 
original design because it looked like a good 
idea (and undoubtedly was at that time). 

Then it was found that, with the elec- 
tronic wattmeter type of balancing machines 
used, trouble was caused in balancing the 
two-pound rotor if the ball-bearing track on 
either of the cone bearings was as much as 
0.0001 inch out of round. By holding the 
variation from a true circle to less than 
0.000025 inch (as measured by a method 
that did not necessarily get all of it) we 
were able to balance these rotors quite con- 
sistently to within 0.383X107* inch-ounce 
in two or three drills per side and our vibra- 
tion troubles disappeared. 

Of course there were still rejections for 
ball dents but these were recognized so read- 
ily by the sound quality that there was no 
occasion for any other test. 

Our gyroscope manufacturing experience 
was limited to the horizon type which has a 
pronounced case resonance that may exert a 
masking effect on significant vibrations. 
At least we were not able to get co-ordina- 
tion between bearing noise and life. 


Selsyn Design and 
Application 


Discussion of paper 45-123 by T. C. Johnson, 
published in AIEE TRANSACTIONS, 1945, 
October section, pages 703-08. 


F. O. Stebbins (General Electric Company, 
Schenectady, N. Y.): The author of this 
paper has described practically all of the 
important uses for Selsyns in which the 
Selsyn operates to indicate or control 
position. For approximately ten years 
Selsyns have also been used to advance or 
retard the phase position of voltages to 
control voltage and power! (F. O. Stebbins 
and C. W. Frick, ‘““Output Waveshapes of 
Controlled Rectifiers,” ATEE TRAnsac.. 
TIONS, 1934, September section), and may 
be applied with static inverters, static 
frequency changers, nonsynchronous ties 
between power systems, and the like. 
Their use in controlling voltage and power 
in substations will be briefly described. 
Current flows from the anode to the cath- 
ode of a thyratron (grid-controlled mercury- 
arc rectifier) only when the anode is positive 
with respect to the cathode and the grids 
have the proper excitation at the start of the 
flow of current. The grids cannot stop cur- 
rent flow from the rectifier anode once this 
current flow has started. They can retard 
or advance the instant at which current flow 
from the anode starts by proper excitation 
froma Selsyn. Two of the most common ap- 
plications for Selsyns used in this manner 
have been on railway systems and in chemi- 
cal plants. 5 '. 
A railway company wanted new rectifier 
substation equipment designed in such a 
manner that the breakers did not open in 
case of a short circuit on the system. In- 
stead, by means of Selsyn control, the output 
voltage of therectifierwas reduced ataprede- 
termined overload to an amount such that 
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the substation output was limited when a 
short circuit occurred. As the result, with 
the occurrence of a short circuit, enough pow- 
er was left available in the railway system to 
enable trains and cars to move out of dan- 
gerous locations (railroad crossings, street 
intersections, and the like). Without Sel- 
syn control the trains and cars would be left 
in these locations until the short circuit was 
removed and power was returned. If the 
breakers were locked in and the station 
closed on the short circuit, feeders, trolley 
wire, and the like might be damaged while 
the trains were moving with the short cir- 
cuit still in effect. 

In a chemical plant Selsyns are used in 
conjunction with current regulators to main- 
tain balanced loads on the different mer- 
cury-arc rectifiers feeding power to banks of 
electrolytic cells. Additional Selsyns also 
are employed in large chemical plants to 
control a battery of mercury-arc rectifiers, 
each of which has its own Selsyn control. 

The Selsyns used in these applications 
generally are adapted from three-phase 
wound-rotor induction motors of one-horse 
power rating or more. For multiphase 
mercury-are rectifiers, it is required that 
the Selsyns have either special stators 
wound for the number of rectifier phases, 
work with special transformers or enough 
Selsyns be used to control all the rectifier 
phases. 


Industrial Control: Heating of 
Shunt-Motor Starting 
Resistors 


. Discussion and author's closure of paper 45- 


4125 by G. F. Leland and L. T. Rader, pub- 
lished in AIEE TRANSACTIONS, 1945, 
October section, pages 695-9. 


G. W. Heumann (General Electric Com- 
pany, Schenectady, N. Y.): Design of re- 
sistors is limited by the premise that the 
resistor used on a given control application 
must not exceed a temperature rise as 
stipulated by standards recognized by the 
industry. The temperature rise depends 
on a number of factors, such as size and 
physical properties of the resistor, condi- 
tions of ventilation, magnitude of current 
carried, and time during which current is 
carried. 

Starting resistors carry current intermit- 
tently. During each start the resistor heats 
and during intervening standstill periods it 
cools. Heating is a function of the energy 
dissipated during each start, in other words, 
the watt-seconds lost in the resistor during 
each start. The ultimate temperature 
which a resistor will attain thus is governed 
by the watt-seconds per start and the rela- 
tionship between on-time and off-time. 
The authors have developed an analytical 
method by which the watt-seconds per start 
can be calculated for varying load condi- 
tions of a given motor. It is interesting to 
note that the new method obtains results 


which are quite different from values of 


dissipated energy calculated by the con- 
ventional method heretofore employed. It 
is the purpose of this discussion to point out 
this difference. mn ‘ 


Fae conventional method of calculation is 
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} ACTUAL CURRENT 
Hy FLOWING DURING START 


ASSUMED RMS CURRENT 
FLOWING DURING START 


CURRENT —> 


jee ers TIME ——> 


Figure 1. Comparison of methods of calcu- 
lating watt-seconds dissipated in resistor 


t; =switching time 
Ipz= motor full-load current 
[> =initial starting current 
I, =current at end of switching time 


based on the assumption that during the 
starting period a constant rms value of cur- 
rent flows in the resistor. In accordance 
with the National Electrical Manufacturers 
Association Industrial Control Standard 
IC4-10, this current has been assumed to be 
125 per cent of full-load current. In Figure 
1 of this discussion the solid lines indicate a 
constant current of 1.25 Irz flowing during 
switching-time interval 4. The broken line 
represents the actual current, varying be- 
tween an initial current peak Jo (assumed to 
be 2Ir, for this comparison) and final cur- 
rent I, at the end of period #, which can be 
calculated from the formulas and curves 
given in the paper. 

Let us now consider the five-horsepower 
motors, which are used in the examples cited 
in the paper. Although the two motors 
have different speed and drive different 
mechanical loads, the conventional method 
makes no allowance for this but is based 
solely on current and resistance. Normal 
or 100 per cent resistance, which would pro- 
duce starting torque equal to full-load 
torque, would be 


V 230 
=— =— =11.5 ohms 


Trt 


As the examples are based on the assump- 
tion that starting current is to be twice full- 
load current, and as internal motor resist- 
ance is assumed to be ten per cent, the ex- 
ternal motor starting resistance is 


R,=0.4X R=4.6 ohms 


Table | 
ti Ei E: 
Seconds Watt-seconds Watt-seconds Ei/E2 


Table Il 
_———————____ 
ti : Ei Ez 
Seconds Watt-seconds Watt-seconds E/E: 
Up ea cod BOD Asioreinisteanto a1 DO tinneietar) 0.87 
0.344....-+-6- 989.....00 0008 686....0%. 1.44 
0.516... ne Wy. Se TAA Tope Spee 2.00 
ee eee 
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If we call EZ; the energy dissipated per start, 
assuming 1.25I pz flowing during the starting 
period, we have 


Fy == (1.25l pz)? X RXth =2,875Xh watt- 
seconds 


In example 1 of the paper the time con- 
stant is calculated as two seconds and the 
watt-seconds dissipated in the resistor, 
which we shall call 2, are given. Table I 
gives a comparison of energy calculated by 
the two methods. 

Considering the case of example 2, the 
paper gives the time constant as 0.172 
seconds. The energy Es dissipated in the 
resistor is as follows: 


EF, =4.62X WR2X N2X10°*XM 
=4.62X105562X10-4*x M 
= 1480 M watt-seconds 


Multiplying factor M can be taken from 
Figure 9 of the paper, using @ = 0.25. For 
various amounts of switching time 4, the 
dissipated energy calculated by the conven- 
tional method and by the authors’ method is 
shown in Table II. . 

These comparisons indicate that the dissi- 
pated energy, calculated under the assump- 
tion of an rms current of 125 per cent full- 
load current, differs from the energy calcu- 
lated by the authors’ method, taking into 
consideration load conditions. This is 
especially true with switching times of twice 
time constant or higher. Load conditions 
are an important factor. Thus it becomes 
evident that the number of starts to which a 
given resistor can be subjected within a 
given period of time varies considerably 
with the character of the load. 

Additional work will have to be done to 
relate the dissipated energy to temperature 
rise of a given resistor. It would be a great 
help to the control designer to establish a 
relationship between load conditions and 
permissible starts per unit of time which 
would produce a certain temperature rise. 


G. F. Leland: G. W. Heumann states in 
his discussion that the control designer 
would welcome a method of establishing re- 
sistor designs in terms of load conditions 
and starts per unit of time for a given tem- 
perature rise. 

The method of analysis presented in our 
paper yields results that make possible a 
method of rating resistors in starts per 
minute. This can be seen best from equa- 
tion 22a of the paper. This equation is 


E= rare 2 = 2.276+-0.7610" | 


which can be rewritten in terms of y as 
shown in Figure 6 of the paper. 
Therefore 


Hi Vory 
which, in the practical system, is 


4,.62WR?N? 
104 


y watt-seconds 


As E is the energy for each start, and if 
there are a starts per minute, the energy per 
minute becomes 


_ 4.62WR?N? 


Ea ay watt-seconds 
104 
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Continuous watts of W2 for 60 seconds will 
give an equivalent amount of energy input 
into the resistor. Therefore, if these two 
quantities are equated, we obtain 


4.62WR?2N? 


60W2= 
104 


ay watt-seconds 


or 


60W2X 104 


G@—=——_ _—__— —ctarts per mintite 
4.62WR?2N?2y 

This shows that a given physical resistor, 
whose size is proportional to Wp», will have a 
rating which will vary inversely as the prod- 
uct of WR?N? and inversely as the load 
function y. 

It is evident therefore that duty-cycle 
curves can be obtained, including all of the 
variables of system. 


Tapered-Thickness Bimetal 


Discussion and author's closure of paper 
45-120 by William B. Elmer, published in 
AIEE TRANSACTIONS, 1945, September 
section, pages 661-5. 


E. K. Clark (nonmember; Westinghouse 
Electric Corporation, Mansfield, Ohio): 
We have reviewed this paper and wish to 
compliment the author on a job very well 
done. 

We have very little to comment on this 
paper, inasmuch as it is a somewhat new 
step in the production and use of bimetal, 
and many of the production and fabrication 
problems are not yet clear. However, we 
should like to offer the following: 

Assuming that tapered bimetal would be 
manufactured with the taper running trans- 
versely to the strip, we would suspect that 
we would have great difficulty in controlling 
cross curvature. This is one physical factor 
in bimetals over which we have found we 
must exercise rigid control in order to main- 
tain trouble-free production and uniform 
operations. 

We certainly agree with the theory estab- 
lished by the paper that the tapered form of 
bimetal will provide the most economical 
ratio of material to work and that there may 
be many other advantages, such as thermal 
mass being concentrated at the base or sup- 
ported end, favorable vibration rates for 
slow-acting thermostats, and others. 


John E, Ryan (nonmember; General Elec- 
tric Company, Schenectady, N. Y.): The 
author’s thorough analysis, with its results 
conveniently expressed in deflection, econ- 
omy, and frequency coefficients, points out 
facts which were known, at least qualita- 
tively, to early pioneers in the bimetal field, 
Difficulties encountered in economically 
producing straight strips with optimum 
grain direction caused the idea to be laid 
aside. We would be much interested in 
knowing more about the new process which, 
the author states, can produce tapered 
thickness at negligible increase in cost, 
since most of the advantages disappear if 
material saving cannot outweigh increased 
fabrication expense, 
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In the discussion of natural frequency, the 
author admits that appreciable contact 
mass will defeat the advantages of the 
tapered thickness. Indeed, it is possible for 
the frequency to be lower than with the 
conventional uniform-thickness bimetal, 
since the spring constant (force per unit 
displacement), as measured at the free end, 
is less for the tapered bimetal than it is for 
the conventional one of equal volume. In 
the range of R=0.1 to 0.2, which is recom- 
mended as best for short-vibration-period 
application, it is only about half as large. 
For the extreme case where the kinetic 
energy of the contact is much larger than 
that of the bimetal proper, the natural fre- 
quency of the system is only about 70 per 
cent as great as for the conventional bimetal 
of equal volume. This, of course, is an exag- 
geration of the practical case, but it serves to 
illustrate the extent to which attached 
masses can affect the author’s results. 

A treatment of stresses would have made 
this already comprehensive paper complete. 
Fortunately, the thermal stresses in an un- 
loaded bimetal are independent of thickness; 
hence, tapering causes no difficulty there. 
Stresses due to external loading are less for 
the tapered bimetal than for the uniform- 
thickness one of equal volume, since the 
former approaches the condition of a uni- 
form-strength beam with a greater section 
modulus at the clamped end; this is a defi- 
nite advantage. 


William B. Elmer: Mr.-Ryan evidently has 
drawn the mistaken inference that this paper 
pretends to give out as new information all 
of the qualitative results therein presented. 
As far as the author has been able to deter- 
mine, however, most of the quantitative 
relationships given have never been de- 
veloped before, and this somewhat laborious 
task was undertaken in order to determine 
what exact economic justification might 
inhere in the tapered-thickness construc- 
tion. In passing, it may be of interest to 
relate the curious fact that a United States 
patent was granted as late as 1939 on the 
tapered-bimetal construction in which the 
chief claims read on a specific range of 
ratios that completely missed the most effi- 
cient value of all. In view of such recent 
misconceptions the work represented by this 
paper appears well justified. 

The method of manufacturing the ma- 
terial comprises no significant innovations: 


the most important fact is that the cost has . 


been definitely determined, as stated in the 
paper, as being a negligible factor compared 
to the performance of the material. 


Mr. Ryan’s statements in regard to the 


frequency of strips with appreciable contact 
masses contain the misconception that the 
spring constant (stiffness) decreases during a 
constant-volume (and constant-deflection) 
transition of a bimetal strip from flat to 
tapered. On the contrary it can be shown 
readily that the stiffness during such a tran- 
sition is represented as a function of taper 
ratio by the expression: 


pea K 2Cr*Cry 
6 (1+ R,) 
in which the stiffness increases and does not 
fall below the original value for flat strip 


until the taper ratio has fallen to less than 
R,=3 or 4 per cent. It is an interesting 
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coincidence that the form economy as shown 
in Figure 3 of the paper also can be used 
directly as a measure of the stiffness of a 
bimetal strip during a constant-volume con- 
stant-deflection transition of taper ratio R, 
from unity to zero. This appears obvious 
when one reflects that form economy is 
measured by stiffness alone when volume 
and deflection are held constant. It is there- 
fore clear that Mr. Ryan is wrong in stating 
that the frequency of a tapered-thickness 
strip of R=0.1 to 0.2 is less than that of a 
uniformly thick strip of equal volume. It 
is also obvious that, if the spring constant of 
the strip is greater, the frequency will be 
greater, for any given contact weight, and 
cati never reach a value of 70 per cent as 
claimed by Mr. Ryan, even with zero con- 
tact mass, until the ratio R; reaches the 
unusably small value of about two per 
cent. 


Resistance and Capacitance 
Relations Between Short 
Cylindrical Conductors 


Discussion of paper 45-138 by F. L. ReQua, 
published in AIEE TRANSACTIONS, 1945, 
October section, pages 724-30. 


L. M. Perrin (Public Utilities Commission, 
San Francisco, Calif.): This paper makes a 
useful contribution in a field inadequately 
covered in the past. 

To illustrate, large water rheostats for 
generator test loads are still improvised by 


trial and error methods, just as uncivilized _ 


peoples build bridges. Such methods are 
wasteful in direct costs, and in the case of 
generator tests, the delay occasioned adds 
to the overhead item of interest during con- 
struction at its maximum rate. The for-- 
mulas of this paperenablethe engineer to pre- 
determine the dimensional requirements of 
such rheostats, thereby realizing important 
savings, both direct and indirect. 

Liquid rheostats are merely one field of 
application of the formulas presented in this 
paper. It is to be hoped that papers or dis- 
cussions including experimental data on 
capacitance relations will be made avail- 
able. Also, the use of liquid rheostats, in 
which resistance is utilized to simulate other 
electrical quantities under investigation, 
should be a subject for profitable discussion. 


Ferroinductance as a Variable 
Electric-Circuit Element 


Discussion and author's closure of paper 
45-121 by J. D. Ryder, published in AIEE 
TRANSACTIONS, 1945, October section, 
pages 671-8. 


C. Concordia (General Electric Company, 
Schenectady, N. Y.): I should like first to 
point out that, contrary to the statement of 
the author, equation 1 of this paper is not 


in any sense a basic defining relation for~ 
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inductance. In case of purely inductive 
circuits containing iron the really basic 
relations are 


1. Voltage eis proportional to time rate 
of change of flux linkage y 


e=Kdy/dt (1) 


2. Flux linkage y is some function of cur- 
rent 7 


p=y(0) (2) 


Any definition of inductance that one 
chooses now may be made, as mentioned in 
the author’s reference 1. Allare on an equal 
footing, and the only reason for preferring 
one over the other must be utility for the 
specific purpose at hand. Actually, there is 
considerable reason for preferring none and 
instead using directly the basic relations of 
voltage, flux linkage, and current. This is 
especially true since in many cases more 
than one electric circuit is involved, and 
under these circumstances the treatment of 
the problem in terms of the inductance 
L=e/(di/dt) also becomes rather involved. 
In this paper there is, for example, a discus- 
sion of effective resistance, but it should be 
pointed out that the presence of an effective 
resistance different from the coil circuit re- 
sistance usually means that there are in 
reality coupled circuits (one consisting of 
current paths in the iron), and attempts to 
disregard this may lead to misleading re- 
sults, since usually current and flux have 
different transient behaviors. On the 
other hand, it is usually possible to set up 
the problem in relatively simple form if the 
flux linkage relations are used directly. 

If one must use an inductance it is be- 
lived that the definition 


L=¢/t (3) 


is the best. The great virtue of this defini- 
tion is that it is suitable to the important 
general case wherein the flux linkage is also 
a function of the position of some moving 
element in the magnetic circuit. If, for 
example, the inductance is not a function 
of the coil currents at all but is only a func- 
tion of position as may be the case in a rotat- 
ing electric machine, a contactor, or the 
armature or torque motor of a mechanical 
voltage regulator, and if one then calculates 
the inductance from the physical dimensions 
in the usual way for each position, one 
naturally finds an inductance which fits the 
equation 


e= (Li) (4) 


In view of the basic relation! this inductance 
is defined by equation 3 of this discussion, 
not by equation 1 of the paper. It would 
seem a great pity to regard equation 1 of 
the paper as basic when it fails to fit so com- 
mon a case. 

The foregoing is not intended to disparage 
the author’s attempt to arrive at a workable 
analytical expression for inductance, as we 
believe that such an attempt and the results 
obtained are very much worth while. How- 


ever, we could not resist the temptation to 


comment on the philosophy upon which this 
analysis apparently is based. There un- 
fortunately have been several papers in the 
last few years that have contained similar 


+ 
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statements which seem to us to confuse 
derived mathematical relations with basic 
physical laws, and we believe that the engi- 
neer should distinguish carefully between 
these two concepts. 


F. D. Olney, Jr. (General Electric Com- 
pany, Fort Wayne, Ind.): The constants 
specifying the magnetization curve can be 
determined directly from the saturation 
curve without resorting to trial and error as 
Mr. Ryder suggests. The slope of the 
tangent to the saturation curve well above 
the knee is equal to the constant C, while the 
constant B, is equal to 1/1.57 multiplied 
by the flux density at the intercept of this 
tangent with the ordinate through the origin. 
(The factor 1.57 is the value of the guder- 
mannian for large values of the independent 
variable.) The constant a then is evaluated 
from the line drawn with maximum slope 
through the origin and tangent to the 
saturation curve by the relation 


B (maximum slope) — C 
Bn 


Mention is made of the Rader and Lits- 
cher equation which is used to match the 
magnetization curve, and the statement is 
made that this equation ‘‘is impossible for 
use for circuit analysis.” It would have 
been more precise to state that the Rader 
and Litscher equation is useful in the analy- 
sis of magnetic apparatus, whereas the pres- 
ent paper is concerned with the analysis of 
electric circuits containing magnetic appa- 
ratus such as motors. There is a real dif- 
ference here, since the Rader and Litscher 
equation makes use of flux density as the 
independent variable so that the ampere- 
turns required may be found directly by 
integration, whereas the use of the guder- 
mannian by Mr. Ryder makes such an inte- 
gration impractical. Thus each of these 
mathematical tools is useful only in a cer- 
tain area, and as yet a generally applicable 
representation of the saturation curve has 
not been presented. : 

In connection with the author’s equation 
13 the statement is made that the second 
term (containing C) is the value of the in- 
ductance ifthe iron is removed, leaving an 
air core. If this were true, the value of the 
constant C always would be 3.2 in English 
units, and thus independent of the material 
used. This is not the case, since for the two 
examples used, the value of C was 180 and 
6,200 for Hipersil and Nicaloi respectively. 


J. D. Ryder: The author has not tried to 
force the use of any particular equation for 
inductance as a basic equation. For the 
purposes of the paper and the type of mag- 
netic circuit being discussed the author feels 
his equation 1 is sufficiently fundamental 
and makes use of quantities which are 
measurable. No attempt was made in the 
paper to discuss inductance in any other 
form of magnetic circuit in which the area, 
turns, or length of circuit, change. 

The author fails to understand the prefer- 
ence for equation 3 of the discussion. This 
equation is limited to linear magnetic ma- 
terials and so has no great application in 
electric machinery and none in the field of 
ferroreactors discussed by the paper. 

The work reported in the paper was di- 
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rected toward a very large class of iron-cored 
circuits, types in very common usage, and 
it was not intended that the results obtained 
be applied directly to other fields. Con- 
sequently definitions were stated as basic 
to the paper, not necessarily basic in 
general. 

The constructive comments of Mr. Olney 
are very helpful. The method of obtaining 
the constants C and B, had not occurred to 
the author, although he realized the meaning 
of C. This will simplify considerably the 
calculation of these constants. The author 
is unable, by use of Mr. Olney’s expression 
for a, to obtain the values of a used for vari- 
ous steels, the values given by the formula 
being low. It may be that the values of a 
given by Mr. Olney’s formula would pro- 
duce satisfactory fitting of the curves. The 
author would like to see the derivation of 
this formula. 

As to Mr. Olney’s point 2, the Rader and 
Litscher expression was rejected primarily 
because it was not an odd function, thereby 
preventing its use for negative currents. 
This is also true of many other expressions 
proposed. 

In regard to point 3, Mr. Olney is quite 
correct, and a statement to that effect was 
inadvertently omitted. The attempt was 
made to emphasize the fact that equation 
13 fitted the physical facts qualitatively. 
Since constant C is used to warp slightly the 
gudermannian portion of the magnetiza- 
tion curve, then the constant term is not 
that quantitatively expected for an air-core 
coil. 


Line Drop Produced by 
Resistance Welders 


Discussion of paper 45-104 by R. L. 
Longini, published in AIEE TRANSAC- 
TIONS, 1945, September section, pages 
619-23. 


D. L. Whitehead (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): Mr. 
Longini has made a definite contribution 
toward a better understanding of light 
flicker as caused by various types of welder 
loads. He points out certain welder charac- 
teristics that contribute to light flicker and 
indicate methods of eliminating or reducing 
their effects. 

In equation 1 of his paper Mr. Longini 
gives a method for calculating line regula- 
tion, This equation gives the per cent volt- 
age drop on the line supplying the welder. 
Jn many cases welders are supplied through 
a delta-y transformer connection, providing 
four-wire service on the secondary winding, 
with the single-phase welder connected line- 
to-line and lighting circuits connected line- 
to-neutral. The problem then arises as to 
the determination of the regulation on the 
lighting circuits caused by the line-to-line 
fluctuating welder load. This problem 
could be solved by simple application of 
Kirchoff’s laws using the entire three-phase 
circuit constants. However, if the welder 
and other loads are supplied simultaneously, 
the method becomes quite laborious. This 
type of problem is solved readily by the 
method of symmetrical components. The 
welder load can be considered as a line-to- 
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POSITIVE-SEQUENCE 
NETWORK 


NEGATIVE-SEQUENCE ’ 
NETWORK 
Figure 1. Positive- and negative-sequence 
equivalent circuits for a single-phase load 
supplied line-to-line on an otherwise balanced 
system 


E=line-to-neutral supply voltage 

Zs.c,=short-circuit or system impedance as 
measured on the load side of the trans- 
former 

Z,=equivalent balanced load 

Line-to-neutral ohms 

Zw = equivalent welder-load impedance in 
ohms 

lh, =positive-sequence line current 

lz =negative-sequence line current 

E,=line-to-neutral positive-sequence voltage 

hie VA 
E,=line-to-neutral negative-sequence voltage 


=O0- IZ 5.0, 


impedance. 


line fault through an impedance equal to the 
equivalent welder load impedance and 
solved accordingly. The equivalent circuit 
for a single-phase welder supplied line-to-line 
and other balanced line-to-neutral, or 
equivalent line-to-neutral loads, supplied 
simultaneously is shown in Figure 1 of this 
discussion. 

This circuit can be solved quite easily for 
the positive- and negative-sequence currents 
which in turn will give the positive- and 
negative-sequence voltage drops. It should 
be noted that Zs, includes the system im- 
pedance up to the point where the voltage is 
to be determined. The a or reference phase 
voltage then will be given by 


Ey=Ei+- £2 (1) 
and for the other two phases 
Ey=a°E,+ak, (2) 
and 


E,=ak,+a°E, 

where 

a=—0.5+ 70.866 

and 

a*= —0.5—j0.866 (3) 


In Figure 1 the positive- and negative- 
sequence voltages are shown at the balanced- 
load points. The line-to-neutral voltages 
at any other point can be determined in the 
same manner. 


C. N. Clark (Duquesne Light Company, 
Pittsburgh, Pa.): This paper, with its ex- 
cellent comparison of characteristics for 
several types of resistance-welding systems, 
should be of considerable value to utility 
engineers in providing an adequate power 
supply for welding loads. 
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It is interesting to note that welder con- 
trols are now available for direct operation 
from 2,300-volt circuits. With reference to 
the voltage of the supply line, we often have 
found it necessary to extend the 11,000-volt 
or 22,000-volt circuits and transform to 220 
volts or 440 volts at the customer’s plant in 
order to limit the regulation to reasonable 
values at the welder or to prevent objec- 
tionable lighting flicker for adjacent cus- 
tomers. 

When a small welder is located near a 
large distribution substation, the regulation 
of the 2,300-volt circuit usually will be 
small compared with the regulation of the 
distribution transformer. However, when 
a large welder is located several miles from 
the substation, the regulation of the 2,300- 
volt circuit may be several times as large as 
the regulation of the distribution trans- 
former, depending upon the size of the 2,300- 
volt conductors. 

As mentioned by the author, the regula- 
tion of the power system varies widely with 
changes in power factor of the welding load 
at a given location. For locations near a 
large distribution substation, the maximum 
regulation of an uncorrected power system 
may occur when the power factor of the 
welding is as low as 40 per cent. 

When small conductors are used on a 
2,300-volt circuit to supply a welder located 
several miles from the distribution substa- 
tion, the maximum regulation of the power 
system may occur at power factors as high as 
90 per cent. Under this latter condition, a 
part of the gain through improving the 
power factor of the load would be lost be- 
cause of the increased voltage drop per am- 
pere for the power system at the higher 
power factor. 

It would be interesting to see the effect on 
the curves in Figure 4 of the paper by assum- 
ing a power line with the higher power fac- 
tors frequently encountered on long distri- 
bution circuits with small conductor sizes. 

The use of series-capacitor systems and 
low-frequency systems appears to have a 
number of advantages under certain condi- 
tions. However, in view of higher costs 
than for equivalent uncorrected systems, a 
thorough investigation of all factors should 
be made before purchasing new equipment. 
Particular attention should be given to the 
matter of lighting flicker when considering 
the low-frequency system. 


When the Welding Load 
Outgrows the Distribution 
Power Supply 


Discussion and authors’ closure of paper 
45-118 by C. N. Clark and C. M. Stearns, 
published in AIEE TRANSACTIONS, 1945, 
September section, pages 645-8. 


R. L. Longini (nonmember; Westinghouse 
Electric Corporation, East Pittsburgh, Pa.): 
This paper is an excellent outline of the 
problem and cures of regulation and light 
flicker resulting from resistance welding. 
The main contribution of the paper is its 
approach to the problem. The authors make 
it possible to analyze each installation and, 
if the analysis shows that trouble will result, 
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they suggest a number of possible cures- 
It is a relief from the all too prevalent de- 
mand by some power companies that all 
welders be power-factor corrected or that 
all loads be balanced on the three phases. 
In fact, the authors have explained why, in 
some cases, it is more economical and less: 
trouble will result from loading one phase 
rather than dividing the load among the 
three phases. 

This particular point is worth elaborating 
for no other reason than to point clearly to 
a rather common misapprehension. When 
a plant has a number of single-phase welders,. 
it is usually most economical and less likely 
to cause trouble to have all welders sup- 
plied from one single-phase transformer than 
to divide the load among the three phases. 
If the load is divided up with one third of 
the transformers supplied by each phase, 
little use can be made of diversity between 
welders. The three-phase transformer bank 
would probably be oversize to cut down 
regulation. When all are supplied from one 
phase, the single-phase transformer usually 
can be designed from thermal considerations 
only. The regulation will be better, and 
even light flicker may be improved, as the 
single phase does not have any larger pulses 
of power drawn from it than do the three 
phases in the other arrangement. 

From_a power-company point of view it 
is frequently better to balance the load on 
three phases by balancing one plant against 
another rather than requiring each plant to 
draw a balanced load itself. Each case, 
however, should be treated individually 
rather than made to conform to some hard 
and fast rules which may prove costly and 
of little or no use. 


H. E. Smith (Commonwealth Edison Com- 
pany, Chicago, Ill.): Mr. Clark and Mr. 
Stearnshave presented a thorough discussion 
of a subject which is of vital interest to 
the power-supply industry as well as to the 
welder users and manufacturers. The fol- 
lowing discussion is offered in the hope that 
the experiences and practices of the Com- 
monwealth Edison Company may be of 
help to engineers interested in this subject. 

The guide for permissible primary-volt- 
age fluctuation on the Chicago system for a 
welder installation is expressed in the form 
of a curve passing through 0.9 volt at one 
per second, 1.4 volts at one per minute, and 
2.6 volts at three per hour. In establishing 
limits for this purpose, it should be remem- 
bered that welder installations often are 
made at several points on the same primary 
feeder, with the cumulative result that 
fluctuations of any given magnitude may 
occur much more frequently than indicated 
on the curve. The use of a curve in prefer- 
ence to the tabulation used by the Duquesne 
Light Company is believed to result in a 
more equitable application of the design 
limits at various frequencies. 

It is suggested that considerable emphasis 
be placed on the use of three transformers 
(corrective method B) instead of single- 
phase installations. General experience in- 
dicates that welder loads are most frequently 
encountered in industrial areas, where the 
three-phase load can be combined with the 
welder supply. If we use the example cited 
in the paper, a 75-kva transformer connected 
single phase or a 50- and two 25-kva trans- 
formers connected three phase might nor- 
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mally be adequate from a regulation stand- 
point for a 150-kva welder load. The 
same welder could be connected to a bank 
of three 100-kva transformers carrying 3800 
kva of balanced three-phase motor load, 
with a resultant maximum of twice full load 
on the heaviest-loaded transformer. If we 
assume the same transformer characteris- 
tics, the transformer regulation in this case 
without adding any capacity for the welder 
would be the same as that on one 75-kva 
transformer, and slightly better than on one 
50- and two 25-kva units, since the use of 
two smaller transformers in series to carry 
one third of the load involves a voltage 
shift in the primary neutral of the bank. 

If the 150-kva welder load used as an ex- 
ample is operated on a 25-per-cent duty 
cycle, the 75-kva transformer or the 50- and 
two 25-kva three-phase bank would be carry- 
ing full load thermally. However, if we 
assume the 300-kva motor load on the bank 
of three 100-kva transformers operates at 
a power factor of 75 per cent, and the 150- 
kva welder load operates on the same bank 
at a power factor of 60 per cent, the peak 
demands will be approximately 199, 140, 
and 128 kva on the three phases, and the cor- 
responding thermal equivalent loads will be 
132,112 anid 108 kva. )/Thus; from a 
thermal standpoint, the increase in load 
caused by the welder will be only 52 kva. 

It is believed that the application of series 
capacitors to welders justifies serious con- 
sideration by power-supply companies and 
by manufacturers. Where the reactance of 
the supply circuit is a major factor, the cor- 
rection afforded by the capacitor is doubly 
effective in that it reduces the current drawn 
and also reduces the voltage drop per am- 
pere of load. In arecent application figured 


in our company, the calculated drop was~ 


reduced approximately 50 per cent by cor- 
recting from 55-per-cent to 98-per-cent 
power factor. The improvement possible 
by such installations may eliminate the 
necessity of investing many thousands of 
dollars in an extension of a higher-voltage 
system. 

In conclusion, it is hoped that manufac- 
turers will devote increasing attention to 
the development of three-phase and of stor- 
age-type welders, as these types of equip- 
ment appear to offer considerable relief to 
the harassed engineer, who spends consider- 
able time figuring out what to do “When the 
Welder Load Outgrows the Distribution 
Power Supply.” 


C. N. Clark: The discussions by Mr. Smith 
and Mr. Longini on the relative merits of 
serving welding loads from single-phase or 
three-phase transformer installations show 
that each method has its advantages under 
certain conditions. 

Where the three-phase power load in an 
industrial plant is small, the total trans- 
former kilovolt-amperes often can be 
minimized by supplying the welding load 
from a separate single-phase transformer and 
service. A check should be made, however, 
of the voltage fluctuation affecting the ad- 
jacent lighting loads supplied from adjacent 
transformers connected to the same distri- 
bution circuit. 

For industrial plants using large amounts 
of three-phase power, the lowest total trans- 
former kilovolt-amperes may be required 


when supplying both welding and power 
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loads from a common three-phase trans- 
former bank and service. 

This method provides relatively low over- 
all voltage regulation and results in lower 
values of voltage fluctuation on the distri- 
bution circuit than would be obtained if the 
welding load were supplied through a single- 
phase transformer connected from phase to 
neutral on the primary side. 


Design of Induction- 
Heating Coils for 


Cylindrical Nonmagnetic 
Loads 


Discussion and authors’ closure of paper 45- 
107 by J. T. Vaughan and J. W. Williamson, 
published in AIEE TRANSACTIONS, 1945, 
August section, pages 587-92. 


N. R. Stansel (General Electric Company, 
Schenectady, N. Y.): A valuable feature 
of this paper is the presentation of experi- 
mental data in support of the theoretical 
study. Measured values are essential for 
engineering progress. 

Another viewpoint of the subject is the 
consideration of an assembly for induction 
heating as a form of transformer, see refer- 
ence 3 of the paper. 

The rate of heat development in the load 
is, 

2 
PA =F watts (1) 


e=the applied voltage 

rq=the resistance of the path of the current 
in the load, that is, the secondary 
resistance, ohms 

Z=the effective impedance of the circuits 
of the assembly, ohms 


Sotip CyLiInpRIcaL Loaps 
The equations for the circuit values of an 


assembly witha solid cylindrical charge (or 
load) are given in reference 3. 


HoLiow CyLinpRIcaL Loaps 


The equation for the secondary resistance, 
see reference 1 of this discussion, is 


4/2apgN? 4M 
Set vy Soot oe 


pa=the resistivity of the material of the 
charge, ohm-centimeter cube 

N=number of turns in primary coil 

J=length of coil, centimeters. A condition 
is that the length of the load be equal 
to or greater than the length of the 
coil 

A=the index ratio of the corresponding 
solid cylindrical load, see reference 3 

M =the resistance function 


Ya ms (2) 


(sinh 26+sin 2) + 2x?(sinh 26— 
sin 2) + 2x(cosh 26 — cos 20) 
2 Se ee 
(cosh 26—cos 2@) +2x?(cosh 28+ 
cos 28) +2«(sinh 26+sin 20) 


(3) 
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@=the index ratio of a hollow cylindrical 
load 


t 
V/ 2ba *) 
t=wall thickness, centimeters 
ba=the reference dimension, see reference 3 


o= 


\/ 2ba 
(a—t) 


«=the factor 


(5) 


a =the outside radius of the load, centimeters 


For values of 6 S 1.50 the value of M is 
unity. 

Equation 2 is on the long-coil basis; that 
is, a length of load much greater than its 
diameter. If the load does not meet this 
condition, a shortness correction must be 
applied. Reche? has published extensive 
tables of these corrections. Those values 
are for ratios of diameter and length 1.0 to 
0.20 inclusive and air-gap ratios up to and 
including 2.0. It has been found that 
Reche’s values check reasonably well with 
measured values. 

The ratio of the resistance of a hollow 
cylindrical load and the corresponding solid 
cylindrical load is 


rq tube _ M 
rq solid +/2F, 


(6) 


F,=the resistance function for solid cylin- 
ders 


Thus for values of 6 > 1.5 the resistances 
of hollow cylindrical loads are the same as 
those of the corresponding solid cylindrical 
loads. 


ELECTRICAL EFFICIENCY 


A peculiar electrical feature of the hollow 
cylindrical load is that with frequency con- 
sidered as a variable in equation 2 the 
efficiency of the transformation from elec- 
tric energy to heat reaches its maximum 
value with a certain frequency in each case. 
Thereafter, with increasing frequency the 
efficiency decreases and becomes the same 
value as that of the solid cylindrical load for 
&> 1.50. 


BASE FREQUENCY, fp 


This term defines the value of frequency 
given by the equation. 


44X10® Xpq 
(a—t)t 


For the conditions t<<pqg and t/a<< 
1.0 this equation gives the value of fre- 
quency with which the maximum efficiency 
is obtained. Many loads in practice, such 
as those cited in the paper, do not meet 
these conditions and the frequency for 
maximum efficiency is somewhat higher than 
given by equation 7. 

‘Hence, generally, the base frequency for 
a hollow cylindrical load is the lowest de- 
sirable frequency for that service. How- 
ever, with high load-resistivity values there 
is more freedom in the use of frequencies 
below the base frequency than with low 
load-resistivity values, such as those of 
aluminum and copper. 

There is not much to be gained in effi- 
ciency by the use of a frequency above the 
base frequency. This leads to the state- 
ment that the frequency for a hollow 


(7) 


B= 


965 


cylindrical load should be the standard fre- 
quency nearest the base frequency with a 
preference for a standard frequency above 
the base frequency. 
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J. T. Vaughan and J. W. Williamson: As 
stated in Appendix II, no shortness correc- 
tion is required if the ratio of outside diam- 
eter of the load to inside diameter of the 
coil is sufficiently near unity. To prove 
this, apply Ampere’s integral law over the 
path ABCD in Figure 1. Where HXdl is 
the scalar product of magnetic intensity and 
incremental displacement, 


GH-dl=4r1;, 


For sufficiently high ratios of diameter to 
reference depths of inductor coil and load, 
the number of lines of flux inside the load or 
coil copper is usually insufficient to produce 
an appreciable magnetic field outside the 
coil or between coil conductors. The num- 
ber of lines of flux in the air gap could be 
made vanishingly small by reducing the 
area between the inside of the coil and out- 
side of the load. Consequently, a limiting 
condition may be approached such that 


JS FH: dl=4nI;, 


as 


Since the distance between A and B is 
approximately L/N, 


AL 

Ww =47/, 

or 

es 
18, 


as for an infinitely long coil; thus no short- 
ness corrections are needed. Reche over- 
looks this fact. Also, he does not tabulate 


Inductor coil and load 


Figure 1. 
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. doubt, 
effects, radiation losses, and so forth. 


correction factors for coils of length greater 
than 2.5 times the inside diameter. Addi- 
tional complications would be involved in 
applying his theory to longer coils. Despite 
these limitations, Reche’s work probably 
constitutes the only attempt rigorously to 
derive corrections for coil shortness to date. 
As such it is worthy of consideration by all 
those interested in the subject. 

Equation 30 of the paper gives the fre- 
quency for maximum efficiency when the 
wall thickness of the load is less than 0.13 
of the load outside diameter. This equa- 
tion when written in the notation used by 
Mr. Stansel becomes 


44108 X pg 
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This is comparable to Mr. 
equation 7. : 


Stansel’s 


The S-Function Method of 


Measuring Attenuation of 


Coaxial Radio-Frequency 
Cable 


Discussion and author's closure of paper 45- 
134 by Chandler Stewart, Jr., published 
in AIEE TRANSACTIONS, 1945, 
September section, pages 616-19. 


H. J. McCreary (Automatic Electric Com- 
pany, Chicago, Ill.): The paper presents a 
very concise and simplified technique for 
obtaining the inherent characteristic con- 
stants most useful in transmission calcula- 
tions and is based upon the coaxial cable of 
the continuous-insulator type using poly- 
ethylene. No mention or méasurements 
are made of those types using beaded sup- 
ports for the central wire, either of ceramic 
or plastic materials. 

Where the beaded type of coaxial cable is 
used I presume that the d would be made an 
even integral number of bead sections. 
Errors of measurement would occur, no 
because of fringing capacitative 


In equation 17 of the paper, 
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To simplify this an arbitrary constant S 
called the S function is assigned to the value 
(equation 18 of the paper) 
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This is substituted into equation 17 thus 
reducing this equation to 


N=S 7 (19) 


In order to simplify the determination of 
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S when M is known, equation 18 of the 
paper is plotted in the curve of Figure 6 of 
the paper. However, although the values 
along the Y axis are S, the values along the 
X axis are not M but the more convenient 
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Chandler Stewart, Jr.: As far as I know, 
no attempt has been made to apply this 
method of measurement to coaxial cables 
employing beaded supports. On first 
thought, I would agree with Mr. McCreary 
that a sample length of an integral number 
of bead’sections would be desirable. Errors 
undoubtedly would be introduced by the 
cable capacitance not being evenly dis- 


. tributed but, in most cases, I believe these 


would be less than the errors inherent in the 
instrument. I do not believe that radiation 
losses would be any greater in beaded cable 
than in cables employing solid dielectric; in 
either case they are certainly negligible com- 
pared to the ohmic and dielectric losses. 


Statistics as an Aid to 
Engineering Judgment 
in the Manufacture of 
Lightning-Arrester Blocks 


Discussion and author's closure of paper 
45-132 by Casper Goffman, published in 
AIEE TRANSACTIONS, 1945, PERL: 
section, pages 607-10. 


Martin A. Brumbaugh (nonmember; The 
University of Buffalo, Buffalo, N. Y.): This 
paper provides an excellent illustration of the 
employment of statistical technique in seg- 
regating causes of rejection of manufactured 
product.. The methods used are quite in- 
dependent of the particular application 
which the author has selected. 

Correlation between tests is valuable on 
two counts: 


1. Where inspection cost can be eliminated as in 
the example given, 


2. Where nondestructive testing can be substituted 
for destructive, thus saving material. 


The nondestructive substitute is often 

simpler, affording additional advantage. 
The section of this paper dealing with 

“Effect of Molding Technique” would be 


strengthened by including a statement that 


the statistic referred to is the ratio of 
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squared successive differences to variance. 
(I assume that this is correct.) The chi- 
square test is clear enough, but a restate- 
ment of the conclusions would help. 

The use of the ¢ distribution to determine 
from small samples that aging, tempera- 
ture, and mold clearance are assignable 
causes of variation in electrical character- 
istics of the blocks is precisely the informa- 
tion that process engineering must have in 
order to write a manufacturing specification 
that will provide for control of these causes 
of variability. At the same time the vari- 
ance analysis tells the engineer that his vari- 
ability does not arise from the positions of 
the blocks in the ovens. 

The final test reported suggests, although 
the data are not adequate to prove, that the 
greatest cause of product variability is varia- 
tion in initial blending. I presume that the 
matter stands as follows: without control 
of blending of the mixture, good blocks will 
be accidental; with control of blending, 
good blocks can be assured by proper atten- 
tion to the causes of significant variability 
entering the manufacturing process. 


W. Edwards Deming (nonmember; Bureau 
of the Budget, Washington, D. C.): It is 
pleasing to see the spread of interest in 
statistical methods, exemplified by Mr. Goff- 
man’s paper. However, it is not necessary 
to test the line in Figure 3 or even to draw 
any line at all, to see that regression is indi- 
cated. Statistical tests made in cases so ob- 
vious only serve to alienate the statistician 
from the ranks of his fellow scientists. 

The chi-square test on the five batches, 
made in the section entitled “Effect of 
Molding Technique . - .” is not trustworthy 
with only three degrees of freedom. Small 
samples give as good control as large samples 
over errors of the first kind, namely reject- 
ing a perfectly good hypothesis, but they 
give very poor control over errors of the 
second kind, which is to accept 4 false hy- 
pothesis. Personally, I should hesitate to 
draw any conclusion at all from the value 
of chi square equal to 13.04, because of the 
small number of degrees of freedom. One 
possibly might conclude with justification 
that this value of chi square points toward 
the need of further investigation, but even 
there I dare say that a plot of the batches 
showing means and individual values would 
disclose much more information. The dan- 
gers of the use of statistical tests, par- 
ticularly with small samples, have been 
publicized by numerous writers. 

The same kind ‘of comment should be 
offered with regard to the test made in the 
following section, and the next one as well. 


‘Harold Hotelling (nonmember; Columbia 


University, New York, N. Y.): Mr. Goff- 
man’s paper uses effectively and accurately a 
number of statistical techniques to accom- 
plish a great economy in a manufacturingand 
inspection problem. The possibilities of this 
kind of thing are very great and go far 
beyond what has generally been suspected. 

The problem of detecting trends in the 
data of Figure 4 I should have attacked ina 
somewhat different way by fitting a poly- 
nomial of degree not exceeding the fourth 
to each of the batches of data. Probably a 
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straight line fitted by least squares would 
have been sufficient in each case to demon- 
strate a significant trend. This test will, I 
think, usually be found more sensitive and 
efficient than the statistic used. 


C. C. Craig (nonmember; University of 
Michigan, Ann Arbor, Mich.) : This paper is 
an unusually interesting one of its kind since 
it contains in small space a variety of appli- 
cations of statistical methods which give in- 
formation of practical value concerning the 
manufacture of a single article. Further- 
more, the statistical methods themselves 
show an unusual variety, and they give an 
idea of the resources a statistician equipped 
beyond the very beginnings of statistical 
theory has at his disposal. Mr. Goffman 
belongs to a rather small group in industry 
who has acquired such equipment. 

I regret that Mr. Goffman could not have 
used more space to explain more fully the 
nature and meaning of some of the statisti- 
cal tests he employed. It would prehaps 
have taken too much space to sketch all the 
numerical calculations to enable the general 
reader to follow them, but specific page 
references to books and articles where de- 
tailed explanations and fully worked out 
problems are found would be useful. Mr. 
Goffman’s illustrations are worth being 
fully understood. I will confine my com- 
ments on specific points to two or three 
where I believe they will be helpful. 

It is stated that it is desirable to “know 
the correlation between these voltages,” but 
no estimate of this correlation is given. In- 
stead the linear regression equation obtained 
from the data, for Y on X is given though 
the reader is left to infer what Y and X rep- 
resent. A reader with an acquaintance 
with curve fitting will know that the origins 
for X and Y are taken at their respective 
means, but he may wonder about the scale. 


‘In Figure 3 the slope of the regression line 


is nearly 0.6 instead of 0.5 on the scale used 
there (if we assume that X and Y are meas- 
ured on the horizontal and vertical scales, 
respectively). That the regression is highly 
significant means that the correlation, which 
can be calculated from the given sums of 
squares to be about 0.83, is also highly 
significant. That these sample values are 
highly significant means that the true long- 
run values are with a high degree of cer- 
tainty not zero, but this information is con- 
siderably less than knowledge of what these 
long-run values are. Of course, we can 
never determine by any number of observa- 
tions the exact values of these quantities, 
but we can by increasing the number of ob- 
servations place with confidence these true 
values within smaller and smaller intervals. 
In the present case with 30 observations it 
is possible by a well-known method to place 
the true value of this correlation in the in- 
terval 0.59 to 0.93 with a confidence 
measured by the statement that 99 times in 
100 an interval arrived at in this way will 
contain the true value. 

Many readers with some familiarity with 
statistical methods will not recognize the 
quantity 5#/o? and would appreciate at least 
a brief statement of its meaning and a 
specific reference to von Neumann’s paper 
and to the one which follows it in which the 
tables used are found.’ 

Likewise a specific reference to Rider’s 
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book (page 102) will be helpful to readers 
who wish to learn more about the chi? test 
used. 

There is a quite proper objection to the 
way the data are used in making a retest on 
the effect of baking temperature on blocks. 
All the 32 observations should be used in 
calculating the second ¢. Would it not be 
equally defensible, since the ¢ on the first 16 
observations was too small to be quite con- 
clusive, to pick out the four pairs from the 
first 16 which will give the largest ¢ and base 
one’s conclusion on them? In the present 
case one is safe only by being sure that the 
it based on all the equally valid observations 
will be large enough. It is pretty obvious: 
that it will be (3.104 actually), but the cor- 
rect procedure is to calculate this ¢ instead 
of the second one found here. 

It will be seen that my remarks contain 
little real criticism, for little is called for. 
Mr. Goffman is to be congratulated on the 
job he has done, and I hope a considerable 
number of readers will give his examples the 
close study they deserve. 
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Louis C. Young (nonmember ; Westinghouse 
Electric Corporation, Springfield, Mass.) : In 
general, Mr. Goffman has demonstrated the 
many ways in which statistical tests may 
be used to form engineering conclusions, 
without requiring an exhorbitant amount 
of physical test data. A particularly good 
example of this is to be found in the test of 
the effect of baking temperature on blocks; 
the number of test data initially obtained in 
the study proved inadequate and were 
consequently reinforced only by the ap- 
proximate number of data necessary to 
prove the significance of the 75-degree 
variation. : 

In the same example, there is some possi- . 
bility of misinterpreting the conclusion, that 
oven temperature should not be allowed to 
vary by as much as 75 degrees. If a baking 
test had been conducted under a tempera- 
ture variation of 50 degrees and with a larger 
number of samples and test data for both 
this condition and that of standard baking 
temperature, it is quite probable that a 
significant difference in “maximum rise” 
could have been demonstrated with equal 
facility. The pertinent fact in this case is 
that the 75-degree variation is related to 
practical circumstances and that an average 
measure of its effect on “maximum rise”’ 
has been obtained, together with the assur- 
ance that this “‘maximum-rise”’ difference is 
not accidental, but real. 

In. the section dealing with the effect of 
molding technique, on the other hand, there 
is some question as to the validity of the 
conclusion that the variables of shop mold- 
ing practice affect the volt-ampere char- 
acteristics of the blocks. Although this is 
probably true, the most direct proof would 
appear to lie in a comparison of the labora- 
tory-molded batch results with any single 
one of the batches molded in the shop; the 
conclusion in that case might be amplified 
in terms of the type of shop practice in- 
volved in the specific batch considered. 
Otherwise, it is possible that the only vari- 
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able of shop molding practice which affects 
the volt-ampere characteristics is the factor 
of aging which was deliberately introduced 
into the experiment. 

In reviewing the trends in Figure 4, it is 
interesting to note that the average ‘‘maxi- 
mum rise’”’ of batch D appears to be slightly 
higher than the stable values being reached 
in the trends of batches B and C. If this 
apparent tendency is real, it has a direct 
bearing upon the uncontrolled manufacture 
of batch D, as against the partially con- 
trolled manufacture of batches B and C; 
this would seem to warrant further investi- 
gation. 


J. S. Ferguson (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
exacting performance requirements imposed 
on lightning-arrester valve elements demand 
that they be uniform and of highest quality. 
A great deal of attention has been given by 
design engineers to the problem of manu- 
facturing these elements. 

For many years process controls and test 
procedures have been in use which give 
assurance that elements of doubtful quality 
will not be built into arresters but will be 
rejected. Until recently a method was 
lacking for finding the important causes of 
occasional deviations from standard quality. 

Doctor Goffman’s methods of analysis 
and controlled experiment have proved ex- 
tremely valuable in determining certain 
variables in the process that must be 
watched closely and others that affect 

_ the quality only slightly. Statistical analy- 
sis of day-to-day test results permits a con- 
tinual check on the important factors in the 
process and also helps identify probable 
causes when elements fail to pass: tests. 
Corrective measures thus can be adopted 
with a minimum of delay. 

One of the results of Doctor Goffman’s 
work has been a substantial increase in the 
severity of the final test, thus insuring a 
higher quality of valve element. 


H. F. Dodge (Bell Telephone Laboratories, 
Inc., New York, N. Y.): This paper presents 
results of a study of the variables affecting 
the electrical characteristics of lightning- 
arrester blocks, illustrating how statistical 
methods can serve practically as an aid to 
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judgment regarding sources of variation 
within a manufacturing process. To the 
engineer not versed in statistical methods 
and terminology, the paper is probably too 
condensed for general comprehension. It 
does, however, get across the idea that 
there are available statistical tools with 
which the engineer might profitably become 
acquainted. It is believed that the average 
engineering reader would have gotten a great 
deal more from the article, had there been 
included more explanation of the statistical 
symbols and tests used, particularly had 
the author made reference to specific 
sources, including even the page numbers of 
the references, for each of the statistical 
tests employed. The engineer is noted for 
his desire for specific knowledge so that he 
can ‘“‘go and do likewise.” 

The analyses make use of a number of 
new methods—not merely some of the more 
usual statistical tests. For instance, use 
is made of the statistic 62/o?, which is 
treated in several interesting articles pre- 
sented in the Annals of Mathematical 
Statistics in 1941. In this connection only 
one reference is cited, and it is felt that it 
would have been helpful to include refer- 
ence to other contemporary papers on the 
subject, particularly ‘‘The Mean-Square 
Successive Difference” by J. von Neumann, 
R.H. Kent, H.R. Bellinson, and B. I. Hart, 
Annals of Mathematical Statistics, volume 
12, pages 153-62, since this is somewhat 
less mathematical and presents the basis for 
some of the methods actually used. 

Since the average reader is not likely to 
be familiar with the new terminology and 
methods, a brief description of the statistic 
62/0? and the two terms used in this ratio 
would have been helpful. The numerator 
6*, for example, is based on the square of 
successive differences of individual observed 
values when they are arranged in order, 
perhaps with respect to time. 

That part of the paper which relates to 
the “Effect of Baking Temperature on 
Blocks’”’ would not appear to have provided 
a conclusive result. An initial test with 
relatively small samples does not show a 
significant difference in terms of the signifi- 
cance criterion used, but a retest, likewise 
with small samples, does show a significant 
difference. Although the author draws a 
conclusion from the results of the second 
test only, it would appear that the point was 
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“not proved” on the basis of the total data 
presented—that, in fact, more tests are 
needed for a decision. In any situation of 
this kind, the whole picture may be changed 
from a practical point of view if other in- 
formation, either qualitative or quantita- 
tive, but not mentioned in the text, con- 
tributes to the decision. 

For those whose appetites may be whetted 
by the practicalness of statistical methods 
in handling the particular types of problems 
outlined in the paper, it is suggested that 
the author would undoubtedly be glad to 
provide more detailed technical information 
to any who have manufacturing problems of 
a like character. 


Casper Goffman: The author will not at- 
tempt to answer Doctor Deming’s general 
remarks but will confine his comments to 
the specific items mentioned. 

The main point made by Doctor Deming 
is in regard to the use of small samples. 
Doctor Deming says it is proper to use small 
samples when errors of the first type can be 
made but not when errors of the second type 
can be made. The author believes that in 
each case considered in the paper the only 
type of error that could have been made is of 
the first type. The hypothesis was always 
the null hypothesis, and the conclusion was 
in each case to reject the hypothesis. Hence 
the type of error which could have been 
made was to reject a good hypothesis. 
This is an error of the first type. 

Regarding the wisdom of performing the 
test of regression in Figure 3, the author’s 
experience has been that the type of error 
most often made is to assume trends or dif- 
ferences when they actually do not exist. 
It is precisely in cases where the engineer 
believes he can arrive at a conclusion merely 
by glancing at data that he should be edu- 
cated of the danger of such practice. In 
any case what may seem to be an obvious 
trend to one man may not be to another. 
Moreover, what may seem to be an obvious 
trend to some people may not actually be a 
trend at all. For this reason, the author 
advocates the practice of applying statisti- 
cal tests in all cases where important deci- 
sions are to be made unless of course un- 
reasonable expenditures are involved. How 
can this point of view alienate the statisti- 
cian from the scientist? 
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Optimum Air Gap for 
Various Magnetic 
Materials in Cores of Coils 
Subject to Superposed 
Direct Current 


Discussion and author’s closure of paper 45- 
149 by V. E. Legg, published in AIEE 


TRANSACTIONS, 1945, October section | 


pages 709-12. 


R. C. Taylor (Western Union Telegraph 
Company, New York, N. Y.): This valu- 
able paper is notable for the wide variety of 
materials and superposed conditions which 
are discussed. I would like to ask the 
author for some discussion of the range 
associated with the typical curves. This 
would permit a designer to consider the 
limiting cases he is likely to encounter, alsa 
show to what extent the properties of vari- 
ous materials may overlap. As the author 
notes in his reference 2, the permeabilities 
are subject to considerable variation. Of 
course the derivatives with respect to flux 
density also have manufacturing variations 
which, fortunately for the designer, often 
partially compensate in the various formulas 
of the paper. For instance, increased py, 
usually is associated with increased yw and, 
consequently, their difference does not vary 
as much as if they tended in opposite direc- 
tions. Similarly, increased yu; is associated 
with increased du,/dB with corresponding 
beneficial effect on the stability of the quo- 
tient. 

It has been our experience that optimum 
air-gap spacers at the lower flux densities 
are thin enough to require some degree of 
individual adjustment and accurate pre- 
determination of spacer thickness is not as 
valuable as it would be otherwise. 

Figure 2 of the paper shows two different 
areas in the magnetic circuit and, conse- 
quently, two polarizing flux densities will 
exist. For such construction some alter- 
ation of the formulas would be required. 
Perhaps the simplest would be the use of a 
fictitious | and corresponding u, v, w and @ 
to keep the reluctance at, its true value anda 
corresponding intermediate value of B. 


Donald W. Howe, Jr. (nonmember; 
Worcester Polytechnic Institute, Worcester, 
Mass.): Mr. Legg has presented answers 


to many of the problems encountered by the , 


designer of iron-cored inductors. While 
there is no question of the desirability of 
knowing the “optimum air gap,” there are 
many other factors which the practical de- 
signer must consider in selecting the “‘best”’ 
air gap. I would like to discuss a few of 
these. 

In a production run of a competitive stock 
inductor using E, I laminations, the opti- 
mum gap to be used first was determined in 
the laboratory by tests on the first few sam- 
ples. Spot checks on the finished item 
showed a variation of +50 per cent in in- 
An investigation yielded the 
following causes: 

1. Variations in gap length impossible to eliminate 
in mass production. i 


24 Variation in steel characteristics. 
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3. Variation in gap length due to mechanical 
shocks after assembly. 


4. Variations in effective gap length due to the 
fringing flux finding low reluctance paths in brackets 
or case. 


The variation in L due to the first three of 
these causes can be reduced by using a gap 
large enough so that the major portion of the 
effective reluctance is in the air. A subse- 
quent production run of a similar item was 
kept inside a +ten-per-cent tolerance by 
using about twice the optimum gap. 
Another run with a + five-per-cent toler- 
ance was made possible by using F lamina- 
tions with a gap three times optimum in the 
center leg where the fringing flux could get 
into no trouble. In both cases, the saving 
in labor offset the cost of extra material. 

Mr. Legg’s equations are based on the 
assumption that inductance is independent 
of variations in the amplitude of the alter- 
nating current. In many instances this 
may be far from true. Where constancy of 
inductance over a wide range of alternating 
and direct current is required, the optimum 
gap is not necessarily the best gap. A 
larger gap will minimize the effect of varia- 
tions in steel permeability. It is interesting 
to note that if ZL varies, we cannot use the 
familiar relation 
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Substituting L for We and performing the 
indicated differentiation, we get 
rt “ee 
e= LI — 
dt dt 


The effect of this somewhat neglected second 
term has been found particularly evident in 
circuits carrying transients or square waves. 


V. E. Legg: In reply to the discussions by 
Donald W. Howe, Jr., and R. CMtfayior, it 
should be pointed out that a mathematical 
derivation of “optimum” conditions is con- 
venient only when the basic assumptions 
are kept simple. Such derivations of ideal 
cases are often useful in laying out a new 
project, or in assaying a completed product. 
However they do not profess to include such 
variations as nonuniformity of magnetic 
material, permeability dependance on a-c 
flux density, mechanical inaccuracy of gap 
length, or magnetic shunting through the 
frame or case. These details must remain 
as problems for design and manufacturing 
control. But the mathematics warns that, 
for instance, although inductance uniform- 
ity of product may be found to be obtained 
by use of two or three times optimum air 
gap, it entails sacrifices in coil character- 
istics such as lowered inductance, increased 
resistance, or increased size. The adjust- 
ment of such conflicting desires, and provi- 
sion for unforeseen variables, often tax the 


designer’s ingenuity or judgment. 


In reference to Mr. “Taylor’s remarks 
about Figure 2 of the paper, it is usual to de- 
sign the shell-type core so that the cross- 
sectional areas of the two side paths add up 
to equal that of the center leg, effectively. 
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A Study of Wave Shapes 
for Radio-Noise-Meter 
Calibrations 


Discussion and author's closure of paper 45- 
146 by C. W. Frick, published in AIEE 
TRANSACTIONS, 1945, pages 890-901. 


Arthur Bessey Smith (Automatic Electric 
Laboratories, Inc., Chicago, Ill.): This 
paper seems to me to be timely and very 
much needed. Those who for years have 
been working in the field of radio interfer- 
ence, its measurement and suppression, have 
been handicapped by the broad zone of 
doubt in all the measurements, which is 
even worse than the unavoidable deviations 
in the measurement of magnetism, ad- 
mittedly so much worse than most electrical 
measurements. It is to be hoped that the 
square wave will perform equally well in the 
hands of other investigators, so that it may 
come to be commonly accepted. 

Certainly all can agree with the objective: 
“a reading proportional to the noise effect.” 
Standing between the electric circuit and 
the radio listener is the loud-speaker. 
Early loud-speakers differed very much in 
their response to differing audible frequen- 
cies, so that the audible frequency electro- 
motive force applied to them was not much 
of a criterion of the loudness emitted into 
the air. It is believed that modern loud- 
speakers have very largely overcome this 
difficulty, so that radio noise may be rated 
by detected electromotive force with reason- 
able assurance that the effect on the listener 
will be proportional. 

In 1988 we made tests on a multivibrator 
device as a signal generator for calibrating a 
radio-noise meter. The results were not 
encouraging. There was great lack of uni- 
formity even through the broadcast band. 

The author’s description of shock excita- 
tion is very fitting, though he did not use 
that term. Even without the application of 
the Fourier series, the operation of the steep 
wave front on a tuned circuit is understand- 
able. In fact, to many it is an easier con- 
cept than the Fourier series, though it does 
not take in the zone of frequencies which the 
meter circuit will pass. 

It would have helped the presentation 
materially if the author had given the basic 
circuit of the best square-wave generator. 
It is to be hoped that this will shortly be 
done. 

Wave generator 3, the vibrating metallic 
contact, seems to deserve further study. 
The evidence of slow fall of resistance ex- 
cites our curiosity. What was the structure 
of the vibrator? How was it driven? 
What metals were used for contacts? What 
form did they have? What contact pres- 
sure did they attain? It seems to me that 
from the radio-frequency standpoint this 
deserves further investigation. Also it 
should be done as an adventure in pure 
physics if for no other reason. 


Durward J. Tucker (Station WRR, Dallas, 
Tex.) : Quite often the radio engineer has oc- 
casion to measure radio noise. As the author 
points out, numerous instruments are avail- 
able for measuring such noise, but, unfor- 
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tunately, an agreement between measure- 
ments made with different radio-noise me- 
ters is not always to be had. He attributes 
this disagreement partially to the method of 
calibration used for the various radio-noise 
meters. Particularly does he attribute the 
disagreement to the difference in wave 
shapes encountered. It has been the gen- 
eral practice to use the sine wave for the 
calibration of such instruments, but the 
author has shown, by practical data and 
theoretical data, that such a basis of calibra- 
tion is not altogether satisfactory. By 
additional theoretical and practical data 
Mr. Frick has shown that utilization of the 
square wave for the calibration of radio- 
noise meters is a satisfactory solution to the 
problem. 

The paper contains a thorough mathe- 
matical analysis of the square wave. 

The paper is well written and contains 
much valuable information for those con- 
cerned with problems of radio-noise measure- 
ments and is heartily recommended, espe- 
cially to broadcast engineers and others 
especially interested in radio-communica- 
tion work. 


C. W. Frick: The author wishes to thank 
Doctor A. B. Smith and Mr. D. J. Tucker 
for their helpful discussions. As to square- 
wave generators, it seemed better to state 
the characteristics of the wave rather than 
the details of the generator. This was done 
in the paper in item 2 of the conclusions. 
Square-wave generators are available, and, 
whenever one of them is found to provide a 
wave of acceptable shape and in addition is 
portable and sufficiently rugged for general 
calibration purposes, it can be used. Also 
various circuits that will produce square 
waves are described in the literature of the 
subject. Some recent information may be 
found in a recent paper.! 

The vibrating-contact wave generator 3 
was made up from parts of a vibrator in- 
verter normally used to obtain alternating 
voltage from a six-volt battery. The mag- 
net coil was connected to an independent 60- 
cycle circuit to drive the vibrator. It was 
believed desirable to call attention in the 
paper to the fact that this generator, which 
had mechanical contacts, was not stuccess- 
ful. For general information a study of the 
causes of the trouble such as Doctor Smith 
suggests would be desirable. However, it 
was not needed in this investigation, be- 
cause the desired result was accomplished 
by other means. 
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Lightning Arresters for 
Distribution Apparatus 


Discussion and authors’ closure of paper 45- 
147 by Edward Beck and A. D. Forbes, pub- 
lished in AIEE TRANSACTIONS, 1945, 
_ October section, pages 719-24. 


1 ARE Whitehead (Duquesne Light Com- 
pany, Pittsburgh, Pa.): The authors are 
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to be commended for their objective pres- 
entation of the relative performance 
characteristics of valve-type and expulsion- 
type lightning arresters for distribution 
apparatus. 

The writer is in agreement with the 
authors that, on the whole, modern valve- 
type arresters provide the better protection 
for old transformers. If the impulse 
strength of the old transformers is unknown, 
however, there is still considerable uncer- 
tainty regarding the quality of protection 
obtained. 

The Duquesne Light Company impulse 
tests all 2,400-volt distribution transformers 
sent to the central shop for reconditioning. 
The test consists of an application of a full 
wave at 45 kv of standard shape to each 
primary terminal, followed by an applica- 
tion of the same wave to the gapped second- 
ary neutral. To date, over 3,000 units 
have been tested with a rejection rate of 
approximately 6 per cent. Tested trans- 
formers re-enter service with a certified 
level of 45 kv, and the margin of protection 
afforded by the protection scheme can be 
estimated readily. 

The dependence of the quality of protec- 
tion upon arrester location and method of 
grounding generally is realized, but little 
harm will be done by emphasizing this fact. 
Impulse tests were made recently on full- 
size models of distribution transformer pole- 
top construction to determine the relative 
merits of practicable designs. With valve- 
type arresters mounted on the transformer 
arm and the arrester ground. lead directly 
connected to the tank and gapped to the 
secondary neutral, a maximum current of 26 
kiloamperes could be discharged. Under 
these conditions, the impedance voltage 
across the transformer was 32 ky after an 
initial peak of 57 kv lasting less than 0.1 
microsecond. 

There was no evidence of transformer 
breakdown under these conditions. Upon 
substitution of a modern expulsion-type 
arrester, however, the transformer lead 
punctured and bushing flashover occurred. 
Replacement of the valve-type arrester re- 
stored protection, despite the punctured 
lead. 

Other tests have provided evidence that 
the expulsion arrester will withstand re- 
peated heavy discharges better, and there- 
fore is preferable when the insulation level is 
set suitably. The permanence of such a co- 
ordinated insulation level continues to be a 
matter of concern to distribution engineers, 
and in this connection it may be mentioned 
that our impulse tests at 60 kv on new 
modern transformers have shown a failure 
rate of from one to 2.4 per cent, depending 


upon the exclusion or inclusion of an “epi- 


demic’’ of failures in transformers of small 
kilovolt-ampere rating. 


J. W. Bennett and F. R. Longley (Western 
Massachusetts Electric Company, Spring- 
field, Mass.): We would like to suggest that 
at this time the industry take a new look at 
the most important characteristics of the 
distribution arrester: Its 7R drop during 
discharge and its time-lag curve during 
spark-over. The JR drop should be small 
and the time-lag curve should be flat. 

Now that interconnection of the primary 
arrester ground terminal with the trans- 
former secondary neutral has become an 
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CREST KILOVOLTS ACROSS ARRESTER 
DURING DISCHARGE OF SURGE CURRENT 


Olio altel Billo le! 14 Ieee t20 
CREST KILOAMPERES OF [0x20 MICROSECOND: 
DISCHARGE CURRENT WAVE 
THROUGH ARRESTER 
Figure 1. Comparison of discharge surge 
current IR drops across two three-kilovolt dis- 
tribution lightning arresters of different manu- 
facture 


accepted practice, the distribution arrester 
has become a far more dependable device 
for the protection of distribution trans- 
formers, and the arrester’s protective char- 
acteristics thus have taken on a renewed 
importance. t 

With interconnection, the arrester’s 
spark-over voltage and /R drop are the only 
surge voltages impressed across the trans- 
former’s insulation and they alone deter- 
mine the margin of lightning protection. 

The margin of protection is the difference 
between the impulse insulation strength of 
the transformer and the surge voltage across 
the arrester. The margin isa variable. It 
will vary with the magnitude of the arrester 
surge current, with the age and make of the 
transformer, and with the condition of the 
transformer insulation. After spark-over, 
the surge voltage across the arrester is, of 
course, its surge current JR drop. 

Figure 1 of this discussion shows the surge 
discharge JR drops of two three-kilovolt 
distribution arresters of different manufac- 
ture. Each make is used widely. Note 
that the drop across the arrester of manu- 
facturer B is about 50 per cent larger than 
that of manufacturer A. 

As interconnection is applied to trans- 
formers of progressively older design, we 
reach a point where the margin of protection 
disappears. As the arrester with the small- 
est surge voltage drop will provide the 
largest margin of protection, it will provide 
protection for the largest number of the 
older transformers and will insure the 
minimum surge voltage strain on the insula- 
tion of all transformers. 

Prior to the use of interconnection, the 
surge voltage across the arrester was often 
the least part of the surge voltage on the 
transformer and the arrester’s protective 
characteristics may have been less im- 
portant than now. We suspect that the 
older practice of noninterconnection, using 
a pole ground only, often left the distribu- 
tion transformer with little or no protection. 

Of course, when the transformer is de- 
signed to co-ordinate with an arrester of 
large IR drop, protection will be obtained, 
but it will be at the cost of a further in- 
crease in transformer insulation or an en- 
croachment on the margin of protection. 
If the margin of protection is reduced, we 
are confronted with the question: Will the 
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transformer be protected throughout its life 
as its insulation deteriorates in service? 
We note a new tendency to increase trans- 
former loadings and thus accelerate the rate 
of insulation deterioration. 

Turning to the expulsion-type arrester, 
we note that it has a very small JR drop but 
a poor time-lag characteristic which curves 
up like that of a standard rod gap. This 
may be seen in Figure 5 of the paper. 
The time-lag curve for the rupture of trans- 
former insulation is relatively flat, similar 
to that of a sphere gap, or of a valve-type 
arrester. 

To secure lightning protection of the 
transformer, it is essential that the time-lag 
curve of the arrester spark-over be, at all 
points, below the time-lag curve of the 
transformer insulation puncture. As the 
time-lag curves of the expulsion arrester 
and of transformer puncture are of different 
shapes, it is hard to keep them from crossing, 
especially at times of less than about one 
microsecond where the steep front and re- 
flected waves operate. A comparison of 
the time-lag curves of a rod gap, a sphere 
gap, and an insulation barrier is illustrated 
in Figures 2 and 3 of a former AIEE paper.! 
Note that the sphere gap will protect the 
insulation while the rod gap will not. The 
curves for sphere gaps and valve-type 
arresters are quite similar. 

We would consider a small JR drop anda 
flat (or nearly flat) time-lag curve to be the 
two arrester characteristics of supreme im- 
portance for they are the measure of the 
ability of the arrester to do its job which is 
to protect its transformer (or other appa- 
ratus). We would term them the primary 
qualities. for they always must be smaller 
than the transformer insulation strength or 
the arrester is not an arrester; and the 
smaller they are, the better the arrester. 

There are also, of course, other essential 
arrester qualities which must be included 
after the primary qualities first have been 
provided. These qualities are permanence 
of characteristics and ease of maintenance. 
We would term them secondary qualities. 
They are achieved by such qualities as high 
surge current discharge capacity, freedom 
from gap corrosion and contamination, pro- 
tection of the valve material from harmful 
contamination, freedom from communica- 


_ tion interference, low probability of failure, 


and easily seen evidence of failure if it does 
occur. . 

Concerning arrester failures during surge 
discharge, we believe that a small number of 
these can be tolerated provided the damaged 
arrester leaves evidence of failure that can 


be seen readily by inspection from the, 


ground. When an arrester fails during dis- 
charge it, at the same time, protects its 
transformer against that particular surge. 
If easily seen by inspection, the damaged or 
destroyed distribution arrester can be re- 
placed quickly and cheaply. If such an 
occurrence is infrequent, we would regard it 
as we would a fuse, to be replaced after it 
has destroyed itself in performing its pro- 
tective duty. Until the damaged arrester 
is replaced, its transformer will be without 
protection against ensuing surges, and occa- 
sionally a transformer may be damaged. by 


such a surge, but if the number of arrester 


failures is small a few arrester replacements 
and perhaps an occasional transformer re- 
placement will be minor items in the main- 
tenance schedule. _ . 
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On the other hand, if the distribution 
arresters have a high rate of failure and fre- 
quently ground the circuit, without clearly 
showing visible evidence of having failed, 
they will impose an unequivocally intoler- 
able operating condition upon the distribu- 
tion system and burden upon the mainte- 
natice crew. 

To summarize, we suggest that in the 
selection of distribution arresters, especially 
if they are to be installed on any and all dis- 
tribution transformers without discrimina- 
tion among make, age, location, and condi- 
tion of insulation, they be chosen for small 
IR drop and flat time-lag curve provided 
their secondary qualities, as previously 
described, are judged to be satisfactory. 
We feel that the importance of these two 
characteristics often is. overlooked or 
slighted and that, in view of the practice of 
interconnection of older transformers re- 
quiring the maximum possible protection, 
the arrester’s protective characteristics have 
assumed an increased importance. 

We would consider the four most im- 
portant qualities of the distribution arrester 
to be: 

1. Small surge current JR drop. 

2. Flat time-lag curve. 

3. Ease of maintenance. 

4. Permanence of operating characteristics. 

Distribution arresters are available with 
the afore-mentioned qualities 1 and 2 that 
compare favorably with station-type arrest- 
ers of the same voltage rating, though their 
surge current discharge capacities are 
smaller. Most well-known makes, if of 
modern design, possess qualities 3 and 4. 
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W. H. Hatch (Public Service Company of 
Northern Illinois, Chicago, Il.): This 
paper by Beck and Forbes is a clear concise 
exposition of the merits of the valve and 
expulsion type of arresters, and as such isa 
good answer to the question the authors 
pose in their introduction ‘“‘The question 
arises why both persist.”’ Several thoughts 
it evoked in the minds of some engineers of 
an operating-utility are listed herein. This 
utility uses both types of arresters and the 
remarks should be considered as applying 
principally to 3-ky arresters used on 2,400- 
4,160-volt Y feeders. 

1. Line lockoutproof performance is 
claimed for both types of arresters. It is 
not known whether this term is intended to 
include blowing of sectionalizing fuses. 
Although this claim for expulsion-type 
arresters will be accepted generally, many 
operating people will be skeptical of the 
valve arrester’s ability in this respect, based 
on experience with earlier designs. Per- 
formance of ‘‘dropouts” or disconnecting 
features has been erratic. As it is acknowl- 
edged that deterioration of the valve ele- 
ment will occur in some cases, dropout 
operation must be expected. Accordingly, 
dependent on magnitude of accompanying 
fault current, oil circuit breakers or sec- 
tionalizing fuse operation may follow. 

9. The fact that both arresters will meet 
the 65,000-ampere AIEE test successfully 
demonstrates that both types are capable 
of withstanding the majority of surges to 
which they are exposed. However, one or 
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both types may have the ability to with- 
stand the even greater surges which occa- 
sionally occur. Field observation of both 
failed and intact arresters lead us to believe 
that the expulsion-type arrester has con- 
siderably greater capacity than the valve 
type. In these observations, the areas of 
“burns” produced on gap electrodes by 
natural lightning have been compared with 
areas of ‘‘burns’’ produced by impulse gen- 
erators with similar currents. As judged 
by these burns, the expulsion arresters ap- 
peared to have passed considerably larger 
lightning currents successfully than had 
the valve arresters. 

3. Published data on frequency of occur- 
rence of surges of great magnitude through 
distribution arresters are rather sketchy, 
and the field observations described in the 
preceding lead us to the belief that distribu- 
tion arresters are subjected to larger cur- 
rents more frequently than is believed 
generally. Furthermore, existing data may 
not apply too well to the expulsion arrester 
because of its lower impedance. It would 
seem that some field data on discharge cur- 
rents through expulsion arresters would be 
valuable. 

4. Old distribution transformers are 
widely thought to have impulse strength be- 
low the standards established about 19382. 
There can be no proof on a comparable 
basis as impulse testing seldom was done 
previous to this time. Based on the fact 
that a great number of failures of old trans- 
formers attributed to lightning were actually 
lead and bushing failures, we are of the 
opinion that—except for the leads and bush- 
ings—transformers built from about 1920 
to 1932 were not particularly deficient in 
impulse strength. It is our opinion that by 
overinsulating the leads (that is, providing 
the lead with insulation greater than that of 
present-day transformers) together with 
other reconditioning and sealing, we obtain 
performance almost as good as modern 
transformers, and also that we obtain ample 
protection from expulsion arresters. 

5. It appears from the paper that some 
expulsion arresters may be limited in appli- 
cation by a maximum current interrupting 
capacity less than the fault current avail- 
able on some systems. It is our under- 
standing that expulsion arresters (and ex- 
pulsion fuses) have a certain “‘current- 
limiting ability” that is, measured fault 
current has been observed as less than calcu- 
lated fault current at high values. This is 
attributed to arc impedance, which is sub- 
stantially the total impedance offered when 
expulsion arresters are connected directly 
across a large source. If this is correct, it 
would appear that the expulsion arrester 
generally is not limited in application by 
available fault current. 

6. A possible advantage of the expulsion 
arrester which is not discussed is the ability. 
to withstand system overvoltages. This 
paper states “‘in fact, excessive system 
voltage may be its (the valve-type arrester) 
chief enemy.” We also have understood 
that system overvoltage as low as that 
which may result from neutral displacement _ 
(about 4,160 volts on a 3-kv arrester) may 
suffice to damage some arresters. As 3-kv 
arresters have 60-cycle breakdown voltage 
of the order of 4-12 kv, this appears reason- 
able. Expulsion arresters, having corre- — 
sponding values of 18-25 ky, should be 
affected less by system disturbances. This 
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would seem to offer promise of fewer failures 
from these sources. 

7. Operating people who work their 
feeders “hot” with rubber goods require that 
all energized equipment within reach be 
covered readily by rubber goods. Valve- 
type arresters inherently fulfill this require- 
ment well, but expulsion arresters require 
added precautions. The grounded bracket 
of some expulsion arresters also requires 
special precautions. These facts are im~ 
peding the general acceptance of expulsion 
arresters. 

The author’s comments on these points, 
particularly those founded on supposition 
and limited field observation, would be very 
interesting. 


E. C. Starr (Oregon State College, Corvallis, 
Oreg.): From the point of view of the 
operating engineer, this paper presents a 
very clear and useful comparison between 
valve and expulsion types of lightning 
arresters. One point not discussed how- 
ever is the very rapid rate of decay of volt- 
age across the transformer when protected 
by the expulsion arrester. This point is 
brought out in Figures 4a and 4b of the 
paper. The maximum rate of decay in 
Figure 4b is approximately five times the 
maximum rate of rise on the wave front. © 

As the chopped-wave and front-of-wave 
tests have as their purpose the testing of 
turn insulation, it appears that more severe 
duty is imposed on this insulation by the 
action of the expulsion arrester in applying 
the equivalent of a reversed steep-front 
wave than is imposed by the actual tests. 
Additional comment by the authors on this 
point would be appreciated. 


H. F. Ostman (Union Electric Company 
of Missouri, St. Louis): The authors have 
brought out and discussed very effectively 
the more important points to be considered 
in determining the desirability of using the 
valve-type versus the expulsion-type arrest- 
ers. There are some questions, however, 
that occur to us that have not been touched 
on. 

First, in showing the margin of protection 
on the front-of-wave test in Figure 4b of the 
paper, a margin of 52 kv results with the 
expulsion arrester based on a rate of rise of 
330 ky per microsecond. 

1. Is this rate of rise considered repre- 
sentative of what might be expected in the 
field? It is our feeling that the insulation 
levels of lines in this class now are being 
built to values that will allow much steeper 
rates of rise without flashover of other 
equipment with consequent narrowing 
down of the margin. 

2. The effect of lead distance between 
arrester and protected equipment would 
‘appear to be a factor that should be given 
consideration in choosing the type of 
arrester tobe used. For instance, with con- 
ventional transformers a 10-foot distance 
between arrester and transformer on 13.2-kv 
- lines would not be unusual. If steeper rates 
of rise than is shown occur, an additional 
margin must be considered to take care of 
the lead length. This would appear to 
make the valve-type arrester more attrac- 
tive because of its inherent lower breakdown 
value and consequent greater margin of 
safety. 
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3. A point that we have questioned is the 
variation in breakdowns that actually will 
be experienced between individual arresters 
from any given lot. For instance, are the 
breakdown values shown in Figure 4 of the 
paper for both types of arrester the maxi- 
mum for these makes or will there be an 
appreciable difference between individual 
atresters both above and below the values 
shown? Also, how do the two types of 
arresters compare in the inherent control 
that can be built into them from this view- 
point? This consideration may affect fur- 
ther the margin shown. 

Secondly, in the case of very heavy surge 
currents at high rates of rise, will the valve- 
type arrester on the front of the wave con- 
trol the voltage as shown or will it tend to 
overshoot appreciably? If this is a factor, 
do the authors have any data indicating the 
magnitude of surge currents necessary be- 
fore this phenomenon becomes noticeable? 


Edward Beck and A. D. Forbes: The 
authors are very gratified by the number of 
opportune discussions provoked by their 
paper. We recognize that the subject is 
controversial; this was one of the reasons 
for the paper. It was hoped that the ex- 
perience and points of view of the users of 
lightning arresters would be expressed, as 
they have been. The discussions appear 
to substantiate the conclusion drawn at 
the end of the paper. 

In answer to Mr. Hatch, to the best of our 
knowledge the statement made in the paper 
regarding lockoutproof performance is cor- 
rect as applied to the arresters discussed. 
It is recognized that on other older types of 
valve arresters lockouts have occurred to 
annoying degrees. The valve arrester dis- 
cussed in the paper has been in use for 
eight years. No cases of line lockout have 
been brought to our attention. We have 
concluded, therefore, that none has oc- 
curred. 

In the matter of surge current capacity 
we again are speaking of modern arresters 
such as those discussed in the paper. The 
paper states that expulsion arresters surpass 
the earlier valve arresters in surge current 
capacity. It also states that for long low 
current discharges it is the authors’ opinion 
that the expulsion arrester has greater dis- 
charge capacity than the valve. The prob- 
abilities of occurrence of discharges of 
various magnitudes and shapes thus enter 
into the picture and it is our opinion that 
the answer will be found with additional 
experience on modern arresters of both types 
and publication of this experience. In 
general, we believe that Mr. Hatch’s state- 
ment is correct 

We agree that more data on the character 
of the currents discharged by both expul- 
sion- and valve-type arresters in the field 
under comparable conditions of installation 
are needed. In some data previously pub- 
lished on discharges through distribution 
arresters discharges through expulsion 
arresters are included. The best data 
available to date on expulsion devices are 
those of Figure 11 of a paper by F. E. 
Andrews and G. D, McCann.! 
data were collected on high-voltage tubes in- 
stalled on a 33-kv line, they are indicative of 
the currents to be expected. It is the 
authors’ opinion based on experience with 
various arrester designs that higher currents 


Discussions 


While these 


than so far measured do occur occasionally, 
and this has been mentioned in earlier AIEE 
papers,2-! but unfortunately the data 
accumulated to date are not sufficient to 
indicate their probability accurately. 
Theoretically, if we accept the conclusion 
that a lightning stroke injects a certain cur- 
rent into a system, the currents discharged 
by the two types of arrester should not vary 
by very much. The Andrews and McCann 
paper also reports that several tubes may 
discharge during one disturbance. 

Mr. Hatch’s comments on the recondi- 
tioning of old transformers is of considerable 
interest especially as his opinions seem to be 
borne out substantially by the actual testing 
experience as described by Mr. Whitehead. 
We feel, however, that overinsulating the 
leads above the level used on modern trans- 
formers would not serve any useful purpose 
and would not in any way compensate for a 
lack of adequate insulation in the trans- 
former proper. It is necessary that both 
the transformer winding and the leads have 
adequate strength as a failure will take 
place at the weakest point regardless of how 
strong the stronger points may be. 

In answer to Mr. Hatch’s comments on 
application limitations, some expulsion 
arresters are not limited in application by 
available fault current. There are some, 
however, for limited application, which have 
a stated fault current restriction. Tubes 
for high-voltage systems definitely are 
limited in this respect. 

In regard to the effects. of system over- 
voltage, it is true that the usually higher 60- 
cycle spark-over voltage of the expulsion- 
type arresters tends to make the expulsion 
arrester less affected by system ‘disturb- 
ances. However, the spark-over voltage 
alone cannot be used as a criterion of the 
risks; the arrester also must be able in the 
emergency to clear the system overvoltage 
should the arrester be discharged by a surge 
during the interval when the overvoltage 
exists. The use of arresters rated at more 
than 4,160 volts is the only assurance of 
proper performance in the case mentioned. 

In reply to Mr. Starr, with respect to 
decay of voltage, it is true that the expul- 
sion-type arrester produces a more rapid 
rate of decay. It is also true that in some 
transformer designs this more rapid rate of 
decay imposes more severe duty on the 
turn-to-turn insulation. It should be noted, 
however, that American Standards Associa- 
tion standards have’ been established for 
chopped-wave withstand tests as well as 
full-wave tests for transformers. This 
chopped-wave test not only covers the 
ability of the transformer to withstand the 
rise in voltage but also the decay of voltage... 
Thus transformers meeting the ASA stand- 
ards are required to have strength ample to 
withstand the conditions mentioned. 

Mr. Whitehead’s comments are very in- 
teresting particularly as they tie in very 
closely with Mr. Hatch’s fourth point. 

We think it desirable to state that we 
understand through verbal discussions with 
Mr. Whitehead that the pole-top tests. 
which he describes were made on old trans- 
formers which presumably did not have the 
impulse strength of modern new trans-~ 
formers. We think it is fortunate that 
utilities now are able to make surge tests. 


of this type so that the industry is not de- 


pendent entirely on the investigation of 
manufacturers but can draw also on the 
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experience and experiments made by the 
users of apparatus. 

; Replying to Mr. Ostman, in the tests 
illustrated by the oscillogram of Figure 4b 
of the paper, the test wave was chosen on the 
basis of what the authors consider might be 
a suitable front-of-wave withstand test for a 
distribution transformer of the 15-kv insula- 
tion class. It shows that the arresters co- 
ordinate with the transformer insulation 
strength. Waves of different rates of rise 
occur in service. Not much data are avail- 
able yet on the rates of rise of voltage on dis- 
tribution systems. It is thought from 
theoretical considerations,!° that during the 
development of the stroke and just after the 
stroke contacts the system, the voltage rises 
more gradually than later. This would 
mean that on distribution systems where the 
spark-over levels of the arresters are low the 
rate of rise of voltage to arrester spark-over 
might be lower than on high-voltage sys- 
tems. We suspect that many surges are 
less steep and that a limited few may be 
more steep than is shown in Figure 4b of the 
paper. However, in any case, as pointed 
out in the paper, transformer insulation has 
a rising characteristic at short times and the 
test shown in Figures 4a and 4b indicates 
that the spark-over voltages of the arresters 
are below the withstand strength of the 
transformer. Moreover, the many years of 
excellent experience with the CSP trans- 
former gives further evidence of the validity 
of the conclusions drawn from Figures 4a 
and 4b. 

As indicated by Figure 4b of the paper, 
there exists a comfortable margin between 
the spark-over voltage of the expulsion 
arrester and the strength of the trans- 
former. Thus, some overshoot of voltage 
at the transformer resulting from ‘“‘lead 
effect’’ would be permissible, especially as it 
would be of extremely short duration. 

Regarding the variations in breakdown 
that may be expected in production lots, we 
would comment as follows. An AIEE 
paper on distribution lightning arrester per- 
formance characteristics’ states that for 
valve arresters the tolerance permitted by 
any one manufacturer does not exceed 25 
per cent. Sampling tests on production of 
valve arresters discussed in the paper indi- 
cate that the large proportion will have 
breakdowns as shown in the figures, with an 
occasional few that may deviate by the 
established tolerance. Impulse tests on 
each distribution arrester are not economi- 
cally feasible at present. Similar per- 


*formance data for expulsion arresters have 


not yet been published by the AIEE. 


Sampling tests on De-ion arresters indicate’ 


that they have quite consistent breakdowns 
in the region indicated in the paper. In the 
valve arrester discussed in the paper, the 
control is exercised by 60-cycle tests on the 
arrester in addition to control of manufac- 
turing tolerances on parts. In the De-ion 
arrester the control is exercised by the 
mechanical assembly and manufacturing 
tolerances on parts. , 

In the case of very high surge currents at 
high rates of rise, the voltages on the valve 
arrester will be higher than shown in the 
figures of the paper. The paper calls atten- 
tion to the fact that, on a 9-kv distribution 


valve arrester with a 65,000-ampere dis- _ 


charge, which has a steep rate of rise of cur- 


_ rent, the voltage peak may be 70 kv. The © 


peak is of short duration and has subsided 
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before the crest of the current discharge is 
reached. There is an effect of rate of rise of 
current on the peak voltage developed 
across the valve element. Just where it be- 
gins is dificult to say. There is some indi- 
cation in the oscillogram of Figure 4b of the 
paper. The volt-time characteristic at 
20,000 amperes has a slight hump of short 
duration which does not appear in the volt— 
time curve for the 5,000-ampere discharge. 
The peak of this hump occurs before 10 
microseconds, which is the time at which 
the crest of the discharge current is reached. 
It is, therefore, probable that this is an 
effect of rate of rise of current. 

We believe that the thoughts expressed 
by Mr. Bennett and Mr. Longley in theif 
discussion are in substantial agreement with 
the thoughts expressed in our paper. It 
appears to us, however, that if transformers 
with impulse levels as low as intimated by 
Bennett and Longley in their reference to 
their Figure 1 are kept in service, then 
numerous difficulties may be expected re- 
gardless of the type of lightning protection. 
In this connection we wish to refer to 
another discussion, that of Mr. Whitehead. 
Possessors of impulse-testing equipment, 
the Duquesne Light Company has set up 
certain standards for the impulse strength 
of reconditioned transformers. Evidently 
this company considers this level (45 kv for 
2,400-volt transformers) the minimum for 
their standards of service. However, if a 
lower level than that mentioned by Mr. 
Whitehead in his discussion were satisfac- 
tory for his company’s service standards the 
figure surely would not have been set at 45 
kv. The need for greater margins than 
those that might be inferred from the dis- 
cussion of Bennett and Longley and their 
reference to Figure 1 of their discussion is 
indicated thereby. In considering the 
transformer cut-out and arrester as a pole- 
top assembly, it is our opinion that even 
with the interconnection there are factors 
such as spark-over, lead lengths, and rate of 
rise of discharge current that influence the 
voltage at the transformer. Mr. White- 
head’s discussion appears to corroborate 
this and to indicate that under the varying 
conditions of installation and duty the de- 
gree of protection to the transformer is not 
related directly to the single factor shown in 
Figure 1 of the discussion and used by 
Bennett and Longley to draw their conclu- 
sions. — 

It is true that there is a new trend to in- 
crease transformer loadings. The practice 
appears on the average to be well justified 
economically even though the rate of in- 
sulation deterioration may be somewhat 
accelerated. In this respect the com- 
pletely self-protected transformer fills a real 
need as the heavier loadings can be carried 
without the same danger to the transformer 
insulation. 
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Phase-Comparison 
Carrier-Current Relaying 


Discussion and authors’ closure of paper 
45-148 by A. J. McConnell, T. A. Cramer, 
and H. T. Seeley, published in AIEE TRANS- 
ACTIONS, 1945, December section, pages 
825-33. 


S. L. Goldsborough and H. W. Lensner 
(Westinghouse Electric Corporation, New- 
ark, N. J.): The phase-comparison carrier 
relaying system described is similar in its 
fundamentals to the system previously 
described.1 However, the detailed method 
of utilizing the fundamentals is sufficiently 
different to involve the application of the 
relay in somewhat of a welter of mathe- 
matical formulas, as is evidenced by the 
numerous appendixes. 

The recurrent? fallacy which assumes that 
a 3-phase fault can be distinguished accu-’ 
rately from single- and double-phase-to- 
ground faults by the operation of three over- 
current elements did, indeed, simplify the 
situation down to the many rules and regu- 
lations set forth in the paper. Neverthe- 
less, as is well known in the art, fault current 
in many instances does flow on all three 
phase wires during single-phase and two- 
phase-to-ground faults. In actual service 
there should be many cases where the over- 
current relays operate at only one end of the 
section to distort the network. Under this 
condition positive, negative, and zero 
seqtience components of the fault current 
will appear at one end, and only negative 
and zero sequence components will be pres- 
ent at the other end. There also will be | 
cases where the overcurrent relays operate 
at both ends of the line section, thus intro- 
ducing another set of conditions which 
should be taken into consideration. When 
the overcurrent relays operate on single- 
phase or two-phase-to-ground faults, the 
network output no longer is represented by — 
the relatively simple expression 


B= KR 9N/ 312 KT) 


on which the formulas in the appendixes are 
based, but is given by the expression 


E=K,(ka—a)l,+K-(ka?—a)I,+KkKI, 


It would seem that an application of this 
relaying system made on the basis of the 
formulas in the appendixes and which came 
near the limits would be very likely to oper- 
ate incorrectly in the cases where the over- 
current relays operate on ground faults. Tt 
appears, therefore, that the application 
with this contingency in mind should be 
checked. It would be interesting to witness 
the result of extending the mathematical 
analysis to include this case. 
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It is difficult to see how the system as 
described could be expected to ride through 
an out-of-step condition without tripping. 
During this condition it definitely is eXx- 
pected that the overcurrent relays at both 
ends of the line section will pick up and drop 
out each slip cycle. However, it cannot be 
reasonably expected that the action of the 
relays at opposite line terminals will be syn- 
chronized exactly in timing within the 
limits set by the operating time of the trip- 
ping relay. No matter how accurately the 
pickup of the overcurrent relays is ad- 
justed, it surely can be expected that the re- 
lays at one end of the line section will pick 
up or drop out at least 2.5 cycles before or 
after the relays at the other end. Conse- 
quently, there will be positive sequence filter 
output at one end and no output at the 
other end for a time sufficient to permit 
tripping. This possibility of incorrect 
tripping occurs not only during definite out- 
of-step conditions, but on all synchronizing 
surges which reach the pickup value of the 
overcurrent relays. 

The same condition exists for remote ex- 
ternal 3-phase faults where the current 
hovers around the pickup value of the re- 
lays. The three overcurrent elements at 
one terminal might pick up, but perhaps 
only one or two of them would operate at 
the other terminal. Operating voltage 
would be applied to the one comparer tube, 
but no restraining carrier signal would be re- 
ceived to prevent an incorrect operation of 
the trip relay. For internal 3-phase faults, 
some of the simplicity of the scheme is lost, 
since operation of five mechanical relay 
elements is necessary before the trip circuit 
is completed. 
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William L. Vest, Jr. (Western Massa- 
chusetts Electric Company, Springfield, 
Mass.): In 1933 the Western Massa- 


chusetts Electric Company installed 26 line 
terminals of carrier relays. This relay 
equipment for phase and ground protection 
at one terminal consisted of 6 relays and 
associated control devices having a total of 
12 contacts of which 8 were used for tripping 
and/or carrier control. A panel space of 7 
square feet was required to mount this 
equipment. In 1942 2 additional sets of 
carrier relay equipment were installed. At 
that time all the equipment for one line 
terminal was in one case and consisted of at 
least 12 different elements, with some 26 
contacts in use, of which 19 were used for 
tripping and/or carrier control. A panel 
space of 41/, square feet was required. 

The relay device described in this paper 
occupies 22/3; square feet of panel space, has 
only six moving parts and six contacts, of 
which only two are used for tripping and/or 
carrier control. The moving parts are 
simple plunger or telephone-type relays. 
Incidentally, the earlier carrier installation 


required that the carrier current transmit- 


ter-receiver be installed as near to the line 
coupling device as possible, whereas today 


ce 
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this equipment may be installed indoors 
adjacent to the relay equipment, which 
facilitates the installing, testing and main- 
tenance procedures. 

Thus we see a remarkable improvement 
and simplification of equipment in the 12- 
year period since our initial installation in 
1933. 

In 1928 A. S. Fitzgerald first stated the 
ideal qualifications for an ideal carrier relay 
system and described a scheme which would 
accomplish this. The succeeding develop- 
ments did not follow all the earlier criteria, 
and it is only in the past few years that com- 
parison of current at the two ends of the line 
has come to the fore. In that time three 
schemes have been described, of which the 
one described in the paper under discussion 
is the third. All arrive at the same result, 
but by different methods, and we of the re- 
lay protection field now have several 
schemes available. 

In the practical application of the equip- 
ment described here, the authors give cer- 
tain limits of operation,-and methods of de- 
termining these limits. However, such 
limits involve the usual faults. What effect 
would a fault such as shown in Figure 1 have 
on the voltages derived from the network 
sequences at each end; that is, would the 
phase angle of the two voltages be. such to 
indicate an internal fault, or would there be 
enough shift due to the difference in second- 
ary phase currents to indicate an external 
fault? It might be argued that a fault such 
as indicated in Figure 1 never would hap- 
pen. That might be true of a new line, 
but, when these relays are applied to lines 
which have low insulation levels and already 
have seen years of service, then anything 
can happen and usually does. 

This paper describes a product which has 
been laboratory tested, probably with solid 
faults. It is hoped that by now some of 
these devices have been installed, and the 
authors can give us some data on actual 
operating experience, particularly where 
arcing between conductors occurs, such as 
during electrical storms. 

The tripping time of the relays installed 
in 1933 was in the order of 4-6 cycles. Fol- 
lowing this, the trend was downward to 
1 cycle, and now this relay has tripping time 
of approximately 2!/, cycles. It appears 
that this time is necessary and is a function 
of the comparer tube circuit. What are the 
prospects of this time being reduced to the 1- 
cycle time previously attained? 


A. F. Drompp (nonmember; The Detroit 
Edison Company, Detroit, Mich.): The 
authors have done a very creditable job on 
a subject of considerable interest. Phase- 
comparison carrier-current pilot relaying in 
a simplified form, such as is described in this 
paper, would find a much wider field of 
application than the conventional direc- 
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tional carrier schemes now in general use. 

From the operating companies’ stand- 
point, it is gratifying to see the renewed in- 
terest in this field, and it is hoped that ex- 
perience with this scheme will prove it to be 
a thoroughly satisfactory simple carrier- 
current pilot relaying system. The system 
described in this paper as well as several 
other systems which have been announced 
in the past, seem to offer good possibilities, 
although, in our opinion, this type of relay- 
ing is still in the developmental state. 

A carrier pilot relay system that does not 
require a potential source overcomes two 
of the major drawbacks that have retarded 
the extensive use of carrier-current relaying; 
nainely, cost and complexity. The primary 
factor now remaining is the one of proving 
the reliability and accuracy of such schemes. 
For this reason the absence of data in this 
paper, indicating the performance of the 
scheme under laboratory or field tests, is 
particularly disappointing. 

Considerable effort has been put into the 
mathematical analysis of the sequence filter 
and its output. We would like to have seen 
the vacuum-tube control circuits analyzed 
equally thoroughly, especially with refer- 
ence to safety factors and limits in the 
application of this scheme. 

In a control system involving the co- 
ordination of vacuum-tube circuits, such as 
in this case, ample margins must be allowed 
between the values at which the component 
parts function. While the authors point 
out the effect of the normal variations in 
such things as control voltage and differ- 
ences in fault current magnitude at the 
two terminals on the operating character- 
istics of the scheme, it appears that other 
changes in these characteristics may show 
up in field tests. Such a condition might 
arise when the protected line is carrying 
fault currents for an external fault. These 
currents may be of sufficient magnitude and 
phase to initiate tripping, but tripping is 
prevented by the blocking feature at the 
load end. If at this time a transient, 
caused perhaps by solenoid discharge, is 
imposed upon the control bus, some tubes 
may be shock-excited into momentary con- 
duction sufficient to pick up a relay and 
permit the trip circuit to become energized. 
It may be that the scheme easily could be 
altered to overcome this possibility, but re- 
lay engineers would be relieved if they could 
be assured of this. 

The simplified drawing, Figure 5, shows 
the fault detector and trip relays picked up 
directly through a vacuum tube. A short 
circuit between tube elements, tube deter- 
ioration or shock-excitation possibly could 
cause a tube to conduct and result in false 
tripping. Experience with the conven- 
tional-type carrier has indicated that it is 
desirable to have a contact in these circuits 
which will verify the existence of a fault on 
the line and thus prevent tripping on tube 
failures. 

The use of negative-phase-sequence plus 
weighted zero-phase-sequence filter ap- 
pears to have certain advantages. 
ever, the necessity for using the three over- 
current relays introduces a complication in 
the application of this scheme. The paper 
does not explain in its discussion of opera- 
tion what could be expected if, as is possible, 
a fault external to the protected line should 
draw current of such magnitude through the 
line that these overcurrent relays at one 
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terminal would pick up, but those at the 
other end would not. In that case, the 
filters would not be similar, and there seems 
to be a possibility of false tripping. A 
study of the system suggests that settings 
could be so co-ordinated between the over- 
current relays and the fault detector at 
both terminals that the current required to 
pick up the overcurrent relays always would 
be greater than that required to pick up the 
fault detector. However, this means pyra- 
miding settings and co-ordinating vacuum- 
tube circuits to work together within narrow 
limits. The ‘solution to the completely 
successful application of this scheme seems 
to be a detailed study of a multitude of 
possibilities and the selection of a setting 
from these results. It was hoped that the 
advent of these inherently selective schemes 
would ease the burden of such lengthy 
analysis. That hope apparently is not 
realized in this scheme. 

» Whether desirable or not from the stand- 
point of the relay engineer, operating com- 
panies are faced more and more with the 
necessity of providing adequate protection 
for three-ended transmission lines or for 
tapped lines. It is this sort of thing that 
quite often presents a difficult or even insur- 
mountable problem for orthodox relay sys- 
tems to meet. The authors have given us 
no inkling that this problem can be solved 
by their system and if so whether or not the 
additional complication still would permit 
the usual tolerances between fault detector 
and trip settings to be applied. 

In the paragraph on page 827 concerning 
the phase-sequence network, it is not clear 
which quantity is rotated through 60 de- 
grees. Neither is it self-evident how the 
two constants K,and K, (equation 18) can 
be made equal. A statement explaining 
this more fully would be appreciated. The 
drawings of this part of the scheme require 
considerable study and some correction to 
reconcile them with the text of the paper. 

More detailed information on the method 
of testing this equipment would be of con- 
siderable interest. The inclusion of reliable 
and easily operated test facilities in the relay 
units is a very desirable feature. 


A. J. McConnell, T. A. Cramer, and H. T. 
Seeley: Mr. Drompp ‘notes the lack of 
performance data during laboratory or field 
tests. Of course, laboratory tests using an 
artificial transmission line were made, but 
such tests are difficult to report upon, except 
to state that correct operation was obtained 
with all types of internal and external 


faults, including faults during out-of-step ~ 


conditions. Field tests are scheduled to be 
made in December 1945. 

The excitation network was stressed in 
the paper because of early work on phase- 
comparison relaying! which showed that 
blind spots can occur if not properly 
guarded against. Compared with the 
means of excitation, the vacuum-tube cir- 

cuits present a relatively simple problem. 

Past experience indicated that suitable re- 

liability could be obtained by observing the 

following rules: = 

1. Use simple circuits employing a minimum of 

vacuum tubes for each function. 
"25 Use vacuum-tube types which have a proved 

record, and apply them within the manufacturer’s 

rating 

3. Use only high-vacuum types. 
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4. Avoid tubes with extreme power sensitivity. 


5. Use circuits which compensate for changes in 
d-c supply voltage. 


Difficulty from control-bus voltage surges 
can be experienced even in the absence of 
vacuum tubes. The best possible insurance 
against such trouble is to eliminate the 
surges by avoiding a potential supply 
drawn through an inductance which may 
also carry a current subject to rapid change. 
In practice certain arrangements of conduc- 
tors in steel conduits can cause difficulty. 
However, the equipment employs the fol- 
lowing safeguards against inadvertent opera- 
tion during control voltage surges: 


1. The operating voltage applied to the comparer 
screen grid is limited. 


2. The restraining voltage on the comparer con- 
trol grid is independent of d-c control voltage (sim- 
ple diode rectifier). 


3. ‘Tube types having high power sensitivity are 
avoided to reduce the possibility of spurious oscilla- 
tions caused by shock excitation. 


4. Devices which operate on instantaneous peak 
values (thyratron inverters, trigger tubes, and the 
like) are avoided. 


In regard to short circuits between tube 
elements, experience has indicated that 
tube handling is the principal cause. The 
a-c testing means provided with the equip- 
ment provides a simple check after replacing 
tubes. 

Extra fault-detector contacts may be 
added external to the phase-comparison 
equipment if desired. The manufacturer’s 
dilemma is indicated by the fact that one 
discusser suggests more contacts while 
another commends him for reduction of the 
number of contacts. 

Mr. Drompp is correct in surmising that 
the fault-detector setting is higher than that 
of the phase-overcurrent relays. Thus, at 
the pickup level of a fault detector, all six 
phase-overcurrent relays (three at each line 
terminal) are sure to be picked up. Un- 
fortunately, this fact was not made clear in 
the paper. (This also explains the question 
raised by Mr. Goldsborough and Mr. Lens- 
ner in regard to out-of-step blocking.) 
Pyramiding of settings, for the reason given, 
is necessary in all carrier-current schemes 
using the overcurrent principle. Figure 10 
of the paper indicates that the fault detector 
can be set just about as accurately as a 
plunger-type overcurrent relay. 

Mr. Drompp’s expressions ‘‘detailed 
study of a multitude of possibilities” and 
‘Jengthy analysis” appear to be somewhat 
pessimistic. The only current values neces- 
sary are those required for the simplest 
overcurrent relays with these values in- 
serted in relatively simple formulas. Given 
the current values, all necessary computa- 
tions can be made in less than one-half hour. 

The equipment is not applicable, in its 
present form, to 3-terminal lines, except in 
a relatively few special cases. For general 
3-terminal line applications, its use would 
be somewhat questionable for various 
reasons, among which is the fact that its 
pickup current would have to be doubled. 
The reason for this is that on an external 
fault the terminal with the total current 


‘must be blocked by at least one of the re- 


maining terminals, which can, in the limit, 
have one half of the total current. Thus, 
the pickup of the relay at the terminal 
carrying the total current must be twice the 


1. Reference 1 of the paper. 
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normal value in order to insure a current 
level at one of the remaining terminals 
capable of sending an adequate blocking 
signal. 

Regarding the penultimate paragraph of 
Mr. Drompp’s discussion, the voltage, Ec, 
corresponding to the phase a current is 
shifted 60 degrees in the lagging direction 
in accordance with equation 13, Appendix IT 
(by means of resistor R3 and capacitor Cl). 
K, and K,’ are made equal by adjustment 
of R2, that is, by making E, and Eo equal 
under balanced 3-phase conditions. 

The a-c test switches at each line terminal 
have five positions marked out, off, nor, off, 
and 7m. When the test switch at each line 
terminal is in the im position, test currents 
simulating an internal fault flow in the two 
equipments, and both trip lamps should 
light. With one test switch in the 77 posi- 
tion and the other in the owt position, one 
of the test currents is reversed relative to 
the other, simulating an external fault, 
and neither trip lamp should light. Proper 
sequence co-ordination is obtained via the 
carrier-current test telephone. This test 
roughly checks practically every circuit, 
tube, and relay in the equipments at both 
line terminals. 


Figtire 1 of Mr. Vest’s discussion presents 
a problem not at all unique to the relay 
engineer. It so happens that with the con- 
ditions of Figure 1, correct relay operation 
would be obtained, but it is not at all diffi- 
cult to conceive similar conditions during 
which correct operation would not seem to 
result. Granted that ‘anything can hap- 
pen,’’ would it not be reasonable to consider 
the probability? For example, in Mr. Vest’s 
illustration it is practically impossible for 
the condition shown to come about on a 
sound line in the few cycles necessary for 
relay operation. Let us assume that the 
fault began as a phase-to-phase fault with 
one conductor burning open and one of the 
open wires dropping on the ground. Before 
this could happen, the relays would have 
operated on the phase-to-phase fault. (In 
fact with the relay speed involved, it is 
highly improbable that the conductor would 
burn open.) 

In regard to the operating time, the phase- 
comparison system at low multiples of 
pickup is already as fast as conventional sys- 
tems. It may be that operating experience 
with the present conservative design will 
justify additional risks to reduce the time 
at high multiples of pickup to the same low 
level now achieved with the other systems. 


The “recurrent fallacy” injected by Mr. 
Goldsborough and Mr. Lensner appears to 
result from a misunderstanding of the pur- 
pose of the three overcurrent elements. 
Their purpose is not ‘‘to distinguish accu- 
rately a 3-phase fault from single- and 
double-phase-to-ground faults,’ but rather 
to assure that there is a network output 
during an internal 3-phase fault. During 
any unbalanced fault capable of operating 
all 3-phase-overcurrent relays, the negative- 
phase-sequence current or the 0-phase- 
sequence current will far outweigh the 
positive-phase-sequence current (introduced 
by the operation of all three overcurrent 
relays). The magnitude of the positive- 
phase-sequence output, relative to the 
negative or zero-phase-sequence output, is 
chosen purposely to limit the phase shift 
to a value insufficient to cause tripping. 
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Electric Drives for Steam- 
Electric Generating- 
Station Auxiliaries 


(45-154) 


Power Systems for 
Auxiliary Drives in 
Steam-Electric Stations 


(45-150) 


Auxiliary-Power Supply 
for Generating Stations 


(45-152) 


Central-Station Auxiliary- 
Drive Motors for Constant 
and Adjustable Speed 


(45-153) 


Modern Practice in 
Power-Plant Auxiliary 
Equipment and Systems 


(45-168) 


Discussion and authors’ closures of papers pub- 
lished as follows in AIEE TRANSACTIONS, 
1945: 


45-151 by Wm. R. Brownlee and J. E. Elzi, 
November section, pages 741-5. 


45-150 by J. B. McClure and S. 1. Whittlesey, 
December section, pages 844-51. 


45-152 by V. E. McCallum, October section, 
pages 693-5. 


45-153 by Hal Gibson, November section, 
pages 746-50. 


45-168 by H. N. Muller, Jr., December sec- 
tion, pages 868-72. - 


F. W. Gay (Public Service Electric and Gas 
Company, Newark, N. J.): Figure 4 of Mr. 
Brownlee’s and Mr. Elzi’s paper indicates 
that the motor inrush current will diminish 
with the duration of the interruption down 
to zero time. Figure 1 of the discussion in- 
dicates that this may not betrue. Figure 4 
of the paper also indicates that the duration 
of the inrush current increases very little 
with duration of the power interruption. 
Our tests show a steady increase in duration 
of surge current with duration of the power 
interruption. In our tests a power inter- 
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ruption of 5-seconds duration is followed by 
a surge of 170-cycles duration. Further in- 
vestigation of the subject is indicated to 
clear up these discrepancies. 

Figure 1 shows an oscillograph for a 
power interruption of 50-cycles duration. 
This curve is interesting in showing the 
voltage decay on the auxiliary power bus 
after it is disconnected from the service 
transformer. It is calculated that the 
deceleration would have amounted to ap- 
proximately one-half-cycle displacement in 
12 cycles, had the machines been loaded 
fully; that is, if power were restored in 12 
cycles, it would catch the decaying bus 
voltage directly out of phase and at ap- 
proximately three fourths of its full value. 
After a power off time of about 24 cycles the 
bus could be reclosed with minimum dis- 
turbance, since the decaying bus voltage 
again would be inphase with the service 
voltage; but again at about 36 cycles the 
bus voltage would be out of phase and still 
would have a value about 20 per cent of 
normal. It would seem safest to delay the 
reclosing until the voltage on the discon- 
nected bus has decayed to substantially 
Zero. 

Paper 45-150 as a whole is well written 
and covers the subject in an excellent 
manner. 

Conclusion 2 is that the direct connection 
of auxiliary power transformers to the 
generator leads is a preferred method of 
power supply. There is little doubt that, 
when the use of powdered fuel in any sta- 
tion is less than about 30 per cent of the 
station capacity, this method will prove 
satisfactory under most operating condi- 
tions. When the percentage capacity of 
generation employing powdered fuel be- 
comes great in any station, it is necessary 
to safeguard the auxiliary power supply 
against system disturbances to prevent the 
possibility of fire extinguishment with at- 
tendant delay in starting and possible 
explosion. 

Two methods of safeguarding the auxil- 
iary power supply against system disturb- 
ances are available: 


(a). Trip the generator from the bus in case of 
sustained low system voltage. 


1. Ifa shaft end exciter is used, tests would indi- 
cate that a sustained low voltage for 5 seconds is 
permissible before tripping. 

2. If a motor generator excitation system is used 
and the time delay is more than about 3 seconds, 
a very large flywheel will have to be used with the 
motor generator exciter set. In either case auxiliary 
power motors should be purchased with pull-out 
torques sufficient to operate continuously at 70 
per cent of normal auxiliary bus voltage. With 
such oversize auxiliary power motors no attention 
need be paid to sustained low bus voltage, provided 
the auxiliary bus voltage is not lower than 70 per 
cent. 


(b). An alternative solution to protect against 
sustained system faults is the use of a separate gen- 
erator connected to the shaft of the main unit to 
supply the essential auxiliaries. When such an 
auxiliary power generator is used, sustained low 


Figure 1 
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system voltage has no appreciable effect on the 
auxiliary power system. 


Since high-pressure condensing turbines 
at 3,600 rpm are available in capacity 
greater than the capacity of the available 
generator, the use of an auxiliary power 
generator makes possible the adding of the 
auxiliary power requirement to the maxi- 
mum available generator size to obtain a 
larger unit. 

With the shaft-driven auxiliary generator 
there will be no need to trip the generator 
from the line following a sustained fault, 
even though the generator may go out of 
step with the system. The generator may 
be restored to synchronism by reducing the 
steam flow to the turbine. The required 
reduction in steam flow (whether automatic 
or by hand) for any sustained low voltage 
should be in proportion to the voltage re- 
duction and will be greater for machines of 
low short-circuit ratio. 

Experience has shown that, when the 
reduction in steam flow is automatic, the 
restoration should be manual, as the local 
load reduction in per cent due to low voltage 
will be greater than the voltage drop in per 
cent and the load returns slowly to its nor- 
mal value over a period of 10 to 15 minutes. 


C. A. Harrington (Cleveland Electric II- 
luminating Company, Cleveland, Ohio) : 
The conclusions expressed in paper 45-151 
are substantially the same as those which 
have been observed in the design of generat- 
ing plants for the Cleveland area during 
the past several years. The authors have 
given a clear and concise statement of prin- 
ciples, which, in our experience, have seemed 
to work out quite successfully. The 
following comments relate to details rather 
than to the general conclusions. 

Although across-the-line starting is re- 
garded as standard practice with us, as 
with others, we sometimes find that we have 
particular motors which do not stand up 
satisfactorily under the heavy stresses im- 
posed by such procedure. This occurs 
despite the fact that the motors were de- 
signed and sold for full-voltage starting. 
In such cases it seems better to provide 
reduced-voltage starting equipment than 
to be confronted with frequent burnouts of 
the motor windings. In a few other cases 
reduced voltage is used in order to avoid 
faster acceleration of the driven equipment 
than is wanted. 

The authors mention the use in some in- 
stances of two separate motors for obtaining 
high and low speeds for boiler draft fans. 
Our practice has been to install for this 
purpose a two-speed motor, which requires 
less space but is subject to the disadvantage 
that, if there is a failure of either winding 
of the motor, the whole drive is lost for 
perhaps an extended period. 

Of considerable interest are the tests 
made to determine drops in motor voltage 
as a function of transmission-line fault 
duration, and speed loss in various auxilia- 
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ries as related to length of interruption. 
The curve in Figure 4 which indicates that 
reacceleration of load can be accomplished 
in not more than 0.23 second, regardless 
of the length of the preceding coasting 
period, is rather surprising. It seems in- 
consistent with the ball-mill characteristic 
as shown in Figure 3, which shows that the 
mill would be stalled completely at the end 
of 4 seconds and that more than 2 seconds 
are required to bring it up to speed. Obvi- 
ously, the authors are using the term “‘in- 
rush current” in a different sense than ac- 
celerating current. 

Clarification would be helpful with refer- 
ence to the statement that ‘‘standard 
starters....are not suitable for motors in 
an interlocked scheme because the auxiliary 
switch on the contactor would start the 
tripping sequence of the other motors..... Y 
Is not that just what is wanted? In Cleve- 
land we have had no difficulty in connecting 
standard industrial contactors and/or 
latched-in circuit breakers to achieve any 
of the usual forms of cascade control. 


R. J. Cooper (Georgia Power Company, 
Atlanta, Ga.): The authors of paper 45-151 
have presented a very thorough coverage 
of the subject and the conclusions drawn 
are easily justified. 

As our experience has demonstrated the 
reliability and economy of the all-electric 
drives for station auxiliaries, we are entirely 
in sympathy with the main points brought 
forward by the authors. 

As early as 1929 when one of our main 
steam-electric generating stations was being 
designed, it was thought justifiable to in- 
stall duplicate station service transformers 
served from the generator bus to supply the 
electrically driven auxiliaries. At that time 
one steam-driven boiler feed pump (the only 
steam-driven auxiliary) was installed. In 
later years when the second unit was in- 
stalled, the steam-driven pump was removed 
in favor of a spare motor-driven pump. 
This plant now has 3 60,000-kw units with 
no steam-driven auxiliaries. Interconnec- 
tions between station service busses also 
eliminated the need of spare transformers. 

In 1941 the first unit of another plant 
was installed with no steam-driven auxilia- 
ries. Other units were installed follow- 
ing the same general scheme shown in 
Figure 1 of the paper, until at present we 
operate 3 40,000-kw units at this location 
with all-electric drive auxiliaries. 

Various types of speed control are in use 
including wound rotor variable speed 


motors, variable speed hydraulic couplings, 


and two-speed (double wound) motors. 

On a system which includes many long 
transmission lines and interconnections and 
on which undervoltage protection is not 
used, the necessity for motors designed for 
across-the-line starting is easily recognized. 

The tests outlined to ascertain the pos- 
sibility of the flame being extinguished in 
the boilers as a result of momentary voltage 
disturbances should be of interest to many 
plant operators. These tests tend to set 
at ease the minds of those inclined to doubt 
the value of co-ordinated control and relay 


-schemes used in connection with applica- 


tions of this kind. 

Although there are many opinions as to 
the proper type of relay protection to be 
used in this type of service, we have had 
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very satisfactory service from either induc- 
tion-type overcurrent relays with instan- 
taneous devices, or thermal-type relays 
with instantaneous devices. Care should 
be taken in the selection of a relay with a 
curve to parallel the heating curve of the 
motor, if protection for thermal overloads 
is desired. Our experience has led us to 
advocate protection that will operate for 
locked rotor currents, regardless of the risk 
involved during normal starting. If boiler 
operators are cautioned as to the risk, no 
serious delays result from unnecessary 
tripping during starting. In unit-type 
plants this small amount of restarting time 
will not delay getting the unit in service. 
As is stated in the paper, there has been too 
much tendency to use standard industrial 
type devices for the protection of 440-volt 
motors. 

Surely we can afford to advocate all-elec- 
tric drives in these days when others have 
learned to place so much dependence on the 
many uses of electricity, 


John Finlaw (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): A review of 
paper 45-150 indicates a thorough under- 
standing on the part of the authors of the 
requirements of a steam-electric station for 
auxiliary power drive and the need of care- 
ful design. 

The increasing number of large pul- 
verized-fuel-burning steam generators and 
turbine generators using large motors on 
auxiliaries such as fans, mills, pumps, and 
the like demands a liberally designed 
auxiliary power system and a positive power 
source available to restart the station in 
event of a total shutdown that affects tur- 
bine and boiler auxiliaries. 

When a reliable outside source of power 
is available to the main station bus, then 
this power source and one from the genera- 
tor leads usually is considered adequate. 
A house turbine generator supplemented 
by transformer supply from the main bus 
also provides a reliable source of energy for 
the auxiliary power system. 

The auxiliary power transformers may 
be considered as reliable as the auxiliary 
equipment cable system. 

Metal-clad bus structures are desirable 
for cleanliness and safety as well as reli- 
ability. This justifies the single-bus system. 
A well-designed bus should be sectionalized 
and the auxiliary equipment circuits dis- 
tributed on the bus sections, and the bus 
setup should be operated to minimize the 
extent of auxiliary equipment interruption 
in the event of a power source failure. 

Thé auxiliary power system relay design 
requires careful study and application. 
Relay reliability is just as essential on the 
station atxiliary power system as on the 
station main power system. 


J. M. Geiger (Buffalo Niagara Electric 
Corporation, Buffalo, N. Y.): The authors 
of paper 45-150 are to be congratulated on 
the thoroughness with which they have 
studied their subject which is evidenced by 
the broad scope of their paper and the 


‘logical conclusions stated therein. 


The writer is in accord with the opinion 
that the auxiliary power can be obtained to 
advantage from the generator terminals. 
It should be recognized that any electric 
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power system, or a part thereof, is vulner- 
able to shutdown, regardless of the source 
of boiler auxiliary power. To minimize 
this possibility attention must be given to 
adequate sectionalizing of the system to 
produce voltage buffers, in the nature of 
current limiting reactors, impedance of 
transformers and lines, and so forth, and, 
in case of sustained low frequency or voltage, 
a prearranged program of dropping load be 
followed. If these precautions are taken, 
auxiliary power from the generator ter- 
minals is warranted. 

From the writer’s experience a 575-volt 
auxiliary power system possesses all of the 
advantages of a 460-volt system plus the 
saving and convenience of smaller cables 
and conduit. A reduction of 25 per cent 
in motor current is an appreciable amount. 
There has not been any difficulty or delay 
in obtaining 550-volt motors and control. 

The writer is inclined to establish 200 
horsepower (and sometimes less) in place 
of 250 horsepower for the maximum size 
motor on a 575-volt system upon giving 
effect to over-all cost and judgment. Here 
again the smaller conduit required by the 
2,300-volt motor is a factor. 

The writer agrees with the conclusion that 
a dual-voltage system should be considered 
where the transformer capacity is 1,500 
kva or greater. For large boilers some ad- 
vantage may be obtained in splitting the 
auxiliaries into two groups each supplied 
by a separate transformer. In this case a 
careful check of the voltage drop, conse- 
quent to starting a large motor, should be 
made for its effect upon voltage relays and 
synchronous motors, the latter now being 
used to drive air compressors for soot blow- 
ing. Smaller transformers, even though the 
quantity would be larger, are often desir- 
able from a practical standpoint, because 
their size permits greater choice of location 
within the plant. The relative cost of using 
a single 5,000-kva transformer and 100,000- 
kva switchgear versus 2 2,500-kva trans- 
formers and 50,000-kva switchgear is about 
a standoff. 

The manufacturers have made impressive 
strides in the development of control equip- 
ment for powerhouse motors. The 600-volt 
air circuit breakers with built-in overload 
and short-circuit protection have provided 
a long felt need. At times it is necessary 
to cascade these circuit breakers, in which 
case a few cycles delay in the instantaneous 
trip of the backup circuit breaker would 
assist in tripping selectivity. Some of the 
600-volt air circuit breakers on the market 
are by no means reliable, and considerable 
improvement in performance is in order. 
The building of ordinary magnetic motor 
controllers into unit substations for the 
small miscellaneous motors is noted with 
satisfaction. 


L. B. Stirling (The Shawinigan Water and 
Power Company, Montreal, Quebec, Can- 
ada): The use of the main station bus as 
a source of auxiliary power supply in a 
station such as Mr. McCallum has in mind 
almost certainly will insure that power for 
the auxiliaries will be available under all 
conditions. The reliability of such service 
decreases, however, in proportion to the 
size, the interconnection, and the subdivision 
of the main units and circuits. In any case 
this service is subject to the disturbances 
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which occur on the main system, and these 
may result in the stoppage of some impor- 
tant auxiliary at the time when the entire 
station staff is occupied in locating a fault 
and restoring service. It is a great satis- 
faction to the operating staff to have a com- 
pletely independent source of auxiliary 
power which can be relied upon to be un- 
affected by any fault or disturbance occur- 
ring on the main power system. 


E. I. Gallagher (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): The author of 
paper 45-168 is to be complimented for the 
way in which he discusses the important 
electrical features of auxiliary equipment 
in modern power stations. Auxiliary drives 
and controls, as pointed out by the author, 
demand maximum reliability. The large 
steam generators and turbogenerators in the 
plant of today are usually large in capacity 
and of themselves very reliable, having to 
stay in service months at a time without 
shutdown; therefore, the atrxiliaries, their 
supply systems, and controls should be just 
as reliable. 

The discusser believes that the simplicity 
of the squirrel-cage induction motor with 
across-the-line starting is one of the reasons 
that the auxiliary drives are so reliable. 
Failures due to insulation are wery rare in 
these motors. If the silicone warnishes will 
increase the life of the equipment, it will 
be a worth-while improvement, but the 
allowable operating temperatures of the 
present-day motors seem sufficiently high, 
unless lubricating oils are found that will 
withstand the higher temperatures. The 
ambient temperatures to which induced- 
draft fan motors are subjected may be lower 
than the motors used to drive forced-draft 
fans or boiler feed pumps. 

Motor bearings of the sleeve type gener- 
ally are better adapted than any other bear- 
ing to long continuous service. The only 
complaint about the sleeve bearing is that 
the inner seal is hard to maintain, with the 
result that oil is syphoned out of the bearing 
and deposited on the windings, thereby 
allowing dust particles (that ordinarily 
might go through) to collect, clogging up 
air passages and also catising deterioration 
of the insulation. 

Anything that will reduce the noise level 
in all power plant equipment will be wel- 
comed by the operator. 

For cranes, coal handling equipment, or 
any of the other auxiliaries that are of inter- 
mittent operation, the wound rotor induc- 
tion motor has proved very satisfactory, 
but for equipment which has to operate for 
long periods the hydraulic coupling (even 
with the extra bearings and cooling water) 
is more reliable. 

Metal-clad switchgear with safety inter- 
locking features has proved very satisfac- 
tory and with improvements in ventilation 
and safe removal of switching units will, 
I am sure, be most reliable. 

Circuit breakers of all types are generally 
satisfactory, but I am in accord with the 
author in replacing oil with air. Except 
for the smaller and less important circuits, 
fuses should not be used for the reasons 
given by the author. Power distribution 
systems with which I have had experience 
are all of the radial design, and they have 


proved very reliable and are much simpler 


than any of the network systems. The 
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eugineer, when designing the power distribu- 
tion system for station auxiliaries, knows: 
very definitely the ultimate capacity and 
character of load and need not worry about 
future additions, as all new generating 
equipment installed will have its own power 
distribution system with the necessary ties. 
Simplicity is a long step toward reliability. 

In conclusion the discusser thinks the 
author has given us an understandable 
paper pointing the way to greater reliability 
in power plant auxiliaries. 


Ww. E. Sholl (Duquesne Light Company, 
Pittsburgh, Pa.): The ability of a power 
station to deliver power to the outgoing 
feeders depends so much on the performance 
of its auxiliary system that papers 45-150, 
45-151, 45-152, 45-168, and 45-153 are read 
with great interest. 

From these papers it is seen that we are 
all aiming at designing an ideal auxiliary 
system which has, as Mr. McCallum has so 
aptly expressed it, the maximum reliability 
together with safety of personnel, flexibility, 
simplicity of operation, ease of maintenance, 
and reasonable cost. In general practice 
it does not seem that the ideas of the dif- 
ferent designers vary a great deal, although 
here and there one will have a somewhat 
different opinion from the others. 

One point on which the Duquesne Com- 
pany apparently went contrary to the ideas 
of most of the writers arose when the Frank 
R. Phillips station was designed. We chose 
a shaft-driven auxiliary generator for a 
source of supply in addition to a trans- 
former bank fed from the system. This 
was done after a review of experiences with 
the auxiliary systems in the company’s 
other stations which included all methods 
mentioned in the papers, such as, 


(a). Separately driven steam station generators. 
(b). Transformers connected to station busses. 
(c). Transformers connected to generator leads. 
(d). Shaft-driven station generators. 


The aim has been to supply our auxiliaries 
with two reliable sources of power, which 
will not be subjected to the same voltage 
disturbances at the same time. This is 
accomplished by the use of transformers in 
certain stations where enough reactance is 
present between the sources of supply to 
the transformers, so that a voltage disturb- 
ance on one source is reflected in a much 
lesser degree to the other source. Since 
this principle could not be achieved because 
of the location on the system of the Frank 
R. Phillips station, the company believes 
it was justified in selecting the shaft-driven 
generator as a second source of supply. 

We are in very close agreement with the 
authors in the choice of bus voltages, size 
of motors, and groupings. The Duquesne 
Company’s classification of motors follows 
very closely the table in the appendix of 
Mr. Brownlee and Mr. Elzi’s paper. Some 
consideration has been given to a network 
system, but there has been hesitation about 


_adopting one. 


In the boiler room, instead of having all 
the auxiliaries of one boiler on one group and 
those of the other boiler on the other group, 
half the auxiliaries of the two boilers have 
been put on one group and half on the other 
group. The operators prefer losing partial 
capacity on two boilers to losing one boiler 
completely. 


Discussions 


Another feature in which the company 
seems to stand alone is in the use of the 
automatic transfer system. There can be 
a great difference of opinion concerning such 
a system. However we like it, incorporate 
it in our designs, and believe that it is quite 
convenient for normal transfers and that it 
has served us well during system disturb- 
ances. 

It is interesting to note that the various 
writers stress the use of air circuit breakers 
for their auxiliaries. We are pleased to 
say that through the development of the 
air circuit breaker and dry-type transformers 
there is no oil in any electric equipment in 
the Phillips power station. 

{n the papers relay protection came in for 
considerable comment. One of the main 
objects of an adequate relay protective sys- 
tem is to disconnect a faulty piece of equip- 
ment from service with no disturbance to 
the rest of the system. In another case 
it may be desirable to remove an over- 
loaded auxiliary from service before it does 
become faulted. These operations can be 
handled very well with instantaneous and 
inverse time limit relays. The correct 
relay setting for each auxiliary is very im- 
portant. 

The papers also cover other interesting 
subjects such as types of bearings, class of 
insulation, adjustable speed drives, and 
others. Our concluding comment will deal 
with the adjustable speed drives. In 
recent installations we have used magnetic 
couplings for driving the forced- and in- 
duced-draft fans. The operating men are 
very well satisfied with this type of drive 
and prefer it to any of the other types which 
have been discussed. 


Patrick Henry Adams (Public Service Elec- 
tric and Gas Company, Newark, N. J.): 
Papers 45-151, 45-150, 45-152, 45-168, and 
45-153 seem to cover the selection of voltage, 
bus arrangement, and some types of equip- 
ment that are available. As to source of 
power for auxiliaries, great stress is laid 
on the transformer as the lowest in cost 
and most economical to operate. 

Many years of experience with the trans- 
former as the source of auxiliary power 
have accumulated, and the record of service 
reliability established is relatively good. 
There have been, however, occasional shut- 
downs of a unit or a station caused by sus- 
tained low voltage due to failure of protec- 
tive relays to function as prescribed. 

The care required to prevent explosions 
in the furnaces of boilers using pulverized 
fuel has developed a desire for a source of 
auxiliary power for boiler auxiliary drives 
that is free of the effect of system electric 
disturbances. The house generator is being 
used to provide this added reliability, but 
in most of the recent installations instead 
of using a separate prime mover it is con- 
nected to the shaft of the main unit to retain 
the operating economy of the large turbine 
and also attain as low first cost as possible. 

The reliability of the house generator is 
such that a relatively slow speed motor 
generator set can be used for excitation of 
the main generator as well as the auxiliary 
unit. This type of exciter should help 
eliminate many of the troubles experienced 
with exciters driven from the shaft of the 
main unit, which include failures of com- 
mutator, brushes, brush rigging, soldered 
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joints, couplings, gears, bearings, and many 
other parts that may be affected when this 
appendage is connected directly or geared 
to the main unit. 

In the paper by McClure and Whittlesey 
the operation of auxiliary power systems 
ungrounded is indicated as the general 
practice. This brings before us the ques- 
tion, why has this practice been continued 
on stich an important part of the system 
while at the same time the company has been 
busily engaged in providing a neutral ground 
in all other parts? 

It would seem that here on a small scale 
is the same opportunity for arcing grounds 
to create similar trouble to that induced by 
them in the transmission and distribution 
parts of the system. It also would seem 
that a neutral ground on the auxiliary 
system would serve a useful purpose. 

There are failures from phase to ground 
which occur and are indicated by the ground 
detectors, but these are difficult to locate, 
and frequently a second phase-to-ground 
fault develops before the first is located and 
cleared. The second phase-to-ground fault, 
probably caused by high phase-to-ground 
voltage, may occur on the same or any other 
circuit connected to the bus and produces 
a phase-to-phase short circuit which may 
take out one circuit or more. 

A neutral ground arranged to prevent 
excessive phase-to-ground voltage and give 
sufficient current to ground to operate 
ground relays, either on the individual cir- 
cuits or on the supply to a bus section, may 
serve to simplify the protective system in 
use. In some cases differential relays have 
been used on large motors supplied from an 
ungrounded system. These relays do 
not protect against single phase-to-ground 
faults, as they require more current to un- 
balance them than is available from a small 
ungrounded system such as that supplying 
station auxiliaries. 

It would appear that a review of this sub- 
ject is warranted. One method of provid- 
ing an inexpensive protective ground for 
isolated delta systems uses three small dis- 
tribution transformers connected Y-delta 
with the Y point solidly grounded and a 
current limiting resistor in one corner of the 
240-volt delta.1. The size of the distribu- 
tion transformers, and resistance can be 
selected to give the ground current desired. 
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William S. Peterson (Department of Water 
and Power, City of Los Angeles, Calif.): 
Since papers 45-151, 45-150, 45-152, 45-168, 
and 45-153 all apply to the same general sub- 
ject, the following comments are applicable 
to the group rather than directed to any 
one paper. ; j 

The Department of Water and Power’s 
new steam plant located in the Harbor Dis- 
trict and designated as the Harbor Steam 


Plant was placed in operation in 1943. The 


—— 


design of the auxiliary power system for 


this plant closely follows the trends out-— 


lined in these papers. All auxiliaries are 
electrically driven with the exception that 
one boiler feed pump and one fuel-oil serv-. 
ice pump are provided with steam-driven 


- drives in addition to the motor drives. All 
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auxiliary motors are constant-speed squirrel- 
cage induction type operated either from 
2,300 volts or 440 volts 3 phase, depending 
upon the size. Economic studies made by 
the Department engineers indicated that 
motors in excess of 200 horsepower should 
be supplied at the higher voltage. All 
motors are of the across-the-line starting 
type and can be started and carry full load 
for 3 minutes at 70 per cent rated voltage. 
This requirement was incorporated in the 
design because low-voltage conditions are 
most likely to occur under conditions of 
quick pickup and maximum load. 

The construction of this plant represents 
an unusual feature not ordinarily encoun- 
tered. The plant serves a dual purpose in 
that it normally is operated as a stand-by 
source of power in case of failure of the main 
hydroelectric source from Boulder Dam 
and also is designed to furnish substitute 
energy during low water years. The opera- 
tion as a stand-by plant imposes the re- 
quirements of picking up load from 5,000 
to 75,000 kw instantaneously. This de- 
mand entails a change of draft fan speed 
from 60 rpm to 1,440 rpm within an in- 
terval of 14 seconds. On the other hand the 
operation of the plant as an energy source 
during low water years requires that fan 
speeds be maintained at constant values 
over a wide range of speeds, depending 
upon load conditions. Extensive studies 
by the Department engineers indicated 
that the best method of meeting these 
variable conditions for the draft fans was 
the .use of a variable voltage d-c drive. 
This was adopted, therefore, for both the 
forced- and induced-draft fans in this 
plant. 

The power supply for the auxiliaries is 
taken from the generator leads through a 
transformer to the 2,300-volt bus. A 
house turbine-driven generator is being in- 
stalled to provide a stand-by source for the 
auxiliary system independent of outside 
system disturbances. In addition a 2,300- 
volt service from the outside distribution 
system is brought into the plant to provide 
a means of starting the plant cold. 

Reliability of modern switchgear equip- 
ment has pernfitted the use of single bus 
installation on both the 2,300- and 440-volt 
systems. These busses, however, are sec- 
tionalized, and the duplicate auxiliaries are 
divided between the two sections in such a 
manner that one section of bus may be 
taken out of service and still permit opera- 
tion of the plant at a somewhat reduced 
capacity. 

Due to the complete satisfaction of the 
auxiliary system as it is designed for the 
first unit, it is intended that this system be 
duplicated for the second unit now in the 
process of installation. 


H. D. Braley, J. G. Noest, and R. L. Webb 
(Consolidated Edison Company of New 
York, Inc., New York, N.Y.): It has been 
our opinion for some time that the subject 
of central station auxiliary supply and drives 
justifies the attention of the AIEE, and it is 
gratifying to see five papers on this general 
subject. 

It seems clear from all of the papers that 
there is general agreement on the basic re- 
quirements for the “essential” auxiliaries 
and the manner of the supply thereto. It 
also would appear that there is fairly good 
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agreement on the relative order of impor- 
tance of principal requirements with re- 
liability ranking first and simplicity sec- 
ond. To these may be added the following 
in whatever order may suit the circum- 
stances and individual judgment: 


Flexibility. 

First cost. 

Low maintenance. 
Economical operation. 
Good relay protection. 
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The manner in which these objectives are 
attained often is a matter of considerable 
difference of opinion, as illustrated in the 
papers and also by actual practice. It may 
be advantageous, therefore, to examine some 
of the elements which constitute the various 
requirements in order to establish a clear 
appraisal of their worth. This will be 
limited principally to the elements of re- 
liability. We are in hearty agreement with 
two statements in the papers, namely, ‘“‘the 
reliability of a station can be no better than 
the reliability of its auxiliaries,” by McClure 
and Whittlesey and ‘‘Nowhere else on the 
entire system is the requirement of relia- 
bility so great compared with the invest- 
ment in equipment involved,” by Muller. 

The principal elements of reliability are 
found in the construction and design of the 
equipment which best adapts it to meet the 
service conditions with a minimum of 
trouble. These may be discussed profitably 
with respect to the specific items composing 
the auxiliary system. 

: 

SouRCE OF AUXILIARY POWER 


In respect to the source of auxiliary power 
supply we feel that the generator bus is the 
most reliable source since 


(a). By design it is the least vulnerable to electric 
failure. 


(b). Itmay draw its power directly from more than 
one generator and from tie feeders to other stations. 


(c). It does not depend on any one particular 
generator, being in service to supply auxiliary 
power. 


SERVICE VOLTAGES 


We note that the authors of the papers 
appear to be in agreement regarding the 
use of 2,300 volts for larger auxiliary motors, 
and we agree with them. However, we 
observe a distinct difference of opinion re- 
garding the service voltage for small aux- 
iliaries. The McClure-Whittlesey and’ 
Brownlee-Elzi papers favor the use of 480 
volts, excluding consideration of 220 or 208 
volts by implication, The McCallum paper 
refers to use of 208 volts. 

In the last ten years we have made plant 
extensions amounting to over 500,000 kw 
where motors of 100 horsepower and under 
are supplied at 120-208 volts. In these in- 
stallations reasonable first cost of switching 
was obtained by use of safety switches with 
X or Z fuses at the load centers where high 
interrupting duty is required and National 
Electrical Code fuses, where fault currents 
are lower. The use of 120-208 volts permits 
the same load centers to be used for station 
lighting and allows the use of standard 500- 
kva and 1,000-kva network transformer 
units. Spare transformers are contin- 
uously available in case of failure. Use of 
standard network voltage permits intercon- 
nection of the station low-voltage system 
with the street network which provides sup- 
port to the station system in case of trans- 
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former or feeder failure. The use of 120- 
208 volts, therefore, may be profitably em- 
ployed where local conditions justify its 
use. 

We believe also that a single transforma- 
tion should be made from the bus voltage to 
the service voltage. Double transforma- 
tions as shown in the McClure—Whittlesey, 
Brownlee—Elzi, and Muller papers results in 


buying the low-voltage transformer ca-, 


pacity twice, once in the low-voltage trans- 
former and again in the 2,300-volt trans- 
former. There is undoubtedly some sacri- 
fice in reliability, for the same reason. 


TRANSFORMERS 


We foresee increasing use of air-cooled 
transformers for station auxiliary power 
supply at primary voltages ranging up to 
15 kv, and in 3-phase ratings up to 5,000 
kva or higher. Instead of providing 100 
per cent reserve transformer capacity for 
each main unit, we believe a common re- 
serve power supply for several groups of 
motors should be adequate. We also 
foresee the use of transformers grouped at 
load centers to form unit substations for 
auxiliary power supply. 


SWITCHGEAR 


We suggest that design of metal-clad 
unit substations be directed towards the 
development of units suitable for use under 
unfavorable service conditions such as pre- 
vail in turbine room basements and boiler 
rooms. The service generally will require 
dust-tight and watertight housings. 

This equipment would eliminate the need 
for construction and ventilation of special 
switch houses in the boiler house and would 
permit location of the power supply di- 
rectly at the load center. 

Low-voltage switchgear such as safety 
switches, motor starting contactors, control 
stations, and so forth, should be provided 
with watertight and dust-tight enclosures 
where installed in boiler and turbine rooms. 
Only a portion of this equipment of such con- 
struction is available today. 

In locating switchgear units, care should 
be taken to avoid high ambient temperature 
locations which are encountered in boiler 
rooms. In no case should switchgear be 
located in hazardous areas, such as adjacent 
to ash sluiceways. 

Motor-starting metal-clad switchgear for 
2,300-volt service, employing oil immersed 
contactors with high thermal capacity and 
current limiting fuses, offer attractive pos- 
sibilities for some motor applications, particu- 
larly for the smaller motor sizes of 100 to 
200 horsepower where short-circuit protec- 
tion by other means would be difficult or 
disproportionately costly. 


Morors 


There seems to be general agreement that 
line-start squirrel-cage induction motors 
are in favor for a majority of the drives due 
to their reliability, simplicity, and ease of 
maintenance. While this motor is a com- 
paratively simple machine by comparison 
with other types of rotating electric ap- 
paratus, there are a number of important 
factors which are of major importance in 
maintaining a high degree of reliability 
which have not been sufficiently emphasized. 

Only brief reference has been made to the 
_type of enclosure, although dripproof or 


980 


splashproef construction is recommended 
for locations subject to dripping or splash- 
ing water. 

For some time motor manufacturers have 
offered special impregnation of windings 
suitable for boiler room service. At best 
this is a poor substitute for totally enclosed 
motors, nor is it proof against insulation 
erosion from cinders, coal dust, or fly ash. 

Reference has been made to modern sta- 
tions being clean, free from dust, dirt, and 
the like. Weaspire to see such a plant. 

Our experience has been that no special 
impregnation treatment is proof against a 
thorough drenching from condensed steam, 
as a result of a burst high-pressure boiler 
tube, or erosion from cinders and fly ash. 
We have lost motors too many times to 
have any false illusions. These have in- 
cluded 2,300-volt motors driving forced- 
draft and induced-draft fans, and rang- 


ing from 200 to 1,000 horsepower. One 
instance involved a brand-new 1,000- 
horsepower 2-winding 3-speed induced- 


draft fan motor with specially treated wind- 
ings to resist moisture and cinder erosion. 
In passing it may be observed that the losses 
suffered as a result of the motor failure in- 
volves not only cost of the repair job but also 
the increment cost in operating boilers at 
lower efficiency. The latter figure readily 
may exceed the cost of the motor repairs. 

The use of splashproof motors has not of- 
fered a satisfactory solution either. They 
have given as much, or more, trouble as 
dripproof motors. The velocity of the in- 
take cooling air is high, as a result of a.rela- 
tive small intake opening. The intake is 
usually so close to the floor that dirt, water, 
oil, and other foreign materials are picked 
up from the foundation or floor and drawn 
into the motor. 

In one installation of 2 700-horsepower 
splashproof motors, driving overfire forced- 
draft fans, the ventilating ducts became 
plugged with coal dust, and the motor 
failed from overheating, after being in serv- 
ice for a relatively short period. 

As a consequence of many motor failures 
in boiler rooms and turbine room basements 
in several plants, wherever practicable, 
only totally enclosed 55 degrees centigrade 
rise sleeve-bearing motors with full class B 
insulation are being used in such location. 
Freedom from trouble and the attendant 
expense more than compensates for the 
added first cost of the motors. 


BEARINGS 


Only brief reference is made to the use 
of antifriction bearings. There is no ques- 
tion but that this type of bearing is well 
adapted and should be used for some pur- 
poses. For example, in vertical motors 
and other similar applications where thrust 
load must be carried, and for general use 
where the duty is light to moderate and the 
air is reasonably clean. 

Experience with such bearings on hori- 
zontal-shaft motors used for heavy-duty ser- 
vice and where clean air is notable by its 
absence has been decidedly unsatisfactory. 
As a consequence only sleeve bearings are 
used on motors of 15 horsepower and above 
where the duty is of the so-called essential 
class. 


WINDINGS 


Other factors of importance in main-, 


taining a high level of reliability in across- 
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the-line start motors are thorough brac- 
ing of stator coil end connections, firm 
wedging of windings in slots, and moderate 
starting currents. On speed-changing mo- 
tors this is particularly important, as for 
example induced-draft fan drives where 
speed-changing operations may occur Sev- 
eral times each day. High currents and 
loose windings soon result in winding fail- 
ures as a result of copper crystallization at 
coil-to-coil splices at the coil ends, or chafing 
of insulation. The use of silver-bearing 
copper serves to minimize crystallization 
failures because of its superior fatigue re- 
sistance. 

Well-designed rotors also contribute ma- 
terially to the motor’s reliability. Motor 
squirrel-cage windings normally operate 
at fairly high temperatures, and as a conse- 
quence considerable stress is placed on the 
joint between rotor bar and the short-cir- 
cuiting ring due to expansion and contrac- 
tion. 

One of the most common causes of rotor 
failures is breaking of rotor bars near the 
brazed joint to the ring. This is often the 
result of crystallization of the copper in the 
brazing operation. Breakage of the brazed 
joint also may result from a poor design of 
the joint—notably in double-cage windings 
where two different size bars are welded to 
the ring. The use of oxygen-free copper is 
recommended, since this [serves to elimi- 
nate the brittleness resulting from crystal- 
lization in the welding operation. 

We note Mr. Muller’s reference to silicone 
impregnated class B winding insulation. 
It is understood that silicone varnish is 
highly resistant to moisture as well as to 
high temperatures. We are not informed 
on its resistance to dust and cinder abrasion 
and its resistance to contact with oil. We 
are attempting to learn how these new ma- 
terials will stand up in power plant service 
and have at present 1 300-horsepower 
totally enclosed squirrel-cage motor and 1 
800-horsepower wound-rotor splashproof 
motor wound with class B insulation using 
silicone impregnation. The smaller motor 
is used to drive a salt water pump, and the 
larger one drives a boiler feed pump. Both 
were placed in operation in 1945 and we, 
therefore, have no operating experience to 
submit at this time. 


RELAY PROTECTION 


It is not the intent to discuss here various 
types of relays, as these are well known, but 
rather the type of protection. Where unit 


type boiler turbo-generator installations © 


are employed, relay protection becomes a 
simple problem indeed. Instantaneous 
overcurrent short-circuit protection alone 
will suffice for most motors. Motors sub- 
ject to overloads or stalling, such as those 
driving pulverizer mills, belt conveyors, 
and so forth, should be provided with ther- 
mal overload protection. The rotor wind- 


ing is normally the weakest part of the. 


squirrel-cage rotor under stalled condition. 

Instantaneous undervoltage devices have 
no place in the power station. In some in- 
stances time delay undervoltage relays 
should be used where undervoltage protec- 
tion is essential for safety. One example is 
that on powdered-fuel installations, where 
introduction of fuel into an incandescent 
combustion chamber after a temporary shut- 


down may result in a disastrous explosion. 


AIEE TRANSACTIONS 


Reference has been made to the use of 
automatic ‘‘throw-over”’ or transfer switches 
for guarding against loss of power supply. 
Such devices doubtlessly have many useful 
applications, but we do not favor their use 
in power plants to protect against loss of 
capacity or against damage to equipment. 
In striving to design these devices to func- 
tion under all foreseeable conditions, the 
control becomes so elaborate that the throw- 
over device itself establishes a new main- 
tenance problem of its own. The provision 
of the necessary reserve in auxiliaries, if 
somewhat more costly, provides the maxi- 
mum degree of reliability and incidentally 
permits removal of equipment from service 
for maintenance purposes without reduction 
in capacity. 

A word of caution may be in order in re- 
gard to the application of relay protection 
to a small capacity circuit which is served 
from a bus which can supply relatively high 
current under short-circuit conditions. An 
example is a 5,000-kva 2,300-volt 3-phase 
transformer supplying a bus to which a 60- 
horsepower or 100-horsepower motor cir- 
cuit is connected. A normal reactance 
transformer may deliver upward of 25,000 
amperes on a 3-phase short circuit. This 
is 1,000 to 1,600 times the motor full load 
current. In such a case it may be a ques- 
tion as to whether the relay current trans- 
former or the relay itself would be the first 
to explode. A case of this kind would re- 
quire either a reactor to limit the fault cur- 
rent to a value that would be normal for 
such a circuit or a special current trans- 
former design whose primary winding has 
sufficient short-circuit thermal capacity to 
withstand the fault current and a magnetic 
circuit designed to saturate at 10 or 20 times 
normal flux in order to limit the secondary 
current to a safe value. 

Relay protection of motors operating at 
440 or 208 volts involves certain considera- 
tions not encountered at 2,300 volts. At 
these service voltages, there are of course 
many small motors, some of which require 
only manual control, and others must be 
provided with electrically operated switches 
for interlocking or other control purposes. 

Even though the transformer banks used 
to supply the power busses are much smaller 
than used at the higher voltages, the same 
general problem of high short-circuit cur- 
rent and selectivity often develop. 

The air circuit breaker situation is such 
that it is practically impossible to maintain 
selectivity at currents in excess of 10 or 12 
times the circuit breaker rating, because 
there is no circuit breaker commercially 
available today which will be guaranteed 
to meet its rated interrupting capacity 
unless it is provided with a direct-acting 
instantaneous-trip device. We refer to 
Table V in the McClure-Whittlesey paper 
for confirmation of this. In other words, if 
it is desired to provide delayed action on 
tripping of an air circuit breaker at 25,000- 
amperes short-circuit current to obtain: 
selective operation with another circuit 
breaker or fuse, it is necessary to buy a 
circuit breaker with a 50,000-ampere inter- 
rupting capacity to permit use of time delay 
at 25,000 amperes. 


Fuses developed by the Edison Company, 


_ with which the writers are associated, for 


network service can interrupt approximately 
50,000 amperes at 208 volts and thus provide 
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This has forced employ- | 
ment of fuses in order to obtain selectivity. 


a means of obtaining selectivity with NEC 
branch circuit fuses where the fault cur- 
rent may be 10,000 amperes or less. 


Wm. R. Brownlee and J. A. Elzi: We are 
pleased to note the interest in this subject 
as evidenced by the very good discussions 
that have been presented and the valuable 
information included. The principal diver- 
gence of opinion centers around methods of 
power supply to station auxiliaries, auto- 
matic transfer schemes, and so forth, with 
special attention to the transient character- 
istics of the over-all system. 

Mr. Gay’s discussion indicates a longer 
duration of the inrush current when a motor 
(or motors) is transferred from one circuit 
to another than is indicated by Figure 4 of 
the paper. His oscillogram shows an in- 
rush current lasting for about 0.4 second 
after an interruption of some 52 cycles. 
These values are not difficult to reconcile, 
since Mr. Gay’s oscillogram shows a notice- 
able reduction in station power bus voltage 
when the motor is re-energized, with a 
gradual recovery lasting through the inrush 
period. This would indicate that the motor 
(or motors) had been re-energized from a 
high reactance source such as a house gen- 
erator. In contrast, in our tests the sta- 
tion power bus voltage was restored to 
normal within 1 or 2 cycles after transfer. 


This illustrates another advantage of sup-~ 


plying station auxiliaries from low reactance 
sources instead of from small generators. 

Mr. Gay and also Mr. Harrington wish 
to have a further explanation of the very 
small change in maximum inrush current 
for moderate lengths of interruption of 
station power voltage. The data given in 
Figure 4 extend to a period of interruptions 
of approximately only 5 seconds, and un- 
doubtedly this curve would bend upward for 
longer periods of time. As mentioned in 
the paper, the inrush current given in this 
figure is a composite value for all of the 
motors associated with one boiler. As can 
be seen from Figure 3, the speed of some of 
the motors is reduced very little during this 
period of time, whereas other motors, such 
as the pulverizer, slow down very rapidly. 
The influence of the pulverizer motor is ob- 
scured by the small decrease in speed of the 
other large motors. This also illustrates 
the difficulty of attempting to time the 
transfer periods so as to avoid energizing 
the motors with their induced voltages sub- 
stantially out of phase with the bus volt- 
age. No mechanical or electrical difficulties 
have been experienced in transferring at a 
speed of 18 cycles. Some of the tests indi- 
cated a short (1/2 cycle) peak of current at 
the instant of transfer of about 50 per cent 
greater than the inrush current after 2 
cycles. 

Mr. Harrington has asked clarification of 
the control and switching schemes as in- 
fluenced by safety interlocking. For ex- 
ample, if a standard starter were used for 
the 480-volt-driven exhauster, a momentary 
voltage disturbance might cause this con- 
tactor to open. A latched-in relay can 
cause the contactor to reclose at the end of 
the disturbance, so that the operation of the 
exhauster itself might not be affected. 
However, the auxiliary switch on the ex- 
hauster contactor in this case would dis- 
connect the main pulverizer motor (2,300- 
volt driven), and flame extinction would 
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result. Therefore, the exhauster motor 
should be controlled by an air circuit 
breaker or latched-in contactor, so that the 
interlocking scheme will not be initiated by 
a momentary disturbance. 

We are glad to have Mr. Cooper’s further 
confirmation on the need of co-ordinating 
the control against voltage surges and on the 
desirability of improvements in industrial 
type control devices. We agree that 
locked rotor protection is highly desirable 
and hope for improvements in methods of 
obtaining it. 

We note that Mr. Braley, Mr. Noest, and 
Mr. Webb apparently experienced a dis- 
couraging number of motor failures and have 
attributed this to the presence of cinders, 
coal dust, and flyash, with the result that 
only totally enclosed motors are used for 
most applications in spite of their recog- 
nized disadvantages. The number of fail- 
ures of either motor insulation or bearings 
attributable to the presence of such foreign 
matter in the atmosphere has been neglig- 
ible, and we have no indication that open 
motors with power plant insulation are not 
entirely satisfactory. 

They also advocate the use of time delay 
undervoltage protection for safety purposes 
with powdered-fuel installations. We do 
not agree that such protection is necessary 
or desirable but strongly prefer instead the 
use of devices responding to the driven 
quantity (such as air flow in the pulverizer 
duct). These more direct devices also will 
guard against failures other than failure of 
power supply such as broken shafts, dam- 
aged couplings, mechanical damage to 
driven equipment, and so forth, which also 
could require the interlocking system to 
function. 

Mr. Adams and Mr. Sholl both advocate 
the use of house generators in order to avoid 
voltage disturbances originating on the trans- 
mission system, and it is mentioned that oc- 
casionally protective relays have failed to 
function as prescribed. It is believed that 
other requirements make it absolutely neces- 
sary that transmission systems be guarded 
against disturbances of such length as would 
interfere with station auxiliary service. 
Experience has shown that disturbances of 
such extreme length usually will result in 
widespread system separations, loss of load, 
the isolation of certain sections of the system 
with too little generation, and the like, which 
are so serious that they must be guarded 
against, regardless of what source of power 
is chosen for station auxiliaries. After 
this is accomplished successfully, the trans- 
former system of station auxiliary supply 
may be made entirely reliable. 


J. B. McClure and S. I. Whittlesey: The 
authors wish to thank all those who have 
submitted discussions on this paper and are 
pleased to note that, in general, there is 
reasonable agreement on this subject. 
This means that auxiliary power systems 
now can be laid out with a reasonably con- 
sistent pattern—which is based largely on 
the use of radial systems and the applica- 
tion of factory-assembled equipments. 

It is particularly gratifying to note that 
Mr. Geiger agrees with the transformer ca- 
pacities at which the dual-voltage system 
should be adopted. However, Mr. Geiger 
seems to favor the 575-volt system instead 
of 460 volts, and there probably never will 
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be a unanimous opinion on this point. 
Two considerations which favor the use of 
460 volts should be emphasized. Namely 
first, the 460-volt system results in a more 
conservative application of 600-volt equip- 
ment; and second, 460 volts is considered 
a more practical voltage for the smaller 
motors, and this voltage in conjunction with 
single-phase 120-volt motors permits a prac- 
tical solution of the small motor applica- 
tions without introducing another voltage. 
The subject of cascading was mentioned 
briefly, and for applications of this type it is 
considered important to design the auxiliary 
power system so that selective tripping of 
circuit breakers is obtained with practical 
ratings. 

Mr. Gay has indicated that the presence 
of a shaft auxiliary generator could be used 
to encourage the practice of prolonging out- 
of-step operation of the main generator. 
The decision as to when an out-of-step 
generator should be relieved of this type of 
operation should not necessarily depend on 
the source of auxiliary power. It is gener- 
ally advantageous in any case of out-of-step 
operation of a generator to isolate it, either 
alone or with its portion of the system load, 
in order to save the system undue disturb- 
ance, to prevent an increasingly worse 
system condition, and to protect the ma- 
chine from any possible damage. Experi- 
ence has indicated that it is not good pro- 
cedure to permit out-of-step operation of 
generator for any appreciable length of 
time. 

Mr. Finlaw properly emphasized the need 
for two reliable auxiliary power sources, 
particularly where pulverized fuel is used, 
and in addition emphasized the advantages 
which might be derived from proper sec- 
tionalizing of the auxiliary power bus. 

Mr. Scholl’s successful experience with 
automatic transfer of auxiliary power 
sources should encourage increased consid- 
eration of this feature. The division of 
auxiliaries for one boiler onto two different 
busses can be indulged in only when the 
boiler is large enough to justify providing 
the boiler with divided auxiliaries. One 
other solution is to establish a bus section 
for each group of auxiliaries, and in this way 
the auxiliary power for two boilers may be 
kept separate, thereby increasing the epernt: 
‘ing simplicity. 

Mr. Peterson describes an ace power 
system with three power sources. This ap- 
parently is necessitated by unique operating 
requirements, since the steam station is to 
be used primarily as a stand-by source for 
hydroelectric power, and thus it may re- 
quire availability of full auxiliary power dur- 
ing periods of sustained low system voltage. 

Mr. Adams has implied that a motor- 
driven exciter set can be used successfully 
only with a separate auxiliary power supply 


from either a shaft or house generator. 


Modern high speed clearing of system faults 
has appreciably reduced the duration of 
system disturbances through which aux- 
iliary power systems must continue to 
operate. Thus, it is believed that in most 
cases a properly designed motor-driven 
exciter set can be used successfully with a 
properly designed auxiliary power system, 
regardless of the power source finally 
chosen. The question of whether or not 
auxiliary power systems should be grounded 
is primarily a matter which must be deter- 
mined from operating experience. The 
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experience with grounded auxiliary systems 
to date has been rather limited. 

Mr. Braley, Mr. Noest, and Mr. Webb 
have indicated that double transformation 
may sacrifice some reliability. Transform- 
ers, in general, are recognized as having 
high reliability, and experience indicates 
that two in series still give successful per- 
formance. The main advantage for two 
transformations is simplicity of operation, 
since all the power for both voltages is 
brought to the higher voltage bus. 

The problem of obtaining selectivity 
with available equipment is always present 
and is more pronounced at 230 volts than 
at 460 volts. This is another reason why a 
460-volt system is-preferable to a 230-volt 
system. This problem was recognized and 
certain general application rules for ob- 
taining selectivity at the lower voltage were 
given in the paper including: 

(a). Co-ordination of transformer secondary and 
feeder circuit breaker rating. 


(b). Co-ordination of feeder circuit breaker ratings 
with individual combination magnetic starter rat- 
ings. 

The problem of providing adequate pro- 
tection for the smaller 2,300-volt motors can 
be avoided largely by establishing a higher 
minimum rating for 2,300-volt motor ap- 
plications. This higher minimum rating 
becomes more practical as the voltage of 
the lower voltage system is increased and 
should have been listed as another advan- 
tage of the 2,300-460-volt system. 

It is noted that the use of fuses is sug- 
gested to provide selectivity. It is generally 
desirable to supplement the use of fuses with 
a thermal overload device in order to de- 
crease the chance of continued single-phase 
operation of a motor due to the blowing of 
one fuse. 


V. E. McCallum: The comments on the 
paper, ‘‘Auxiliary-Power Supply for Gen- 
erating Stations,’’ are by those who believe 
that some other source of power in conjunc- 
tion with the main bus, as a stand-by source 
of power, is a more reliable auxiliary power 
service. In each station where these other 
schemes are employed, the stations are a 
large part of a small system or have a special 
function to perform. 

Undoubtedly the same procedure cannot 
be applied to these stations as to one on a 
large closely interconnected system, where 
the station is supported by several trans- 
mission lines. 

It is the author’s belief that stability and 
reliability can be built into the main power 
system and station busses, which will pro- 
vide more satisfactory service than can be 
obtained with an independent auxiliary 
power system. 

W. E. Sholl suggests connecting one half 
of the auxiliaries of each of two boilers to 
one power bus, and the other half of these 
same two boilers to a second power bus. 
This arrangement seems to imply that there 
must be two sets of auxiliaries for the same 
function of each boiler, which in itself is a 
more expensive and complicated design. 
Also, with this arrdngement the loss of one 
power group may shut down either boiler if 
there is only one of the two auxiliaries oper- 
ating at that moment. The tendency to 
cross-connect and interconnect seems to 
have no advantage and some disadvantages. 
Experience has shown that simple, well-in- 
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“sulated, and well-installed power equipment 


is very dependable and that the addition 
of a complicated automatic switching se- 
quence may only weaken the reliability of 
the installation. 


H. N. Muller, Jr.: The author is very 
pleased by the several discussions pre- 
sented on this paper and on the group form- 
ing the present symposium as a whole. 
These discussions are distinctly of a con- 
firming and complementary nature and help 
materially in completing the over-all pic- 
ture of modern practice in auxiliaries and 
their supply. 

The remarks by Mr. Gallagher confirm, 
almost point by point, the items taken up 
in the original paper. The comments on 
radial versus network systems of power 
supply add to the over-all picture, and the 
variance from opinions expressed in the 
paper can be explained, since the discusser 
operates an excellent radial supply in the 
stations with which he is personally as- 
sociated. 

Mr. Braley, Mr. Noest, and Mr. Webb 
point out the general agreement expressed 
by the authors of all papers in the sym- 
posium. Their additional comments on 
source of power, voltage selection, use of air 
in circuit breakers and transformers, motor 
design, and so forth all are worth while, 
particularly for the detail they add. Of 
particular note is the discussion of specific 
causes for motor failures, these not being 
covered in the symposium papers. These 
discussers, as well as Mr. Adams, Mr. Peter- 
son and Mr. Sholl, all bring up the point of 
source of power for auxiliary systems. It 
appears that this is one of the more con- 
troversial aspects of station design today, 
so that the discussions on this point are 
particularly pertinent. 

Mr. Sholl’s remarks about the complete 
absence of oil in electric equipment in the 
Phillips Power station should be empha- 
sized. This trend was pointed out in the 
author’s original paper, and such confirma- 
tion is appreciated. 


The Frequency of Occurrence 
and the Distribution of 
Lightning Flashes to 
Transmission Lines 


Discussion and author's closure of paper 45- 
141 by R. H. Golde, published in AIEE 
TRANSACTIONS, 1945, pages 902-10. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): The author is to 
be complimented on his attempt to give us a 
basis for calculating the protective cone and 
the number of strokes to transmission lines 
from physical considerations. There are a 
few points which need elaboration. 


One of the author’s assumptions is an 


estimated field strength of 3,000 volts per 
centimeter capable of producing streamers 
from lightning conductors or similar struc- 
tures. Table I of this discussion shows 
some average field strength values for rod 
gaps at different spacings up to 30 feet. It 
will be noted that even at 30-feet spacing, 
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the average field strength is of the order of 
5,500 volts per centimeter. Also, doubling 
of the spacing from 15 to 30 feet results in a 
decrease in field strength from 5,680 to 
5,580, or a drop of 1.8 per cent. If this 
same rate were maintained, a field strength 
of 5,150 volts per centimeter would result at 
100-feet separation. However, while the 
drop in field strength as the spacing is in- 
creased from a few inches to a few feet is 
quite rapid; for greater increase in spacing, 
the relative drop becomes much slower, 
indicating that the average field strength at 
100 feet is of the order of 5,400 volts per 
centimeter. All these values are based on 
the positive critical impulse flashover of rod 
gaps where spark-over occurs at 5 micro- 
seconds for the shorter gaps and at 10 to 20 
microseconds for the larger gaps. Since, in 
the stepped-leader process, we are dealing 
with relative short-time intervals between 
individual steps! (31 to 91 microseconds) 
and the increase in length of the leader 
stroke per step varies between 33 and 600 
feet, a value of at least 5,000 volts per centi- 
meter should be more appropriate to cause 
streamer formation from a grounded object 
projecting from the earth’s surface. 

Other assumptions or approximations are 
the statements, ‘‘the magnitudes of light- 
ning currents are proportional to the charges 
deposited along the leader channel” and 
“‘an average current of 20 kiloamperes 
corresponds to about one coulomb.” Doc- 
tor K. B. McEachron has shown (reference 
2, Figure 9) that the charge in current peaks 
measured oscillographically at the Empire 
State Building varies approximately directly 
with current amplitude beginning at about 8 
kiloamperes, and his value of 1.1 coulombs 
in a 20-kiloampere stroke checks quite 
closely the author’s value. (The abscissa 
values of Figure 9 of reference 2 should be 


’ divided by 10 to give the correct values.) 
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However, in this figure, only that part of the 
charge in the current peak was considered, 
where the current wave has decayed to half 
value. Therefore, if it is considered that 
the current wave is a function of the charge 
in the leader stroke, the total charge laid 
down would be much greater—of the order 
of twice that given in the Figure 9 of the 
reference. 

Furthermore, I do not believe that charges 
in current peaks necessarily are representa- 
tive of charges laid* down in the leader. 
For instance, many of Doctor Schonland’s 
photographs? show a rather abrupt termina- 
tion of high luminosity after a relatively 
short time—of the order of 10 microsec- 
onds—as the return stroke progresses to- 
ward the cloud. This would indicate a very 
short tailed current wave. On the othér 
hand photographs taken at the Empire 
State Building and in Pittsfield never ex- 
hibit any such rapid changes in luminosity, 
the intensity of the photograph being prac- 
tically uniform over thousands of feet of 
stroke length. This latter condition indi- 
cates a long tail wave. In my opinion the 
difference in the two conditions is caused by 
phenomena at the ground end of the stroke. 
In Doctor Schonland’s case, the ground re- 
sistance is presumably very high, prohibiting 
large readily available charges at the ground 


terminus of the stroke, while in the afore- 


mentioned photographs, the ground resist- 


- ances are much lower, and, particularly in 


the case of the Empire State Building, rela- 
tively large charges can be concentrated be- 


i 


Table I. Critical Spark-over of Rod Gaps Table Il. Lightning Strokes to Transmission 
With Positive-Polarity Impulse Waves Lines 
Average 
; Spark-over Gradient, sd Pedic 
Spacing, Voltage, Volts Per Line Per Yea Level 
Feet Kilovolts Centimeter = ae 
Safe Harbor—Westport*.......0.95 ........ 39 
Phd snow cimsinsine 6 be Sor ciocaoloewice 7,680 Safe Harbor—Perryville*....... 140° ieee 
aco PR ROE. ae Seer eT ote Pele 6,800 Holtwood—-York*............. 1.201 Hae ee oe 
SBS, ovis, atau j ee Sanagocanorandc eh Holtwood—Coatesville*........1.20 ........62 
stance hat Pepe ARUBA Tg 7p! hse” Mowkpole Meet: aye 115g re na 
APCS SSS, Porat Fy: DG00Ns MN peath 5,680 
SO Ras matics hyd: DEMO Oars. este ess 5,580 *From Mr. Golde’s paper. 


fore and easily can be supplied after contact 
has been made. This is substantiated fur- 
ther by the analysis made by Malan and 
Collens*® in which many of the photographs 
definitely indicate flow of charges from the 
cloud toward the ground in the later stages 
of the stroke mechanism. 

The charges in the leader stroke, however, 
should not be affected by ground conditions. 
Thus, it is still very doubtful that a direct, 
general connection exists between charges in 
current peaks and charges in the leader 
stroke. There is some probability that 
there is a proportionality between current 
crest and leader charge in practical installa- 
tions with relatively good ground connections. 

From the foregoing it can be postulated 
that the average field strength required is 
5,000 volts per centimeter, which, when 
translated in the author’s Figure 4, would 
result in an average protective ratio of 1.6. 
If, further, the charge in an average leader 
stroke is considered—two coulombs as com- 
pared to the author’s value of one coulomb— 
then a protective ratio of about 2 results. 

Therefore, it is apparent that rather large 
changes in the assumptions made change the 
author’s Figure 4 to only a small degree. 

I would suggest a different title for Figure 
4, From the author’s own words, this 
represents a curve which shows the ratios 
of attraction, and ‘“‘attraction ratio’? or 
“collection ratio,” therefore, would be better 
names, because they correlate the charge in 
a leader stroke with the distance of the 
stroke from a point where a streamer can 
just begin to form from the point. This, 
however, does not necessarily mean that the 
stroke will contact the point and, therefore, 
the protection ratio should be less than that 
shown. Further, this ratio is presupposed 
on a cone whose base radius is equal to the 
height of the point times the protective 
ratio. On the basis of the theory given in 
the paper, protection for any other points 
within this cone is not necessarily provided, 
because the protected point also is subjected 
to the field of the leader stroke, and there- 
fore, may start streamers of its own. This 
is probably the reason why in some instances 
even a 1:1 cone is violated. The author’s 
theory, which shows considerable merit 
once the actual values are known, therefore, 
would enable calculations to be made with 
good accuracy to obtain the real protection 
provided by a lightning-conductor system in 
installations where great risk is involved. 

From the point of view of practical pro- 
tecting practice of houses, a cone of 2, 4, and 
even greater base radius has been found 
satisfactory, particularly where the pro- 
tected building is relatively low. In in- 
stallations where great risk is involved, a1:1 
cone is obviously preferred.*:® 
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The author’s calculations concerning the 
relative strokes to towers; line wires, and 
earth wires, apparently check very well with 
observed values. Likewise, Figure 10 of 
this paper definitely seems to indicate a 
direct correlation between the isokeraunic 
level and the strokes per square mile as com- 
puted from four lines where good records 
were kept of all flashes to lines and towers. 

On the other hand statistics also simply 
indicate that strokes to transmission lines 
occur at a rate of approximately 1.2 strokes 
per mile per year (see Table II) in regions 
where the isokeraunic level ranges between 
25and65. Therefore, not too much empha- 
sis should be placed on such calculations. 

In Pittsfield, with an isokeraunic level of 
25, photographs taken during night storms 
only and only of lightning striking within an 
area of 0.162 square miles where the point of 
ground contact could be established defi- 
nitely, showed an average stroke density of 
45 (range from 19 to 68 strokes per square 
mile per year and a total of 22 strokes) 
strokes per square mile per year. This isa 
minimum value, as strokes during daylight 
storms are not included. This investiga- 
tion extended over three years. This does 
not compare well with 12 strokes per square . 
mile per year from Figure 10 of the paper. 
In order to arrive at a similarly high stroke 
density from transmission line calculations, 
the attraction ratio would have to be much — 
less than that assumed by the author. 

However, the basic approach tothe problem 
shown in the paper is definitely in the right 
direction and should lead to a better theoreti- 
cal understanding of the protective problem. 
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E. Hansson (Pennsylvania Water and Power 
Company, Baltimore, Md.): The third 
sentence of the third paragraph under 
“Frequency of Lightning Flashes”’ in Mr. 
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Golde’s paper, reads: “Thus the iso- 
keraunic levels for the first three lines con- 
sidered are stated to be 39, 42, and 62, 
respectively,” the figures having been 
taken from a paper written by A. F. Bang 
and E. Hansson in 1937. The figures 
actually represent the number of storms 
passing over the lines, as reported by 
patrolmen and others to the operators at the 
stations. What is commonly known as the 
isokeraunic level of the territory in which 
the lines are located is from 30 to 32, as re- 
ported by the United States Weather 
Bureau. Unfortunately, the paper from 
which Mr. Golde obtained his information 
does not refer the figures to any specific line, 
thus he got the wrong impression. Actu- 
ally, the number 39 should refer to Figures 
9(d), 42 to 9(c), and 62 to 9(b). 


W. W. Lewis (General Electric Company, 
Schenectady, N. Y.): Ina footnote of Mr. 
Golde’s paper is the statement that the lat- 
est ‘‘Code for Protection Against Lightning”’ 
(Bureau of Standards Handbook H21, 1937) 
takes the radius of the base of the protective 
cone astwoto four times the conductor height. 
It has been customary for some years in 
the United States to protect power stations 
and substations on the basis of overhead 
ground wires or masts with a protective 
ratio not exceeding 2. On the other hand it 
has been customary to protect powder 
magazines and similar structures with a pro- 
tective ratio not exceeding 1, and during 
World War II most of the powder maga- 
zines and similar structures were so protected. 
Recently Part III of the ‘‘Code for Pro- 
tection Against Lightning’”’ was revised and 
issued as part of Bureau of Standards 
Handbook H40 (1945). In this the cone of 
protection afforded by rods or masts is 
assumed to have a radius of base equal to 
their height in important cases, or up to 
twice the height in less important cases. 


R. H. Golde: I am glad that, despite his 
detailed comments, Mr. Hagenguth has 
recognized the main purpose of the paper 
under discussion, namely, to present a 
physical approach to the problem of the pro- 
tection afforded by an earthed structure. 
Actually it is stated in the paper that no 
finality is claimed for numerical results. 
Turning to the individual points raised by 
Mr. Hagenguth, I am afraid I cannot accept 
his arguments in favor of a value of about 
5,000 volts per centimeter for the estimated 
field strength capable of producing upward 
streamers from a lightning conductor. If 
the numerical flashover values given in his 
Table I were interpolated to the dimensions 
of the lightning discharge, that is, about 2.5 
kilometers, a field strength of several thou- 
sand volts per centimeter would result, 
whereas it now is known!/? that the lightning 
discharge requires no more than about 200 
volts per centimeter. Omitting any dis- 
cussion on the possible effect of the energy 
of a surge generator on the propagation of 
the resulting spark discharge, the difference 
between laboratory test results and natural 
discharges can be described as follows. 
The flashover values quoted by Mr. 
Hagenguthare based on 1.5 X 40-microsecond 
impulse waves in which, according to his 
statement, the breakdown occurs after some 
10 to 20 microseconds, that is, well on the 
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tail of the applied wave. In nature, on the 
other hand, the tip of the lightning conduc- 
tor is subjected to a gradually increasing 
field which lasts for some 0.01 second (the 
time of propagation of the leader stroke) 
and which increases rapidly during the 
formation of the last dart leader until 
breakdown occurs, the time lag being, in 90 
per cent of the cases, between 50 and 90 
microseconds.? Both these factors, that is, 
the gradually increasing field strength and 
the longer time during which the voltage is 
applied in the natural discharge, clearly 
tend to reduce the breakdown field strength 
below the value determined under labora- 
tory conditions. This argument, in addition 
to those given in the paper, led to the adop- 
tion of a value of 3,000 volts per centimeter. 

The basis for the correlation of a lightning 
current of 20 kiloamperes with a charge on 
the leader stroke proper of 1 coulomb is 
given in an earlier paper.! This charge 
covers the whole of the average current 
wave apart from that responsible for the 
possible continuous current flow between 
multiple component strokes which is 
drained from the clouds. It is not surpris- 
ing that Doctor McEachron’s results show 
about twice this charge, since the presence 
of the tall metallic Empire State Building is 
bound to influence the charge distribution— 
and incidentally the resulting current wave 
form—in the manner suggested by Mr. 
Hagenguth himself. 

Thus there seems to be no reason to alter 
the original assumption as to the average 
charge in a stroke to.an earthed object of 
small height. In addition, Mr. Hagen- 
guth’s suggestion that the duration of the 
luminosity in the return channel is indica- 
tive of the duration of the high-current dis- 
charge has been corrected earlier.t In- 
stead, the height of the luminous channel is 
likely to be related to the presence or other- 
wise of downward branches from the main 
channel. However, it is noted that Mr. 
Hagenguth agrees with the proposed propor- 
tionality between current crest and leader 
charge in installations with good earthing 
conditions, and this after all covers the 
practical installations discussed in the paper. 

I am very glad to learn that it has been 
American practice to adopt in recent years a 
smaller protective range than used to be 
advocated in the technical literature, and I 
am grateful to Mr. Lewis for drawing my 
attention to the new version of the ‘‘Code 
for Protection Against Lightning’? which, 
however, was issued after this paper had 
been submitted. In this connection I agree 
with Mr. Hagenguth that a different title 
might have been preferable for Figure 4. A 
lightning conductor should prevent strokes 
to earth within the distances indicated by 
that figure; earthed metal objects within 
this zone which protrude from earth may 
give rise to streamers of their own and be 
liable to a direct stroke. However, strokes 
to earth proper near tall structures have 
been reported, and it appears that these can 
be explained only by the theory put forward 
which links the protective zone with the 
severity of the lightning stroke. 

It is unfortunate that I seem to have been 
misled by the figures for the storm fre- 
quencies of the lines of the Pennsylvania 
Water and Power Company. This cer- 
tainly alters the points shown in Figure 10— 
which before was almost too good to be 
true—but it does not affect the trend of the 


‘ 
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curve. However, fundamentally more im- 
portant seems to be the implication con- 
tained in Mr. Hansson’s comment that over 
one line with an isokeraunic level of between 
30 and 32 an average of no less than 62 
storms were noted to have passed by visual 
observation. This statement confirms the 
attitude adopted in the paper that the iso- 
keraunic level should be replaced by a bet- 
ter unit which should take into account the 
frequency and the severity of thunderstorms. 

Without further information, it is im- 
possible to say whether Mr. Hagenguth’s 
rather startling figure for the number of 
strokes to earth over a small area in Pitts- 
field may be similarly affected by the in- 
adequacy of the isokeraunic level. iit ots 
remembered that his figure of 45 strokes per 
square mile per year is a minimum value 
which may well be considerably too low, 
this high frequency is difficult to explain 
even if the three years on which his count 
is based produced an exceptionally high local 
lightning activity. Of course, if the area 
involved contained one or more structures 
of such great height as to cause upward 
strokes, as in the case of the Empire State 
Building, the figure would cease to be 
relevant from the present viewpoint. 

As Mr. Hagenguth refers to the attraction 
ratio of a transmission line, it seems perti- 
nent to.add here some information obtained 
since this paper was submitted. Ina recent 
account! the number of protector tube 
operations are given which occurred on a 3- 
phase transmission line with horizontal con- 
figuration. From data kindly submitted by 
J. A. Rawls the number of single-phase tube 
operations could be obtained, which are un- 
doubtedly due to direct strokes to the corre- 
sponding phase wires (as against multiphase 
operations which involve cases of back 
flashovers from the phase struck). The 
numbers obtained are 35 operations on the 
two outer conductors and 4 operations on 
the center conductor, or 89.7 per cent and 
10.3 percent respectively. The simple theory 
of the width of the zone of attraction proposed 
in the paper gives 88.4 per cent for the two out- 
er and 11.6 per cent for the center conductor. 
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Sag and Tension Calculations : 
for Cable and Wire Spans 


Using Catenary Formulas 


Discussion and author's closure of paper 
45-144 by John F. Nash and John F. Nash, 
Jr., published in AIEE TRANSACTIONS, 
1945, October section, pages 685-92. 


E. L. Peterson (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The calculation of sag problems for over- 
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head wires, involving as it does the deter- 
mination of tension and deflection values 
under various conditions of temperature and 
loading, always has been a somewhat tedious 
process. This is true for calculations based 
on the parabola as well as for those based 
on the catenary. The latter seldom were 
used for short- and medium-span lines until 
the publication of Martin’s tables which 
greatly reduced the labor involved in using 
the catenary functions. 

The authors’ new approach to this prob- 
lem should be of further assistance to engi- 
neers in solving sag problems as the solutions 
can be obtained without trial-and-error op- 


‘erations and with a saving of time over 


previous analytical methods. 


C. H. Wagner (American Gas and Electric 
Service Corporation, New York, N. Y.): 
This paper presents a new approach to the 
problem of calculating sags and tensions by 
making use of factors evolved from the 
fundamental equations of the catenary. It 
gives accurate results for hillside spans as 
well as level spans. . 


One advantage of the authors’ method is 
that in figuring initial sags an initial 
modulus of elasticity is not required. Also, 
their method of figuring the amount of 
permanent set is probably more accurate 
than the one normally used as the permanent 
set value they use is found from the average 
tension in the span. 


It is interesting to compare the authors’ 
method with Martin’s method for the case 
where it is necessary to limit the stringing 
tension at 60 degrees Fahrenheit to 35 per 
cent of the ultimate strength of the conduc- 
tor. For example, this limitation applies 
to dead-ended span lengths of 243 to 403 
feet for number 2 three-strand copper under 
conditions of medium loading with maximum 
final loaded tension at 15 degrees Fahrenheit 
limited to 60 per cent and final unloaded 
tension at 60 degrees Fahrenheit limited to 
30 per cent. As the stringing or initial 
conditions are known, the stringing sags can 
be found in the usual way without difficulty 
by using either method. The calculation 
of final sag and tension values presents 
somewhat of a problem as the correct value 
of permanent set necessary to get from the 
initial conditions to the final conditions de- 
pends on the unknown final conditions. 


Using Martin’s method this can be done 
by means of trial and error, as follows: 
For any given span length under considera- 
tion, determine the 60 degree Fahrenheit 
initial unstressed length factor using the 
basic tension of 35 per cent of conductor 
ultimate tensile strength and the initial 
modulus of elasticity. Guess at a value of 
permanent set to use which corresponds to 
a tension somewhere between 35 per cent 
and 60 per cent of conductor ultimate tensile 
strength and add this to the 60 degree 
Fahrenheit initial unstressed length factor. 
This then will be the value of the 60 degree 
Fahrenheit final unstressed length factor 
from which it is possible to calculate the 
maximum resultant tension under final con- 
ditions. This must be repeated until a 


“resultant tension is found that will corre- 


spond closely to the permanent set used in 
the calculation. Both the resultant tension 


and the 60 degrees Fahrenheit final tension 
‘must be checked to see if they are still within 
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the limits set by the National Electrical 
Safety Code. 

In using the authors’ method the proce- 
dure can be esséntially the same but, of 
course, the mechanics are quite different. 
It must be kept in mind that the permanent 
set will be based on an average tension in 
the span; in this case the average tension 
will be made up of the maximum resultant 
tension at the supports (factor 7) and the 
horizontal tension at the vertex (factor F). 
Calculations can be made as follows: For 
the span length under consideration deter- 
mine the Y value and Z value, as described 
in the paper, from the basic tension T (85 
per cent of the conductor ultimate tensile 
strength). Guess at a value of permanent 
set (based on the unknown factors F and T) 
and add it to the Z value (60 degrees 
Fahrenheit initial condition). This will 
give the new Z value (60 degrees Fahrenheit 
final condition) from which factor F and 
factor T would be found, as described in the 
paper. But factors F and T then must be 
averaged to determine whether the correct 
value of permanent set was chosen. 

It seems to me that Table I of the paper, 
as far as the calculation of sags where sup- 
ports are at the same elevation is concerned, 
would be much easier to use if it were made 
up on the basis of a full-span length (X 
multiplied by two) rather than on a basis of 
one-half-span length. In other words, I 
would prefer having two tables; one for 
level-span calculations based on full-span 
length, and one for hillside-span calculations 
based on distance X. The reason I recom- 
mend this change is that in calculating level 
spans the value of span length would be 
remembered better during calculations and, 
therefore, would be easier to use and less 
liable to error than the value of one-half- 
span length. The present Table I of the 
paper could be changed to this new basis 
easily by dividing all of the functions by 
two. 

The authors’ mention that their method 
eliminates the trial-and-error assumptions 
involved in a portion of Martin’s method. 
This disadvantage has been overcome for 
all but exceptionally long-span lengths by 
charts of Martin’s tables called ‘‘Sag Cal- 
culating Charts’? recently issued by the 
Copperweld Company. However, a thor- 
ough study of the authors’ paper will show 
that once a person becomes familiar with the 
formulas in their method many different 
kinds of problems in sags and tensions can 
be worked out quickly and accurately. 


Marsh F. Beall (nonmember; Bonneville 
Power Administration, Portland, Oreg.): 
The authors have made a valuable contri- 
bution to the literature on sag and tension 
calculations using catenary equations. They 
have pointed out several of the peculiarities 
of the catenary equation, such as the rela- 
tion between support tension, horizontal 
component of cable tension, and sag. These 
peculiarities of the catenary equation, if 
understood, are very useful in design and 
are not adequately covered in most text- 
books on the subject. Most textbooks are 
written on the basis that a book is not com- 
plete academically unless it contains a state- 
ment of the equation of a catenary curve, 
but engineers never will use it and so a 
complete discussion of catenary sag and 
tension equations is not justified. The 
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authors of the paper have given a compre- 
hensive treatment of the theory of catenary 
equations and have called attention to many 
properties of the catenary curve which are 
very useful to the designing engineer. 

Table I of the paper, which describes unit 
values of the catenary functions, is very 
useful in computation of sags and tensions 
where a conductor is sagged in accordance 
with a ‘‘basic” or “‘ruling’’ span. The table 
may be used for computation of a dead- 
end span if the V function is known. 

For accurate computation of sags and 
conductor elevations at various points in a 
hillside span, it is necessary that the location 
of the low point of sag be known. The 
authors have derived an equation for finding 
the low point of sag which is applicable to 
spans in which the horizontal component of 
tension or the V function is a known quan- 
tity. The authors have derived their equa- 
tion by use of the exponential forms of the 
catenary equation. 

The writer, working independently, also 
has derived an equation for finding the loca- 
tion of the low point of sag in a hillside 
span. The authors’ equation 3, 
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is the same as one derived by the writer. 
The writer derived his equation for finding 
the low point of sag by use of hyperbolic 
trigonometric functions. The step-by-step 
derivation and the final equation is as follows 
(see Figure 1): 

Let 


y4=ordinate of point A 

yz=ordinate of point B 

1=length of span 

D =difference in elevation between points of 
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Square both sides of equation 9. 


. 1 2 
(1+ sinh? =)( cosh i) 


2 D 1 
-(2) -2 2) sinh : sinh yr 


l 


sinh? q sinh? y (10) 
poe) enn nti) 
sh —— —{ cosh =— 
cosy + sin V S V 
2 D y 
-(3) -2(?) sinh =; sink + 
1 
sinh? 7 sink? 7, (11) 
1 2 eho 
sinh? =| (cost t-1) — sinh? ait 
2D 1 
sinh oA v sinh ag 
if 2 wD) 2 
h—-—1})—-| = S30) (04 
[(comm pt) -(F) fro a 
‘ 1 
cosh? ——sinh? —=+1 (13) 
sV 


[Ob 


Equation 14 is a quadratic equation with 
sinh «/V as the variable. Solving by the 
quadratic formula: 
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Figure 1. 


Other dimensions used in derivation of equa- 
tion for low point of sag in a hillside span are 
shown in figure 


Simplification of equation 16 leads to equa- 
tion 17 which is used for computation of the 
value of x, the distance from the low point 
of sag of support. 
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Numerical computations of a design 
problem, using either the authors’ or the 
writer’s equation for determination of the 
low point of sag in a hillside span, yield 
results which check. An item of only minor 
importance is the fact that in computation 
for the low point of sag, use of the authors’ 
equation requires the use of a logarithmic 
table in addition to the table of hyperbolic 
functions required for computation by use 
of the writer’s equation. 

Since equation 17 of this discussion is de- 
rived from a quadratic equation, there will be 
two roots, or two values of x. If the low 
point of sag is outside the span, the differ- 
ence of the two values of x equals the span 
length. 

If the low point of sag is inside the span, 
the sum of the two values of x equals the 
span length. 

The foregoing relations may be used as a 
test to determine whether the low point is 
inside or outside the given span. 
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1. How to DerrermMingE Low Point oF Sac 
WitrHout USE or A TrmpLate, Marsh F, Beal. 
Electrical World, March 17, 1945. 


John F. Nash: There are several very prac- 
tical uses for the calculation methods of this 
paper. 
prepare standard tables of sags and tensions 
for various types of wires and cables in 
general use. These tables each are prepared 
on the basis of a basic (ruling) span with the 
sags and tensions at that span, and the sags 
for related spans (same dead-end section) 
calculated for each of the related loading 
conditions assumed. These standard tables 
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The writer uses these methods to 


afford a quick source of design information 
and furnish the necessary data for making 
standard celluloid design templates used for 
locating structures. 

There are several specific special uses for 
these procedures.* 

Tensions in existing spans can be calcu- 
lated easily as shown in the following 
problem (slide-rule values) : 


Span length = 460 feet (level span) 

Observed sag = 15.00 feet 

Conductor size=number 2 bare hard drawn 
copper 

Loading, one half inch ice, no wind= 1.074 
pounds per foot 


Therefore 


S/X =15.00/230 =0.06520 
From TableI, Y/X =7.74553 

VY =7.74558 X 230 = 1,782 

T =1,782 X1.074=1,913 pounds 


As breaking strength of cable is 3,003 
pounds, per cent loading is 1,913/3,003 X 
100 =63.7 per cent. 


. A span with uneven supports can be 


studied as follows: 


1. Determine deflection of vertex below each sup- 
port, Su and SL. 


2. Let Xu be distance from vertex to upper sup- 
port and XL distance from lower support. 


3. Solve for tension at upper support starting with 
Su/ Xu as in the foregoing (Table I of the paper) 
and for tension in lower support in like manner start- 
ing with SL/ XL. 

By asimilar procedure by determining V/X, 
the horizontal longitudinal component of 
tension can be obtained in any span (level or 
hillside). 

It should be noted that in the foregoing 
solutions, the size, type, strength of cable, 
or temperature does not enter the problem. 

Transmission and distribution lines gen- 
erally are designed and built on the basis of 
a ruling span and an assumed tension in 
that span for the expected loading. The 
tensions (at support) in related spans of 
other lengths (same dead-end section) vary 
from the design tension. It is often advis- 
able to know how long an occasional span 
can be without too much increase in tension. 
The following is this type of calculation: 


Conductor, number 2 bare hard drawn cop- 
per =3,008 pounds ultimate 

Loading, one half inch ice, eight-pound 
wind = 1.074 pounds per foot 

Tension in basic (ruling) span =60 per cent 
of ultimate =1,801.8 pounds 

Basic span = 500 feet 

Sag for basic span = 18.90 feet 

(from standard tables prepared ‘by this 
method) 

Sag for 800-foot span (related to basic) 
(standard tables) = 48.52 feet 


Formula: 
T=F+SR 
For the basic span 


1,801.8 pounds = F+ (18.9 1.074 pounds) 
F=1,801.8—20.3 
F=1,781.5 pounds 


Therefore, for the 800-foot span, 


T =1,781.5 pounds-+ (48.52 X 1.074 pounds) 
T =1,833.6 pounds 
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Per cent of ultimate (800-foot span) 


=1,833.6/3,003 X 100 =61 per cent 
(slide-rule values) 


It is interesting to note the divergence of 
sag values for a conductor when the per cent 
cable tension is varied. 

Sample problem (slide-rule values) : 


Conductor, number 2 bare hard drawn cop- 
per =3,003 pounds ultimate 

Loading = 1.074 pounds per foot 

Basic span = 500 feet 


(A). Tension 50 per cent of ultimate: 


T=YRor Y=T/R=1,501.5/1.074 =1,398 
Y/X =1,398/250 = 5.595 


By interpolation from Table I of the 
paper: 
S/X =0.091135 
Sag =0.091135 X 250’ = 22.78 feet 

(B). 


Y =1,801.8/1.074=1,678 

Y/X =1,678/250 =6.71 

S/X =0.0755298 

Sag =0.0755298 X 250’ = 18.88 feet 


Tension 60 per cent of ultimate: 


(Standard-table value calculated by ma- 
chine = 18.90 feet) 


(C). 


Y=2,102.1/1.074 =1,959 

Y/X =1,959/250 =7.835 

S/X =0.064476 

Sag =0.064476 X 250’ = 16.12 feet 


Tension 70 per cent of ultimate: 


While catenary calculations generally are 
used for transmission work involving long- 
span work, number 2 copper with a medium- 
length span was selected in the foregoing 
problems to illustrate the use of this method 
in distribution work. 

It is interesting to note the relationship 
of tension at support, horizontal component 
of tension, and loading on structures in hill- 
side spans. Reference is made to the 
problem illustrated as Case II of the ap- 


_ pendix of the paper. 


Note that in the, 2,000-foot-level-span 
problem T =3,556.00 pounds or 60 per cent 
ultimate and F=3,270.36 pounds or 5o.1 
per cent ultimate. 

However, in Case II, 


_ T(upper support) = Y,R=3,753.46 pounds 


or 63.3 per cent ultimate 


Determine loading on upper structure as 
follows: 


Structure loading = ‘V (Tu)?—(F)?= 
1,842.10 pounds 


(This loading is in the direction of the re- 
sultant plane. If the problem is solved for 
loading without wind the result would be 
vertical loading.) : 


T (lower support) = Y,R=3,271.73 pounds 


Determine uplift on lower structure as fol- 


~ lows: 


Uplift = -V/ (112) — (F)?=94.66 pounds 
(in plane of resultant in this case) 


x It maoulal be noted that in this problem 
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the tension at the upper support exceeds the 
design value and is the tension to be found 
in a span of 2,588.72 feet (related to the 
2,000-foot basic span). 

In the foregoing calculation the obtained 
results hold for either a dead-ended span or 
a suspension span, providing the V value is 
the same. 

These calculations illustrate why it is 
advisable in mountain work to select a basic 
span such that the horizontal distance from 
the vertex to upper support does not 
greatly exceed one half the basic span. 

The following comment is offered with 
respect to C. H. Wagner’s discussion of the 
paper. Mr. Wagner refers to the limiting 
of conductor stringing tensions to 35 per 
cent of the ultimate tensile strength, a con- 
dition which has to be watched under light 
loading conditions with medium-sized or 
large conductors, and under heavy loading 
conditions with large conductors on short- 
span construction. The methods outlined 
by Mr. Wagner are, of course, the accurate 
procedure when it is advisable to design 
exactly to the 35 per cent string limitation. 
This condition does not occur often with 
long-span heavy-loading construction, but 
when it does occur the writer prefers to 
reduce the design loaded tension and recal- 
culate to values where the stringing tension 
at 60 degrees Fahrenheit does not exceed 
35 per cent and the final conductor only ten- 
sion at 60 degrees Fahrenheit is not more 
than 25 per cent of ultimate. 

It is perfectly feasible to prepare Table I 
of the paper based on span length rather than 
on X values. Possibly this would be advis- 
able for engineers who prefer to deal in 
span lengths; however, as written, Table I 
serves both for level and hillside spans. 
Reference to the table’s footnote also shows 
that Table I can serve as a table of hyper- 
bolic sine and cosine values. 

In reference to Marsh F. Beall’s discus- 
sion, Mr. Beall states that Table I is very 
useful in computing sags and tensions where 
a conductor is sagged in accordance with a 
basic span, and that the table may be used 
also for computing dead-end spans if the V 
function is known. A dead-end span is 
calculated in the same manner as a basic 
span. The calculations can be based on 
either a desired tension at support T value, 
or a horizontal component value F. In 
either case V is determined readily and is 
used along with Y values to secure sags 
and tensions at other conditions for the 
basic or dead-end span. Related spans (to 
the basic span) are calculated in the same 
manner for designs starting with established 
T or Fyalues. 


Parallel Operation of Main- 
Engine-Driven 400-Cycle 


Aircraft Generators 


Discussion and author's closure of paper 45- 
158 by L. G. Levoy, Jr., published in 
AIEE TRANSACTIONS, 1945, December 
section, pages 811-16. 


E. P. Barlow (nonmember; The Glenn if 
Martin Company, Baltimore, Md.): A 
review of Mr. Levoy’s paper supplemented 
by limited observation of actual perform- 
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ance on test, indicates that the equipment 
and system described offer very encourag- 
ing possibilities within their range of appli- 
cation. Where proper installation require- 
ments actually can be met, agreement is 
expressed with the author’s conclusion that 
this system is feasible for the supplying of 
electric power in large aircraft. 

It is understood that installations of this 
remotely mounted engine-driven alternator 
system have been made experimentally on 
two types of airplanes, both of the pusher 
design with the propellers mounted aft of 
the wings instead of forward as in conven- 
tional tractor types. In the pusher type, 
with the main engines submerged in the 
wings, the airplane designer has relatively 
more space, greater accessibility to the 
power-drive pads and greater freedom of de- 
sign in properly installing the drive and gener- 
ator units, as compared with the cramped 
conditions in the crowded nacelles of tractor- 
type airplanes. Installations possessing the 
favorable features of pusher aircraft designs 
appear to offer the most advantageous type 
of application for this remote flexible drive 
alternator system. 

On the other hand, in conventional trac- 
tor types of aircraft, especially those using 
the larger engines where demands for high- 
capacity electric-power sotirces are most 
generally encountered, installation of re- 
motely mounted engine-driven equipment 
as described in this paper often presents 
practically insurmountable difficulties from 
an airplane designers point of view. With 
engines in some cases over ten feet long, 
necessary auxiliaries and nacelle structure 
immediately around and behind the engine 
always seriously interfere with, and usually 
prevent the design of, a reliable and satis- 
factory installation. A complete lack, or 
unsuitable location, of the necessary high- 


capacity power-take-off pads on the engine, | 


and the lack of a dependable and serviceable 
flexible drive adaptable to a configuration 
requiring bends, offsets, or right angle 
drives, also complicate any contemplated 
use of this system. As an example, in one 
instance on a twin-engine airplane, where 
the need for large-capacity generators made 
possible use of this system appear advan- 
tageous, consideration was given to extend- 
ing the flexible drive directly through the 
engine oil tank. However, because of diffi- 
culties in obtaining properly located take- 
off pads of adequate capacity on the engine 
and the impossibility of providing an ac- 
cessible location for the variable-ratio drive 
and alternator without unacceptable 
changes in the airplane structure, a practical 
installation could not be made, and the 
application was abandoned. 

The conditions encountered in this in- 
stance are not extreme, but rather are typi- 
cal of the majority of the present and cur- 


rently proposed conventional aircraft de-_ 


signs. Even on the larger airplanes, the 
problems of installing engine-driven equip- 
ment are always critical. Present indica- 
tions are that, with jet engines now in proc- 
ess of development and application, condi- 
tions in this respect may be aggravated 
rather than relieved. 


Consequently, though the equipment and 


system under discussion may be found en- 
tirely satisfactory in itself and for some 
types of installation, the difficulties of mak- 
ing a practical installation within the con- 
fines of present-day conventional airplane 


987 


= =. 


designs seem to preclude the possibility of 
extensive use of the system proposed. For 
such applications demanding high-capacity 
electric-power sources consideration of some 
other means of driving the large generators 
required appears necessary. One possible 
type of drive is the small auxiliary gas tur- 
bine which offers prospective advantages of 
reliability, flexibility, light weight, ease of 
installation and maintenance, and operating 
economy in over-all airplane performance; 
advantages which definitely warrant full 
investigation and study and possible inten- 
sive development. 


H. Tyler Marcy (Massachusetts Institute of 
Technology, Cambridge, Mass.): The con- 
trol for parallel operation of main-engine- 
driven 400-cycle aircraft generators first was 
discussed with me by Professor Charles 
Kingsley, Jr. of Massachusetts Institute of 
Technology in connection with a training 
program he was organizing for officers of the 
Army Air Corps. At that time I suggested 
a technique of control which seemed to have 
possibilities and which now seems pertinent 
discussion to Mr. Levoy’s paper. 

The problem of synchronization and 
‘operation of synchronous generators is 
essentially a positional problem, when the 
motion of the generator rotors is being 
studied. If two generators are in approx- 
imate mechanical synchronization before 
electrical connection in a parallel circuit, 
then the electric transient is minimized 
following their electrical connection. The 
ability of the system to divide the load 
properly and to withstand transient load 
‘conditions is also a problem of mechanical 
synchronization of the generator rotors. In 
the system described the speed of the rotors 
was controlled and the problem of angular 
synchronization of the rotors made possible 
by the use of a speed droop combined with 
a freewheeling device. The variation I 
-would propose for discussion is to control 
directly the position of the generator rotors. 
As one author previously expressed it, the 
system then would control position in mo- 
tion at synchronous speed. 

There is no mystery in accomplishing the 
«ontrol of generator-shaft position. The 
measuring device geared to the generator 
shaft would be a “‘synchro” instead of a 
tachometer. A small auxiliary ‘‘master,”’ 
comprising a battery-driven governed motor 
driving a transmitter synchro and possibly 
a small generator for synchro excitation, 
would direct the system. The control cir- 
cuit would be essentially the same. The 
synchro stators all would be connected to- 


gether and the rotor of the transmitter . 


synchro excited. The voltages from the 
teceiver synchro rotors then would be sent 
through a phase-sensitive rectifier to an 
electromechanical control of a hydraulic 
pilot valve. This would initiate action 
through the hydraulic transmission to 
maintain the receiver synchro voltage at 
zero. As the receiver synchro rotor volt- 
ages are kept near zero by the control sys- 
tems, all the generator rotors are in mechani- 
cal synchronization. This follows from the 
unique character of synchro voltage sys- 
tems, providing initial alignment has been 
made at assembly of the synchro rotors and 
the generator rotors. 

Complete evaluation of the relative merits 
of the two systems cannot be made easily by 
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one not familiar with aircraft-electric-sys- 
tem practice. In the proposed system the 
load torque might cause an angular droop of 
the generator rotors with respect to their no- 
load synchronous position, but there would 
be no change in speed and therefore no 
change in frequency with load. Constancy 
of frequency is a function only of the regula- 
tion of the small director motor which is un- 
aware of load torques. However, it is 
likely to be more expensive of control equip- 
ment and require more nearly optimum per- 
formance of the components, but the con- 
stancy of frequency may make it worth- 
while. 


H. B. Bunce and J. C. Cunningham (West- 
inghouse Electric Corporation, East Pitts- 
burgh, Pa.): The reactive-load droop and 
real-load boost Mr. Levoy proposes is a de- 
sirable method of obtaining reactive load 
division in that it would avoid the complica- 
tion and vulnerability of the control wires 
and auxiliary contacts necessary for the 
differential scheme. If the voltage droop 
for reactive current and the voltage rise for 
in-phase current were made equal, the two 
effects would cancel for a 0.707 power-factor 
load. Based on a-c system loads now con- 
templated, such a setting would not cause 
more than about one per cent decrease in 
generator voltage for the majority of motor- 
starting conditions, and at normal running 
loads the rise in generator voltage would not 
over compensate for the line drop to princi- 
pal load centers by more than about one per 
cent. 

The main disadvantage of this scheme is 
that the reactive kilovolt-ampere is affected 
proportionately by any unbalance in real 
power. There may be a large real power 
differential between generators on this sys- 
tem because of governor error during engine 
transients. For example, refer to Figure 13. 
The power output oscillates in magnitude as 
much as 250 per cent load during this engine 
transient. With differential reactive divi- 
sion and no resistance compensation the 
total load on the accelerated machine would 
swing from 40 (80+/26.5) kva (assuming 
75 per cent load power factor) to 79.4 
(75+J26.5) kva. If a scheme with equal 
reactive droop and resistive rise were used 
and the exciter were fast enough to follow 
the real load changes, the load on this 
machine theoretically would swing to 
100(75+J66.2) kva. The load on the other 
machine should be (—15—J13.2) which 
indicates that it would be freewheeling and 
its excitation would be approximately zero. 
Actually the regulator and exciter would not 
follow such fast load changes, but an idea 
can be obtained as to the influence of real 
load upon reactive load with such a scheme. 
The increase in generator loading is less dis- 
turbing than the reduction in pull-out torque 
which would result from the reduced excita- 
tion. 

In spite of these two possible disadvan- 
tages, this scheme should be investigated 
thoroughly because of the greater vulner- 
ability of the differential scheme. 

The star bus of Figure 6 is unsatisfactory 
for isolated operation. Provision for emer- 
gency isolated operation for certain military 
airplanes has been specified. 

Figure 11 shows a voltage dip of four per 
cent with two 750-watt Amplidyne sets 
starting. It may be pointed out that volt- 
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age dips from two to four times this value 
would occur when starting the motors for 
wing flaps, landing gear, or motor generator 
sets from two generators. 


D. W. Exner (Westinghouse Electric Cor- 
poration, Lima, Ohio): Mr. Levoy has pre- 
sented some interesting test data showing 
performance, under certain conditions, of 
the particular equipment which he has 
helped to develop. This activity is a part 
of the 400-cycle aircraft-power program for 
large airplanes which was initiated by the 
Army Air Forces some years ago and has 
been pursued actively by the Air Forces and 
the various electrical manufacturers. 

Because of lack of space Mr. Levoy has 
been able to show only a limited number of 
oscillograms. Unfortunately he has not 
chosen films representative of maximum 
conditions by which the ultimate effective- 
ness of the system could be evaluated. All 
of the films shown were taken at less than 
full rated load which is 40 kva, 120 volts 
line-to-neutral, 75-per-cent power factor, and 
111 amperes. To judge by his voltage 
traces, his voltage and current scales are in 
instantaneous values. These alternators 
have five-minute 150-per-cent load and five- 
second 200-per-cent load ratings. Thus the 
test conditions shown are under weak-field 
conditions where a heavy surge of excitation 
may be supplied by the regulators when 
needed. Under conditions of heavier initial 
load greater voltage dips and longer disturb- 
ance must be expected. 

In actual operation under emergency con- 
ditions it will be necessary at times to syn- 
chronize an incoming machine with one or 
more alternators which are heavily over- 
loaded. Such a case might follow a nui- 
sance trip during combat. Under this condi- 
tion an automatic full-voltage synchronizing 
equipment will have especial merit in reduc- 
ing the disturbance shown on a reduced 
scale in Figure 9 of the paper. 

Figure 13 shows conditions at partial load 
with the input to the constant-speed drive 
accelerating at approximately 1,500 rpm per 
second. Since these drives are designed for 
use with engines having a 3:1 step up to the 
power take-off shaft, this represents an 
engine acceleration rate of only about 500 
rpm per second, which is quite low. As 
mentioned in my 1943 paper’, information 
from one of the engine manufacturers stated 
that engine acceleration rates of 3,000 rpm 
per second may be found in normal opera- 
tion, with abnormal rates of 3,500 rpm per 
second being possible under certain combat 
conditions. These figures amount to some 
six times faster an acceleration rate than 
that shown in Figure 13. Since this film 
shows a peak load at the start of approx- 
imately 21/2 times the initial average load, 
there may well bé some doubt as to the 
adequacy of response speed at heavier loads 
and much higher engine acceleration rates. 

The advantage of a differential reactive- 
current equalizer circuit is the fact that the 
regulated voltage is not affected appreciably 
by variations in system reactive load. The 
droop type of equalizer combined with volt- 
age boost proportional to kilowatt load, as 
proposed by Mr. Levoy, could maintain 
constant voltage if the load power factor 
were constant. Load charts for the larger 
airplanes show a large number of small 
motors with power factors as low as 0.6 and 
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a few large motors of ten horsepower or more 
with power factors of 0.8 or higher. In 
addition there are sizable operational and 
combat loads of essentially 1.0 power factor. 
Heavy motor-starting loads accentuate this 
variation. Hence there may be important 
changes in load power factor during normal 
operation which could produce objectionable 
variations in regulated voltage if the droop 
type of equalization were used. Certain 
important military loads require good volt- 
age regulation for satisfactory performance. 
Aside from the question of voltage regula- 
tion, the foregoing scheme is deficient in its 
ability to divide reactive load properly under 
conditions of kilowatt load surges between 
machines during governor deviations. If it 
were possible to find a single bus point at 
which total system load could be measured, 
this method would attain the object desired. 
Unfortunately this cannot be done, because 
loads are tapped off several bus sections. A 
summation circuit using separate current 
transformers at each alternator would re- 
establish the interconnections which Mr. 
Levoy desires to eliminate. If then we pro- 
vide individual voltage boost proportional 
to the real load of each alternator, the alter- 
nator excitation will be affected by varia- 
tions in governor operation such as shown in 
Figures 12 and 13. This may be expected 
to have detrimental effects on stability be- 
cause of reduction of synchronizing torque 
during power surges between alternators. 
Considerable further study and testing need 
to be done before such a change can be 
accepted. 

The first part of Mr. Levoy’s paper re- 
views and summarizes the main points 
brought out in references 1 and 2 of this dis- 
cussion. However, he has given an ex- 
cellent description of some of the subsequent 
development work and presented prelimi- 
nary oscillograph data which has great value. 
Tests on this system are being continued by 
the Air Forces and the manufacturers. 

In closing, I am interested in the elec- 
tronic means which Mr. Levoy mentions for 
driving an alternator. I assume he meant 
to refer to the electronic-frequency-changer 
development. 
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J. G. Hutton and P. F. Desch (nonmember, 
General Electric Company, Schenectady, 
N. Y.): The author is to be congratulated 
on his very effective presentation of a broad 
subject in a comparatively limited article. 
In spite of the termination of hostilities the 
publication of the paper is timely, and a defi- 
nite contribution to the field of aircraft elec- 
trical engineering. 

Though much overshadowed by such 
spectacular achievements as the atomic 
bomb and radar, the development of an a-c 
electric system will be of great benefit in the 
success of a weapon for peace in the form of 


‘long-range military and civil aircraft. 


Since the writing of the paper some 100 
hours of operational experience has been 
gained on the developmental two-generator 
Much has been learned about the 
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and this knowledge can be of great assistance 
when flight testing begins. Production 
units of the variable-ratio transmissions are 
being received, and performance and life 
tests are being carried out. 

In his discussion of the governor-droop 
circuit, illustrated in Figure 4 of the paper, 
the author mentions a five-per-cent fre- 
quency droop at full load; on the develop- 
mental circuit this can be adjusted at will. 
By test it was found that the load division 
between two paralleled alternators was 
somewhat erratic for speed regulations of 
less than five per cent at full load. The 
setting at five per cent gave equal load divi- 
sion under all steady-state conditions. 

The use of individual cross-current com- 
pensation on the voltage regulators for reac- 
tive-load division now is being studied to 
determine its suitability for an aircraft elec- 
tric system. The value of the load and 
power factor may vary considerably during 
a flight. Such conditions may lead to a 
varying voltage. Except for the compli- 
cated switching of the reactive-division con- 
trol circuits, when operating the generators 
nonparallel, the method of differential 
cross-current compensation has worked very 
well on the developmental system, and the 
voltage has been held within practical 
limits. 

It is hoped that flight test data soon will 
be forthcoming. Success of the tests 
should see a rapid increase in the use of a-c 
electric systems for large aircraft. 


W. M. Green and A. F. Pelster (Captains, 
United States Army Air Corps, Wright 
Field, Dayton, Ohio): The author is to be 
congratulated for writing a very explanatory 
paper. The Army Air Forces has been 
working on this development since 1942, and 
its findings substantiate the greater part of 
Mr. Levoy’s paper. 

Several points mentioned are open for 
discussion and probably will not be satis- 
factorily answered until further tests, in- 
cluding actual flight operation, are made. 

Figure 6 of the author’s paper shows a 
star or synchronizing bus arrangement. 
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This system is not being employed thus far 
on military airplanes using the 200-115-volt 
system. Instead a ring-bus arrangement, 
or variation thereof, is being used, as indi- 
cated in Figure 1 of this discussion. Each 
system has certain advantages and disad- 
vantages. The star-bus arrangement has 
the main disadvantage of preventing paral- 
lel operation completely in case of a fault on 
any part of the bus. 

The author feels that a complete reactive- 
load-division circuit for a four-alternator 
circuit with bus tie circuit breakers would be 
unduly complicated. Such a circuit for the 
bus arrangement of Figure 1 is shown in 
Figure 2 of this discussion. This circuit 
differs from Figure 6 of the author’s paper 
only in that an auxiliary contact on each bus 
tie circuit breaker connects between each 
corner of the reactive circuit and a star 
point. This scheme will allow proper reac- 
tive-load division under any condition in- 
cluding two sets of two alternators operating 
in parallel. 

The differential-current circuit is being 
employed along with the ring bus on military 
aircraft for two reasons: 


(a). Load power factor has no influence on system 
voltage. 


(b).A rather steep droop characteristic to reactive 
current is necessary to maintain proper stability 
with the inherent system. In case the power factor 
of the system remains constant over the load range, 
it is possible to design an inherent system in the 
regulator such that constant output voltage can be 
maintained at that one power factor. In the pres- 
ent. stage of development of the a-c system on 
military aircraft, the variation of power factor with 
load is not accurately known. 


In regard to the author’s paragraph on 
“Operating Experience,’ tests made in the 
A-C Laboratory, Wright Field, prove rather 
conclusively that full-voltage synchronizing 
will be employed in military aircraft. Ina 
test made in the A-C Laboratory on syn- 
chronizing of alternators driven by variable 
output speed test stands rated at 75 horse- 
power, 52 oscillographs were taken. Two 


-alternators of different manufacture were 


used, and approximately half of the pictures 
were taken at full voltage and half with the 
field circuit closing simultaneously with the 
circuit breaker. In all cases it was at- 
tempted to have the voltage 180 degrees out 
of phase when synchronizing. Of the 52 
pictures, there were seven reversals of ex- 
citer polarity obtained. All reversals oc- 
curred when the field circuit was closed 
simultaneously with the closing of the cir- 
cuit breaker. 

Full-voltage random synchronizing is not 
satisfactory because of the excessive system 
disturbance when a 180-degree phase dis- 
placement exists. The afore-mentioned 
tests were probably more severe than the 
tests run at the General Electric Company, 
because the Army Air Forces tests were 
conducted without the aid of the freewheel- 
ing elements. However, none of the oscil- 
lograms shown to the undersigned indicate 
that the freewheeling element operated dur- 
ing the synchronizing tests. 


L. G. Levoy, Jr.: I am pleased to note the 
interest in this paper as indicated by the 
various discussions. 

Mr. E. P. Barlow has brought out a very 
important point; namely, the necessity of 
incorporating this drive in an airplane within 
structural and space limitations available. 
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It is realized that many such problems will 
be encountered in practice, and it will be 
up to the ingenuity of the aircraft designers 
to incorporate this equipment in a manner 
which makes it superior to other ways of 
doing the job. There is no justification for 
using alternating current on an airplane, 
unless the total installation and performance 
can be proved to be superior to other means 
of accomplishing the required results. 

One way of easing the critical installation 
problem to which Mr. Barlow refers is to 


design a split unit in which the pump ele- ~ 


ment is located directly on the engine, and 
the hydraulic motor element and generator 
can be located someplace else in the air- 
plane. Such a unit now is being considered 
for certain applications. The disadvantage 
of this method is that it introduces a hy- 
draulic transmission system which is unde- 
sirable. It also increases weight and re- 
duces efficiency. 

Installation problems are beyond the 
scope of this paper. It was intended to give 
an idea of the present state of the art, so 
that aircraft designers could study this sys- 
tem more effectively and compare it with 
other systems. 

The installations to which Mr. Barlow 
refers now are being made but have not been 
flight tested, so that no data are yet avail- 
able concerning their performance. 

I agree that a small reliable lightweight 
gas turbine drive would be a desirable de- 
velopment, and several companies are 
working on this project. However, to date 
no completely satisfactory drive of this na- 
ture has appeared on the market. Some 
aircraft manufacturers have been consider- 
ing the use of two auxiliary gas-turbine- 
- driven alternator units on a four-engine air- 
plane. It should be noted that the varia- 
ble-ratio drive as now proposed for such 
systems offers four-engine reliability. This 
factor must be considered in comparing 
weights and evaluating reliability. 


. 
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With regard to the method of synchro- 
nization and load division described by Mr 
Marcy, it is undoubtedly true that such a 
system can be made tofunction. However, 
the principal disadvantage of this type of 
system is that of vulnerability. Loss of the 
auxiliary ‘‘master’’ would put the entire sys- 
tem out of order. Such asystem would not 
be tolerated on a military airplane, and it is 
questionable for commercial aircraft for the 
same reason. In a well-designed system 
loss of any single circuit or generator should 
permit the other machines to function 
normally. It is considered that this is an 
important consideration and that damage in 
one part of the system never should be com- 
municated to another part of the system. 
This is an essential principle of system de- 
sign for reliability. For this reason, it is 
desirable to avoid “‘master’’ elements and 
“master” control circuits. 

'Mr. Bunce and Mr. Cunningham have 
mentioned the fact that torque pulsation 
effects will influence reactive division if 
individual cross-current compensation of the 
type proposed is used. Thisis true. How- 
ever, they have neglected the effect of exciter 
and regulator response rates. 

There are two other effects which have 
not been mentioned which must be con- 
sidered in designing systems with this oR 
of cross-current compensation. . 


1. Torque ripples result in small modulation rip- 
ples in the voltage envelope. Where a multiplicity 
of units are operated in parallel, these ripples tend 
to balance out in the system voltage. 


2. If the rising-voltage characteristic with resist- 
ance load is too large, instability in the voltage 
regulators may result. Systems of this type have 
been successfully used in industrial systems with 
engine-driven generators, however, and warrant 
study for aircraft application. 


In practice, the large engines will have 
more cylinders and the percentage torque 
ripple should be smaller and at a higher fre- 
quency than the engines used for our pre- 
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liminary tests. Both of these factors tend 
to help this situation. 

The individual cross-current compensa- 
tion system should be studied when the 
actual aircraft-engine characteristics and 
system loads are known, to determine 
whether or not it can be built to operate 
successfully in practice. The reward for 
successful application of this system is a 
lessened vulnerability, since loss of any one 
reactive-division circuit affects only that 
generator and is not communicated to other 
generators on the system. 

The star bus, or modification thereof, has 
certain advantages over the ring bus for 
example, but discussions of its use are 
meaningless unless specific aircraft system 
requirements are considered. The illustra- 
tion used in the paper was included primar- 
ily to show how differential cross-current 
compensation is provided. 

It is obvious that larger voltage dips will 
be encountered when starting larger motors, 
and also that the dips will be smaller on a 
four-generator system. The magnitude and 
duration of the dips is of interest, however. 
This problem is not peculiar to a-c systems. 
Existing d-c aircraft systems tolerate severe 
dips. For example,.on the B-29 d-c system 
with one half of the generators operating and 
a battery, starting the drive motors to run 
the same Amplidynes would result in a mo- 
mentary dip of approximately ten per cent. 

Naturally these effects have to be evalu- 
ated in practice, and, if found excessive, they 
must be limited by step starters or increase 
in system stiffness by increased capacity to 
bring the effect within acceptable limits. 

Mr. Exner has commented that we have 
not shown films covering tests under maxi- 
mum overload conditions. As stated in the 
paper, the drives which were available at the 
time this paper was written were early de- 
signs which were limited both in speed range 
and load. Consequently, it was deemed 
advisable to get data under reasonable load 
conditions which could be obtained with 
available drives and thereby provide in- 
formation for design of the new drives. 
New designs of drives are now available, 
and they will be tested over the entire range 
of conditions. 

Regarding acceleration rates, we have 
tested up to the maximum rates available 
with our test equipment, consisting of air- 
craft-type. engines rated 450 horsepower, 
with no load other than the variable-ratio 
drives and alternators. We found that the 
system performed satisfactorily, and the 
maximum acceleration rate which we ob- 
tained was 3,240 rpm per second at the input 
to the drive. Higher acceleration rates 
were simulated by switching blocks of re- 
sistance in and out of the governor circuits 
for response tests. It will be interesting to 
see if the high acceleration rates mentioned 
by Mr. Exner will be obtained in practice. 

Regarding the method of cross-current 
compensation, it is expected that the load 
power factor will vary widely. It may 
well be, however, that the extremes of power 
factor go with certain light-load conditions, 


in which case the influence on the voltage 


level would be small. Full load to heavy 


overload conditions may show a much | 


smaller power-factor range, in which case 
the proposed method of cross-current com- 
pensation could provide very satisfactory 
voltage levels. Study of this on an actual 
system should be made to eliminate the 
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vulnerability of the differential scheme if 
possible. The use of a summation circuit 
described by Mr. Exner is unacceptable for 
the reason which he points out. 

In describing the various means of ob- 
taining substantially constant frequency 
power on aircraft, the first five methods 
listed in the paper under the heading refer 
to possible driving means for the conven- 
tional alternators when driven from vari- 
able-speed engines on an airplane. The 
last two methods refer-to other means of 
providing substantially constant frequency 
power, using variable-speed direct-connected 
generators. There are a number of such 
systems, several of which were described in 
reference 1. For example, it is possible to 
generate variable-frequency constant poten- 
tial alternating current, rectify, and invert 
to constant-frequency constant-potential 
alternating current. Such a scheme prob- 
ably would use electronic frequency 
changers, and equipments of this general 
type are the electronic means to which 
reference was made. 

Referring to the discussion by Captain 
Green and Captain Pelster, the principal 
objection to the differential cross-current 
scheme is its vulnerability, which is a result 
of its complication. Small wires run be- 
tween the voltage regulators and circuit 
breakers of different units. An open circuit 
in one of these wires may cause improper 
operation of all other units on the system. 
This difficulty can be avoided to a certain 
extent by using multiple circuits, but this 
increases difficulty of checking circuits on 
routine maintenance. Aside from this prob- 
lem, the differential cross-current scheme is 
very good. 

One simple way of eliminating the diffi- 
culty caused by exciter polarity reversal is 
to use a small polarized relay with its actu- 
ating circuit across the exciter armature and 
its contacts connected in the voltage-regu- 
lator stabilizing circuit in such a way that, 
regardless of exciter polarity, the system 
operates correctly. This method was tested 
and found to function perfectly, regardless 
of the method of synchronizing used. Ex- 
citer polarity reversals did not disturb the 
system operation in any way when this 
polarized relay was used. 

If manual full-voltage synchronizing is 
adopted, this operation will require rather 
close attention from the flight engineer. If 
automatic full-voltage synchronizing is 
adopted, a substantial increase in complex- 
ity and weight of the system will result. 
For these reasons, no voltage synchronizing 
with polarized relays to eliminate effects of 
exciter polarity reversal looks attractive. 
It is recommended that these various meth- 
ods be tried on a ground setup, and this ex- 
perience should point the way to the best 
method for use in aircraft. 

If Captain Green and Captain Pelster will 
inspect the oscillogram shown as Figure 9 in 
my paper, they will see a case where the in- 
coming machine freewheels for an instant 
during the synchronization. This is indi- 
cated by the fact that the power trace goes 
negative just before the machine pulls into 
step. As explained in the paper, the drive 
input torque does not go negative, because, 
while the generator is freewheeling, the 
drive losses are supplied by the input shaft. 

“The initial disturbance when synchroniz- 
ing 180 degrees out of phase is the same 
whether or not the generators are equipped 
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with freewheeling devices. The duration 
of the disturbance is greater if freewheeling 
is not used. Tests made without freewheel- 
ing are less realistic, as free wheeling will be 
used in the variable-ratio drives intended 
for use in aircraft. Some tests were made 
without freewheeling devices, but these 
were not shown, as they were of less general 
interest than those selected for use in this 
paper. 


Constant-Speed Drives 
for Aircraft Alternators 


Discussion and author's closure of paper 45- 
163 by C. J. Breitwieser, published in AIEE 
TRANSACTIONS, 1945, November sec- 
tion, pages 763-8. 


H. D. Else (Westinghouse Electric Corpora- 
tion, Lima, Ohio): The need for a sub- 
stantially constant-speed power source for 
aircraft generator drives has been recognized 
for a number of years, and an enormous 
amount of effort has been expended in at- 
temping to work out a satisfactory solution 
of the problem. With d-c equipment such a 
source is highly desirable. Except for elec- 
tronic conversion, the use of some such de- 
vice with an a-c system is mandatory. 

Mr. Breitwieser has described in detail 
the functioning of two types of variable- 
ratio transmissions for connecting a main- 
engine take-off shaft with the alternator, and 
has discussed several other possibilities. 
He has pointed up two near axioms for 
obtaining good efficiency: 


1. The device must be a torque converter rather 
than a pure slip-loss mechanism. 


2. In a two element device, the differential prin- 
ciple in which the elements interchange function at 
some predetermined speed, should be employed. 


It is the writer’s opinion, however, that 
even with continued development, the val- 
ues of efficiency and weight suggested by 
Mr. Breitwieser will not be realized. In 
fact, it has been a major achievement to 
arrive at the rather high values that already 
have been obtained. — 

With hydraulic arrangements using the 
differential principle, the cylinders are sub- 
jected to a fluid pressure proportional to 
torque whether or not there is fluid transfer. 
This introduces a slip loss at all input speeds. 
The mechanism described includes two 
stages of continuously operating gearing, an 
oil pump and a governor drive. With this 
mechanism a zero-transfer efficiency be- 
tween 85 per cent and 90 per cent is good. 

The change in input speed range from 
1,000-3,000 rpm to 500-3,000 rpm intro- 
duces two design difficulties. It lengthens 
the ends of the curve where the efficiency is 
dropping, due to large fluid transfer. It 
probably shifts the point of zero transfer 
and maximum efficiency below the cruising 
speed of the airplane; otherwise the func- 
tion-reversing mechanism must travel a 
much greater distance in one direction than 
in the other. 

As to weight, the best values that have 
been achieved to date on any experimental 
devices have been of the order of 0.8 pound 
per horsepower not including governors and 
oil coolers when required. Mechanical 
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added over-all cost. 


apparatus is designed on the basis of safe 
stresses and pressures, and the established 
values must not be exceeded. Electrical 
apparatus is designed on thermal considera- 
tions and 100 per cent overload for several 
seconds ordinarily does not produce a fail- 
ure. Thus, a generator rated 30 kw with 5- 
second 100 per cent overload capacity re- 
quires a transmission designed for at least 95 
horsepower. On this basis the weight of a 
torque converter without coupling, cooling, 
and governor is more than 2.5 pounds per 
rated kilowatt. 

Numerous other types of variable-ratio 
transmissions have been considered and ex- 
perimental work has been carried on. Slip- 
loss devices, mechanical, fluid, or electrical, 
combined with multistage gearing have 
relatively good efficiencies. Friction drives 
employing cones or toroids might be used. 
Flash boilers and turbines utilizing exhaust 
heat are possible. Impulse or kinetic-type 
converters using liquids or gases are im- 
practical without means of changing the 
angle of the input blading. A mechanical- 
electrical transmission has been described 
under the name “‘Electrogear.”! None of 
these mechanisms appears to offer any ad- 
vantages over the Sundstrund design. 

Recent developments in main drives, 
however, have focused attention on the 
possibilities of the gas turbine. A small 
fuel-fed unit, independent of the main 
power plant, has many advantages over 
drives coupled to the main units. Not the 
least of these is the fact that failure or shut- 
ting down of a main unit does not affect the 
electric system. When the airplane is on 
the ground, the electric system can be oper- 
ated with all main plants idle. The battery 
carried on the airplane need be only large 
enough to start one of the small turbines. 
Control of the electric system is simplified 
greatly for the reason that the power of the 
turbine and the alternator are substantially 
equal and the unit has excellent inherent 
regulation. 

Fuel economy is not good, particularly at 
light loads, but, when cruising, only one 
unit need be in operation, With main- 
engine drives the airplane is continuously 
subjected to the light-load losses of all the 
converters and generators, even though one 
unit is capable of supplying the cruising re- 
quirements. The design limitations of a 
constant speed gas turbine are thermal. 
Consequently, the capacity need not greatly 
exceed the rating of the alternator. Tran- 
sient overloads will not damage the appa- 
ratus and the rotational energy of high oper- 
ating speed will clear electrical faults with- 
out undue sag in frequency. 

Economical combinations of cabin super- 
charger and alternator turbine are possible. 
It may prove advisable to make the power 
unit large enough to handle both functions 
with interstage bleeding of the compressor. 
The exhaust from the fuselage would, 
naturally, be fed back to the compressor 
thus obtaining interstage cooling at no 
To take care of the 
change in altitude the supercharging stages 
might be by-passed at low altitude and 
brought into operation when required by 
means of clutches. Another possibility is 
to supercharge by means of a separate vari- 
able-speed unit, turbine or otherwise, and 
feed from the cabin to the alternator tur- 
bine. On transport and commercial air-. 
planes the air requirements of the cabin 
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' Air Forces. 


'C. J. Breitwieser: 


appear to be ample for the alternator tur- 
bines. On combat airplanes they are 
probably inadequate. 

With the low fuel-air ratio of gas tur- 
bines, the carbon monoxide content of the 
exhaust may be low enough to permit its 
use without a heat exchanger for deicing. 

Very little data are available on weight 
and economy of small-size gas turbines. In 
larger sizes weights are below 0.5 pound per 
horsepower, and fuel rates are of the order 
of 0.6 pound per horsepower hour. Allow- 
ing for greater relative weight of accessories, 
it would seem possible to build a 150-horse- 
power unit with a weight of 0.75 pound per 
horsepower. The fuel rate might be as 
high as 0.9 pound per horsepower hour. A 
conjecture as to size is 10 inches in diameter 
and the tube 5 to 8 feet in length. 


REFERENCE 


1. Tue “‘ELECTROGEAR’”—A NEW ELECTRO-ME- 
CHANICAL VEHICLE Drive, Ernest Weber. AIEE 
TRANSACTIONS, volume 60, 1941, July section, 
pages 770-7. 


G. C. Crom (Army Air Forces, Wright Field, 
Dayton, Ohio): In the author’s discussion 
on “‘Requirements for a Constant Speed 
Drive” he fails to remember that while the 
speed of the engine may vary from 500 rpm 
to 3,000 rpm, the accessory pad varies from 
1,500 rpm to 9,000 rpm because of the 3:1 
step-up gear ratio in the engine. This step- 
up ratio cuts down the ratio variation of the 
drive to 3:1 at low speed and 2:3 at high 
speeds. This does not improve the prob- 
lem, but it does change the picture of what 
the drive must do. 

The situation in regard to constant speed 
drives, whose development was sponsored 
by the Army Air Forces, as of October 1, 
1945, is as follows: 


(a). The Chrysler mechanical constant speed 
drive failed after about three weeks testing, seem- 
ingly due to unbalanced centrifugal forces at high 
speed. This project has been temporarily aban- 
doned. 


(0). Two of the Sundstrund hydromechanical con- 


stant speed drives in the experimental form oper- 
ated satisfactorily for about 250 hours. The pro- 
duction form has had to overcome a number of diffi- 
culties, but two units are now under test by the 
General Electric Company at Schenectady, and a 
schedule of production has been adopted. This 
device weighs about 80 pounds. Governors and 
control details are not yet finished, depending on 
operating tests. 


(c). Two additional hydromechanical drives are 
undergoing tests at the manufacturers. These 
devices seem to operate satisfactorily and soon will 
be shipped to Wright Field for further tests, but the 
weights are large, and they may not be suitable for 
installation in an aircraft. 


(d). A form of constant speed drive that is en- 
tirely hydraulic is being developed by another 
manufacturer but has not yet been released. This 
has a weight of around 80 pounds and can be sepa- 
rated into two parts if desired as it is entirely 
hydraulic. 


(ec). Other types are under study by the Army 
These involve both mechanical and 
electromechanical forms, and in each case show 
evidence of having a low weight. 


The problem of securing 
adequate electric power at low or idling 
engine speeds, and on the ground when the 
main power plants are shut off, is a serious 
one. Mr. Else, in his comments, has indi- 
cated that to increase the input speed range 
of a constant speed drive from 1,000-3,000 
rpm to 500-3,000 rpm may cause a loss in 
efficiency and increased fluid transfer may 
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increase the weight and size of the drive. 
He has suggested the possibility of using a 
gas turbine auxiliary power plant. 

As Mr. Else has pointed out, this type of 
generator drive has many interesting possi- 
bilities. Unfortunately, the gas turbine has 
a relatively constant rate of fuel consump- 
tion regardless of load. This results in ex- 
cessive specific fuel consumption during the 
major portion of the flight. This situation 
may be improved somewhat by using a 
multiplicity of units operating only the por- 
tion of the units as required by the load 
demand. There is, however, a limit to how 
far it is practical to go in this direction, 
since the smaller units are generally less 
efficient and have higher weight per horse- 
power; also the-installation and operation 
are more complicated for a greater number 
of units. 

Considering an airplane of the size in 
which an a-c system ‘would be used and 
operating at long-range conditions the gas 
turbine does not show up very favorably. 
For example, on a 20-hour flight, with an 
assumed fuel efficiency of 0.8 pound per 
horsepower hour at normal rated load and 
with a proportionate increase of specific fuel 
consumption at the same rate, as in the 
operation of modern large gas turbines for 
light loads—and integrating a representae 
tive load curve of an airplane with a 120-kw 
peak demand over the flight—the gas tur- 
bine would require approximately 1,850 
pounds of fuel as contrasted with 360 
pounds of fuel for alternators driven from 
the main engines through constant speed 
drives. It is assumed that the specific of 
the main engines will vary from 0.43 to 0.47 
and the efficiency of the constant speed 
drive will be 75 per cent. This gives a 
direct fuel weight difference of 1,490 pounds 
which multiplied by the fuel, oil ratio of 1.5 
for the airplane (additional fuel and oil re- 
quired to carry an extra pound) results in a 
net increase of more than a ton in weight. 
This is by far too great a weight price to pay 
for the advantages of a separate gas-tur- 
bine-driven auxiliary power plant. 

It is quite probable that some combination 
of main-engine-driven alternators and gas- 
turbine auxiliaries may be the ultimate 
answer. If the input speed range of the 
constant speed drive is reduced, its weight 
and efficiency may be improved, and they 
would be used on the lighter loads over the 
long range, whereas on the ground and at 
engine idling conditions the gas turbine 
would supply the system. 

Whereas the use of the additional power 
capacity of a separate gas-driven turbine for 
cabin supercharging will improve the over- 
all performance of the turbine, it still does 
not show up favorably in comparison with a 
bleed system from the main engines. With 
the exception of very limited emergency 
situations, the main engines are required to 
deliver rated horsepower only at take-off, 
and during the time at which the cabin 
supercharging demands will be made, will 
have a large reserve capacity and conse- 
quently no additional prime mover capacity 


is required. Also the main engines usually 


are operating at optimum fuel economy at 
the times cabin supercharger capacity is re- 
quired. On the basis of supercharging being 
required for half the time of the afore-men- 
tioned airplane and an assumed turbine 
efficiency of 0.9 pound per horsepower 
hour, the gas-turbine auxiliary would cost 
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more than half a ton net weight increase, 
neglecting the weight cost of the additional 
equipment of the turbine installation. 

Drives of a type similar to the hydraulic 
units described in this paper are being used 
in main-engine-driven superchargers. The 
British have developed a drive of this type 
in which the governor is an integral part of 
the design and can be used on regular lubri- 
cating oil from the main engine. This de- 
sign saves the weight of an added governor 
and oil sump and cooler. 

A few years ago the best aiferaft electric 
motors weighed 6 pounds per hosepower; 
today we have motors less than 11/2 pounds 
per horsepower. With a basic weight of 
prototype constant speed drives of 0.8 
pound per horsepower today, the writer 
cannot help but remain optimistic and be- 
lieve that in the very near future we shall 
have constant speed drives of less than 1 
pound per kilowatt. 


Resonant-Circuit Constant- 
Current Regulators 


_ Discussion of paper 45-165 by G. M. 


Kevern, published in AIEE TRANSAC-— 
TIONS, 1945, December section, pages 807- 
10. 


H. Weichsel and W. R. McCarty (Wagner 
Electric Corporation, St. Louis, Mo.): This 
paper brings out the important part which 
the resonant-circuit constant-current regu- 
lator has played during the war by supplying 
adjustable constant alternating current 
for brightness control of airport ap- 
proaches and runway lighting. It points 
out that the great success obtained by this 
system of lighting resulted in its adoption as 
standard by the Army Air Forces, the Army, 


the Navy, and the Civilian Aeronautics 


Administration. 

A number of constant-current resonant 
circuits were originated by Boucherot in the 
year 1891. They all consisted of choke coil 
and capacitor combinations delivering with 
a constant alternating-voltage” supply a 
constant alternating current regardless of 
the load circuit impedance. These circuits 
produced constant a-c output current with- 
out the use of moving coils. Three of the 
Boucherot combinations are given by Figure 
1, A and B, and Figure 2. The former two 
are L connections, the latter is known as the 
monocyclic square. The L connections, if 
supplying a noninductive load circuit, draw 
leading or lagging input currents, depending 
upon whether Figure 1, A or B, is used. 
The monocyclic square draws unity power- 
factor input current when the load circuit is 
noninductive. But for lagging output cur- 
rent the input current is leading, and for 
leading output current the input current is 
lagging. 

Steinmetz (see reference 2 of paper), as 
cited by Mr. Kevern, determines by imagi- 
nary quantity calculationsthe characteristics 
of the different Boucherot circuits. 

The afore-mentioned original circuits 
were unsuitable for practical use for reasons 
to be discussed below. Furthermore, in 
those early days capacitors were unreliable 


-and very expensive. 
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Figure 1. Boucherot 


L circuits 
—E E=input volts 
C C=capacitor 
ie lL =reactor 


R=load resistance 


Figure 2. Boucherot bridge circuit, mono- 
cyclic square 


E=input volts 
C=capacitor 
L=reactor 
R=loed resistance 
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LOAD CURRENT 
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Ga pte 


Figure 3. Effect of load power factor on the 
value of the load current when an output 
transformer is used 


0-1 = output voltage of square 

0-3 =constant amperes of square . 

O-2 = magnetizing current of output trans- 
former 

9-3 =useful load current 


The monocyclic square, discussed so far, 
uses two choke coils, each having its own 
iron core. Tests and theory proved the 
superiority of a single iron circuit with two 
separate but equal windings, each acting as a 
choke coil. This arrangement gives greater 
operating stability and decreased weight 
and cost. The single-core two-winding 


choke coil has equal voltage across the ter- 


minals of each choke coil. The same cur- 
rent flow, however, is not essential in both 
windings, but the vectorial sum of their am- 
pere turns must equal the magnetizing am- 


: pere turns required to produce the desired 
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Figure 4. Circle diagram for Boucherot L 
circuit 

0-1 =constant input voltage 

0-5 =voltage across reactor L 

5—1 =voltage across capacitor C 

0-2 =current in reactor L 

0-3=constant current in load resistance R 

0-4=current in capacitor C equal to input 

current 


Figure 5. Change of output current of a 
monocyclic square with change of frequency 


f,=normal operating frequency 

f,=abnormal operating frequency 
/,=output current at frequency fh 
l= output current at frequency fe 


voltage across said windings. This forced 
equality of choke-coil voltages results in 
great stability of the monocyclic square. 
This constitutes a decided improvement 
over the original monocyclic circuit. 

The described Boucherot circuits are un- 
desirable from the operator’s point of view, 
because the output circuits and the input 
circuits are electrically interconnected. 
Thus either a two-coil output transformer or 
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a two-coil input transformer ahead of the 
constant-current regulator is essential. 

The original Boucherot and Steinmetz 
circuits have the serious shortcoming of de- 
livering an extremely high output voltage 
to an open-circuited load circuit. Said 
voltage can be limited to a desired value by 
designing the core of the output transformer 
for a magnetizing current, at aforesaid de- 
sired voltage, equalling the output current 
of the monocyclic square proper. 

In the beginning of the year 1938, Young 
and Haug, Inc. installed at Lake Geneva a 
resonant-circuit constant-current regulator 
for series-lamp street lighting which con- 
tained the improvements just discussed. 
It also contained a very unique nonarcing 
switching arrangement which eliminated 
the large oil circuit breaker essential with 
moving-coil regulators. 

Several similar installations were fur- 
nished by that company. After the middle 
of 1939 the Wagner Electric Corporation 
agreed to build these units and published 
suitable sales information in the middle of 
1940. In the beginning of 1940, this com- 
pany learned about the great desirability of 
brightness control for airport approaches 
and runway lighting circuits, the solution of 
which appeared at that time difficult if not 
impossible. 

Said company submitted to the director 
of the equipment laboratories at Wright 
Field a number of solutions proposed by H. 
Weichsel using the monocyclic square. 
One of them employed, between the input 
terminals of the monocyclic square and the 
supply line, a transformer provided with 
taps for adjusting the voltage impressed on 
the monocyclic square to values correspond- 
ing to constant output currents required for 
the desired brightness control. 

Upon said laboratories’ request, a sample 
unit including runway control was built. 
It was tested by them, and its character- 
istics were found to be satisfactory. They 
placed it in actual service in the early part 
of 1941. This, to the best of our knowledge, 
was the first constant-current regulator of 
the resonant type arranged for brightness 
control. It was the guide for all units pro- 
duced for this purpose thereafter. As a 
result of practical experience with this first 
installation, several improvements were in- 
corporated in the later units without alter- 
ing the principle of operation. For in- 
stance, for later units the laboratories speci- 
fied their standard switches and relays and 
omitted the special nonarcing switch sup- 
plied with the sample unit. 

The characteristics of constant-current 
regulators are not generally known. For 
this reason, some of them are discussed be- 
low. 

A monocyclic-square unit built with a 
single-core two-winding choke coil has a 
kilovolt-ampere apparatus efficiency (utility 
factor) not exceeding 1/1.5 = 66.6 per cent, 
meaning that for each kilovolt-ampere out- 
put two capacitors of a combined rating of 
at least one kilovolt ampere and a single- 
core two-winding choke coil equivalent to a 
two-coil transformer rating of at least one- 
half kilovolt ampere are required. If input 
and output transformers are used, the total 
value of apparatus kilovolt amperes is in- 
creased by the kilovolt-ampere values of 
these transformers. 

The constancy of the output current is 
very high for any of the Boucherot circuits, 
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Figure 6. Load circuit of a resonant-circuit constant-current regulator 
is suddenly short-circuited 


Figure 7 (right). 


A resonant-circuit constant-current regulator is 
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OUTPUT CURRENT 


suddenly switched on a fully loaded Mazda-lamp circuit 


provided the input voltage is held constant. 
If an input and an output transformer are 
used, the constancy of the output current is 
decreased as a result of the input-trans- 
former-voltage regulation and the change in 
current transformation ratio caused by the 
magnetizing current of the output trans- 
former. The magnetizing current increases 
with increasing output load. Thus the out- 
put current is somewhat less at full load 
than at no load (load circuit short-cir- 
cuited). For these reasons the Air Forces 
permitted a current variation of plus or 
minus two per cent. 

The highest constancy of the output cur- 
rent occurs for noninductive or slightly 
capacitive loads. Heavy inductive con- 
stant power-factor loads decrease the ratio 
of full-load current to the short-circuited 
current (no load). But constant power- 
factor capacitive loads increase said ratio, 
and it may reach undesirable values for ex- 
tremely capacitive loads. Figure 3, A and 
B, explain said relations. 

An inductive or capacitive output load 
not only effects the constancy of the output 
current but also effects the voltages on the 
capacitors and reactors of the monocyclic 
square. For inductive loads the capacitor 
voltages are higher and the reactor voltages 
are lower than for noninductive loads of the 
same ‘kilovolt amperes. For capacitive 
loads, the capacitor voltages decrease, and 
the reactor voltages increase. 

Calculations based on the analytic 
methods developed by Steinmetz are very 
accurate. However, in practice a quicker 
inside view of the operating characteristics 
is obtained by vector diagrams and particu- 
larly by so-called circle diagrams. Figure 4 
shows a circle diagram for an L-connected 
circuit. This diagram together with dia- 
grams for a monocyclic square and other 
special cases appeared in a paper by H. 
Weichsel.! 

Mr. Kevern touched in his paper on the 
effect of frequency changes on the output 
current. He cites a test on a regulator oper- 
ating at 50 and 60 cycles. 

The theoretical relation between the out- 
put current and impressed frequency for a 
monocyclic square without input and output 
transformers is given by Figure 5. With 
input voltage held constant, the output cur- 
rent varies only slightly over a very large 
range of frequencies. It is a simple matter 
‘to, consider the effect of input and output 

_ transformers if used. 

Figure 6 shows the change in useful out- 
put current and voltage when the useful 
load circuit is suddenly short-circuited. 
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Figure 8. A fully loaded resonant-circuit 
constant-current regulator is suddenly discon- 
nected from its supply circuit 


The effective value of the output current 
changes only slightly during the very short 
transient period. The output voltage 
dropped to zero at the instant the short cir- 
cuit in the load circuit occurred. 

Figure 7 shows the output current and 
voltage as well as input current to the regu- 
lator when regulator is suddenly switched 
on a fully loaded circuit. Only a small 
change in the output current occurs during 
the very short transient period. The out- 
put voltage increases gradually due to the 
temperature increase of the Mazda lamps’ 
filaments. The latter results in increased 
watt output. Consequently, the input 
current to the regulator increases nearly 
proportional with the output voltage. 

Figure 8 represents, in the two upper pic- 
tures, the output current in the useful load 
circuit when the unit is suddenly discon- 
nected from its supply circuit. The lower 
picture shows the corresponding input cur- 
rent to the regulator. The complete ab- 
sence of oscillations or transients is note- 
worthy. 

The opening of the input circuit of a fully 
loaded monocyclic square results in only a 
small arc, contrary to the experience when 
opening the input circuit. of moving-coil 
transformers. This difference is partly 
brought about by the high power factor of 
the input current to a monocyclic square, 
whereas the input circuit to a moving-coil 
transformer is highly inductive. 
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The foregoing gives some of the funda- 
mental laws which must be considered in the 
design as well as the operation of constant- 
current resonant regulators. There also 
exist certain problems in the manufacturing 
of these units. For instance, it is readily 
realized that neither the required capacitors 
nor the reactors can be manufactured to ex- 
actly the specified values. Theoretical 
study carried out on this very subject has 
shown that, in spite of said manufacturing 
variations, it is possible by suitable means 
to obtain a surprisingly high degree of con- 
stancy of the output current. 

Mr. Kevern’s paper forms a very impor- 
tant contribution to the problem of constant- 
current a-e circuits and doubtlessly will re- 
sult to a large extent in a better understand- 
ing of the great field in which constant-cur- 
rent resonant circuits can be used very ad- 
vantageously. 
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Electric Power in a 


Steel Plant 


Discussion of paper 45-140 by R. W. 
Graham, published in AIEE TRANSAC- 
TIONS, 1945, December section, pages 
816-8. 


C. G. Archibald (Westinghouse Electric 
Corporation, Buffalo, N. Y.): This paper 
presents in a condensed form the problems 
involved and the methods pursued by Mr. 
Graham and his associates in solving a very 
difficult problem in continuity of service. 
This paper shows that very thorough 
studies have been made of the system load 
requirements, the method of relaying, 
switching, and other problems associated 
with large load in a very small area, handling 
processes that require the highest degree of 
continuity. 

~ The magnitude of this load may call to 
your attention that this is no small load; 
being, on the order of the amount of power 
consumed by central station load at peak, 
by a city of 350,000 to 400,000 population. 
However, it does have two unusual features. 
about it that makes it a more interesting 
load. These are—first, the very high load 
factor from 24-hour operation, on the order 
of 70 to 75 per cent; and second, practically 
unity power factor at all times. 
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The solution of operating problems by 
using fast relaying (both phase and ground), 
and sectionalizing of the plant, with double 
feeds wherever possible, appears to be the 
most economical and practical method of 
rapid sectionalizing and maintenance of 
continuity to critical loads. 

If all industrial plants placed an equal 
amount of emphasis on their electrical engi- 
neering problems, and solving these as well 
as this property has, greatly improved 
service would be maintained. 


Capacitors for High- 
Frequency Induction- 
Heating Circuits 


Discussion and authors’ closure of paper 45- 
157 by F. M. Clark and M. E. Scoville, pub- 
lished in AIEE TRANSACTIONS, 1945, 
November section, pages 791-6. 


Philip Bliss (The New Britain Machine 
Company, New Britain, Conn.): The 
writers have presented the problems of 
timing capacitors for high-frequency indus- 
trial use very well. The new oil and new 
method of construction make a much 
smaller, neater capacitor than those in 
present use employing mineral oil dielectric. 
Incidentally, the 15-kw industrial heater 
shown appears to be of far superior con- 
struction than previous models. 


L. W. Foster (General Electric' Company, 
Schenectady, N. Y.): There are two 


‘ points that I should like to make in connec- 


tion with this paper. First, Lectronol is a 
synthetic dielectric liquid whose character- 
istics may be controlled very closely in the 
manufacturing process; whereas mineral oil 
and castor oil are natural materials which 
will have a considerable variation in elec- 
trical properties depending upon their source 
of supply. 

Secondly, the difference in dielectric 
strength at high frequency of solids and 
liquids can be attributed mainly to thermal 
effects. The dielectrie liquid is a good 
thermal insulator but in the case of the 
parallel-plate capacitor free circulation is 
possible, therefore, hot spots will not be 
readily formed. In the case of solid insula- 
tion like styrene or mica the hot spot- 
temperature may be very high compared 
to the capacitor case temperature, there- 
fore, the solid dielectric will have lower 
breakdown strength than the equivalent 
liquid dielectric because heat cannot be 
transmitted rapidly enough through the 
solid dielectric material. 


L. J. Berberich (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): Every 
manufacturer of high-frequency heating 
equipment, during the war especially, has 
felt the need for a capacitor suitable for 
application in this type of equipment. 


Messrs. Clark and Scoville have presented a 


very satisfactory solution to this problem in 
the liquid-filled capacitor which promises to 
hold its own even in the postwar period 
when an abundant mica supply is again ex- 
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pected. Our analysis of the problem led us 
to the same conclusion reached by Messrs. 
Clark and Scoville; namely, that a liquid- 
filled capacitor should be the solution. We 
want to emphasize, even more strongly than 
the authors of the paper have, that liquid 
impregnated paper, despite its enviable rec- 
ord as a dielectric in low-frequency capaci- 
tors, is completely unsuited for high-voltage 
operation in the range from 100 kilocycles to 
1 megacycle. The power factor of impreg- 
nated paper! in this frequency range is 
from 20 to 50 times the somewhat arbi- 
trarily chosen maximum of 0.05 per cent 
which appeared feasible for this type of 
capacitor. 

Liquid-filled capacitors are not funda- 
mentally new. Every radio amateur prob- 
ably has had the experience of submerging 
air capacitors in oil to cure breakdown 
difficulties. We agree with the authors that 
mineral oil, however, is not satisfactory for 
this application chiefly because its dielectric 
constant is so low that the size of the capaci- 
tor for a given rating would be larger than 
even the compressed gas capacitors which 
have come into use in the last few years. 
This meant that the solution had to be in a 
polar liquid whose dielectric constant is at 
least twice that of mineral oil. Lectronol 
obviously is such a polar liquid. We would 
add to the requirements for the liquid 
listed in the paper, that it must have a 
sufficiently low viscosity so that the increase 
in loss due to rotating dipoles is not serious 
in the frequency and temperature ranges of 
operation. Evidence of this type of loss is 
given in Figure 4 of the paper at frequencies 
above one megacycle. This loss is lowered 
at a given frequency by an increase in 
temperature because of a reduction in vis- 
cosity, which is also shown in Figure 4 by 
the relative positions of the 25 degree centi- 
grade and the 75 degree centigrade curves 
at the higher frequencies. This is entirely 
normal and the expected behavior of polar 
liquids. 

The first polar liquid investigated by us 
was mixture of chlorinated hydrocarbons 
which belong to the class of liquids known 
as the ‘‘Askerels.”” This liquid has long 
been used as coolant and dielectric in fire- 
proof transformers. By proper purification 
means the power factor could easily be re- 
duced to a reasonably low value in the 100 
kilocycles to 1 megacycle operating range. 
Chlorinated aromatic hydrocarbons, as is 
well known, are quite stable to oxidation 
and have a dielectric strength at 60 cycles 
superior to that of oil. When tested at 400 
kilocycles, however, we found, to our great 
surprise, that the dielectric stability is ex- 
tremely poor. We further observed what 
we believe to be a new phenomenon. 

This observation was made by placing the 
liquid in a test gap similar to the one used 
by authors, and applying 2,000 to 5,000 
volts in the frequency range from 200 to 800 
kilocycles with the gap separation set at 
from 0.5 to 0.75 inch. Within a short 
time after the application of high-frequency 
voltage, one or more scintillating streamers 
were observed as they progressed gradually 
tunder the liquid from one electrode to the 
other. Within a very short time after the 
first streamers bridged the gap, numerous 
other streamers appeared. The electrode 
gap and the region surrounding it gradually 
became filled with more streamers, and fin- 
ally the field configuration of the gap was 
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beautifully outlined with scintillating lines 
of light. The liquid eventually darkened 
and became so hot due to increased losses 
that it boiled. Carbon was formed, result- 
ing in complete destruction of the liquid 
within a very few minutes, without break- 
down in the usual sense. The higher the 
frequency, the lower the voltage necessary 
to produce this phenomenon. We have 
never developed a satisfactory explanation 
for this marked instability of chlorinated 
hydrocarbons in a_ high-frequency field. 
We would like to ask the authors if they 
have also observed this phenomenon, and, 
if so, would they venture an explanation. 
This poor stability is not only character- 
istic of the chlorinated hydrocarbons but is 
also true of certain hydrocarbon phosphates, 
nitrated hydrocarbons, and some other polar 
liquids. Esters of certain dibasic organic 
acids as well as a few other liquids, on the 
other hand, were found to be quite stable. 
As a matter of fact, it was found that if a 
substantial portion of a stable ester is added 
to the unstable chlorinated hydrocarbon, 
the streamer formation could be tempo- 
rarily inhibited. However, later long-time 
tests indicated that if appreciable quantities 
of chlorinated hydrocarbons are present in 
the mixture, instability always eventually 
results. Finally, of course, the chlorinated 
hydrocarbons were eliminated and a liquid 
developed which has very similar properties 
to those for the liquid described in the paper. 
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C. V. Fields (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): The 
authors have apparently developed a well 
integrated radio-frequency capacitor which 
is a definite contribution to both the capaci- 
tor and the high-frequency heating arts. 

After trying a number of solid and com- 
posite dielectrics we, too, were forced to re- 
vive the liquid-filled capacitor which has 
long been dormant, primarily for lack of a 
suitable liquid. In addition to studying 
various liquids, we have encountered several 
interesting design problems touched on 
lightly by the authors. 

In testing various liquids, it was found 
that even those considered suitable for use 
in radio-frequency capacitors show glowing 
and bubble formation prior to breakdown. 
Tf there are any sharp points in the structure, 
the stress may be such as to cause these phe- 
nomena to take place even at working 
stresses. Thus it is necessary to round all 


‘metal parts adjacent to stressed liquid not 


only to increase the ultimate breakdown, but 
also to insure stability in normal operation. 

The authors seem to imply that the bush- 
ing losses are large compared with the 
capacitor dielectric loss, which at 1,000 kva 
and 0.0001 power factor would be 100 watts. 
We should not expect that the two bushings 
would have more than a fraction of this loss. 
It is obvious, however, that a suitably com- 
pact bushing for such voltages and currents 
at these frequencies must not only be liquid 
filled but must be designed with particular 
regard to the generation and elimination of 
heat. The problem is greatly simplified by 
the use of Zircon porcelain’ which not only 
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has very low power factor, but also has high 
thermal shock resistance and high strength. 
A permanently sealed liquid-filled Zircon 
bushing has been shown capable of carrying 
175 amperes at 6,000 volts and 500 kilocycles 
without water cooling. It appears to us 
that the avoidance of water cooling is worth 
while since the difficulty of obtaining both a 
low and a high voltage source of water for 
the capacitors is surely an imposition on the 
radio-frequency generator designer. 

The bushing described is apparently filled 
from the main body of liquid in the capaci- 
tor. If cooling water of perhaps as low as 10 
degrees centigrade were turned on for some 
time before voltage is applied it would ap- 
pear that the liquid might contract sufh- 
ciently to lower the level in the bushing toa 
dangerous point. 
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C. B. Hemming (United States Plywood 
Corporation, New Rochelle, N. Y.): I 
believe that the authors are extending them- 
selves a bit in including dielectric heating as 
a field which will benefit from the availa- 
bility of Lectronol capacitors. With the 
trend to higher and higher frequencies in di- 
electric heating large condensers are of little 
value except for blocking purposes. There 
are other obvious reasons why in dielectric 
heating any types but air and vacuum con- 
densers are undesirable in tuned circuits. 

As far as induction heating is concerned, 
the paper appears to be completely valid 
and very important. The elimination of 
cellulose sheet insulation is practical, note- 
worthy, and appropriate. 

A minor refinement could be added in the 
first paragraph of page 793. The reason why 
the dielectric strength of insulating liquids 
do not deteriorate so rapidly with the in- 
creasing frequencies may not be generally 
‘known and might be interesting to the 
reader.. 

The last paragraph on page 795 cannot be 
emphasized too much. 

I am not thoroughly grounded in the 
policies of AIEE, but as long as Lectronol is 
a proprietary substance or mixture, the 
paper has a little bit the flavor of advertis- 
ing, which possibly detracts from its force. 
However, on the other hand, I have no good 
suggestion for correcting the situation. 


F. M. Clark and M. E. Scoville: The 
authors greatly appreciate the comments 
and interest expressed in their new capaci- 


tor. The use of a liquid as the sole dielec-_ 


tric in a power capacitor is not funda- 
mentally new, as stated by Doctor Ber- 
berich. The development of an hermeti- 
cally sealed capacitor for application at high 
voltage and high frequency does, however, 
represent a departure from past engineering 
practice. It is gratifying, therefore, to find 
that our developmental work and practical 
application are supported by the results of 
investigations by others. 

In the long series of studies which cul- 
minated in the development and application 
of the capacitor liquid described, we have 
observed many unexpected dielectric phe- 
nomena associated with the use of high- 
frequency voltages. Prominent among 
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these phenomena was the behavior of the 
chlorinated liquids. We have found that 
these liquids possess many of the qualifica- 
tions necessary for use as dielectrics at high 
frequency. Their use, however, is limited 
to the lower voltages for as the voltage ap- 
plied is increased, scintillating streamers 
appear, carbon is formed due to the decom- 
position of the liquid and the dielectric ulti- 
mately fails with the passage of a power arc. 
In this respect our experience parallels that 
reported by Doctor Berberich. Our new 
liquid, however, shows none of this hazard- 
ous behavior even under high-frequency 
voltage application which approaches the 
ultimate breakdown value. 

We have not encountered any of the diffi- 
culties described- by Mr. Fields. The 
possibility of liquid contraction, of course, 
has been factored in the design of the capaci- 
tor case used. The flexible construction of 
the case prevents void formation in the 
bushing at the lower temperatures, as well as 
the accumulation of excessive pressures at 
the higher temperatures of operation. 

Mr. Hemming asks for-an explanation of 
why the dielectric strength of liquids is 
more stable than that shown by solids as the 
frequency of the test voltage israised. It is 
a general characteristic of liquids that their 
dielectric strength is less affected by chang- 
ing test conditions than solids even at 60 
cycle voltages. As suggested by Mr. Foster 
this greater stability in liquids is usually 
associated with their greater freedom from 
accumulated heat effects. It is, therefore, 
suggested that the same freedom from heat 
accumulation in liquids is responsible for 
their remarkably high dielectric strength at 
the higher frequencies of test. 


Maintenance of Good 
Brush Performance 


Discussion of paper 45-164 by W. G. Kalb, 
published in AIEE TRANSACTIONS, 1945, 
December section, pages 819-25, 


G. U. Dautrich (General Electric Company, 
Hartford, Conn.): The subject of Mr. 
Kalb’s paper is a timely one. During the 
last four or five years, the electrical main- 
tenance departments in many plants have 
been understaffed. This meant that close 
attention to stich items as brush perform- 
ance could not be given. Also, with many 
machines operating nearly 24 hours per day, 
there was little opportunity to correct many 
obvious troubles, unless danger of an im- 
mediate shutdown was apparent. 

Undoubtedly, in the coming postwar 
years, much closer attention will be given to 
the over-all efficiency of the operation of 
electric machinery, in which brush perform- 
ance plays a vital part in many machines. 

Mr. Kalb has covered the subject quite 
logically, as: 


1. He has indicated the points to be given atten- 
tion both in design and original starting of a ma- 
chine, such as, grade and size of brush, brush pres- 
sure, spacing, and location of neutral. Observance 
of these items insures that a machine will get off toa 
good start. 


2. The paper emphasizes various items of preven- 
tive maintenance, once the machine is in service, 
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such as, attention to sparking, formation of good 
film, cleaning of the commutator, and presence of 
contaminating gases in the air. 


3. Mr. Kalb has covered quite thoroughly the 
symptoms indicating the presence of trouble, diag- 
nosis of the possible causes, and various methods of 


correction. 


I do not know whether there is, at pres- 
ent, any manual being published, which 
covers the subject in this manner; but, if 
not, it would seem that this paper could 
well serve as the basis for a service manual, 
for the use of electrical maintenance men, 
which could be of real value in helping an 
electric equipment user to obtain maximum 
performance from his machines. 


D. Ramadanoff (National Carbon Com- 
pany, Cleveland, Ohio): In this paper the 
author has given an excellent summary of 
the factors affecting good brush perform- 
ance. Of particular significance is the curve 
in Figure 8 showing the relation of brush 
pressure on the rate of brush wear. In field 
applications where commutator peripheral 
speeds are high, or machine vibrations pro- 
nounced, it is better to have the brush pres- 
sure above, rather than below or at the 
optimum range. This is particularly true 
in aircraft generators and motors, where 
vibration and high commutator peripheral 
speeds are present at the same time. 

It may be of interest to point out, how- 
ever, that the curve in Figure 8 is an ideal- 
ized curve and that the region in the neigh- 
borhood of minimum rate of brush wear is a 
region of uncertainty in which individual 
brush-wear measurements are not reproduci- 
ble. 

In the second paragraph under the head- 
ing of ‘‘Criteria of Good Brush Perform- 
ance,”’ we wish to point out that bright sur- 
face on worn commutator can be obtained 
with. nonabrasive brushes and dustless 
atmosphere if, for instance, small amounts. 
of chlorine gas are present in the air. 
Chlorine gas causes periodic stripping of the 
commutator film, copper-picking by the 
cathode brushes, and this, in turn, causes 
commutator wear which gives it bright sur- 
face appearance. 

Wear on the commutator surface in the 
form of threading can be caused also by 
copper-picking by the cathode brushes, 
which, in turn, is caused by the stripping of - 
the commutator film due to alternate high 
and low brush-current densities. 


W. R. Appleman (Master Electric Com- 
pany, Dayton, Ohio): I had the pleasure 
of attending the meeting of the motor and 
control technical discussion group of the 
Dayton Section, AIEE, when Mr. Kalb 
presented the paper which has since been 
revised in its present form for publication. 

It was my opinion during the talk, and 
again in reading the present paper, that Mr. 
Kalb has done an exceptionally thorough 
and clearly stated job of analyzing for prac- 
tical use the problem, ‘Maintenance of 
Good Brush Performance.” 

The manufacture of 27!/2-volt d-c rotating 
equipment for wartime aircraft, where the 
speed of rotation was usually 6,000-12,000 
rpm, and where high altitudes presented 
additional problems, has brought about an 
appreciable amount of additional knowledge 
in the brush field. I was glad to see that 
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Mr. Kalb referred to these data in his talk 
and in his paper. 

It might be well to mention that intimacy 
of contact between brushes and commutator 
has a decided effect on radio interference 
produced and that increasing the brush 
pressure above the limits usually set as the 
optimum is sometimes necessary to meet the 
latest radio interference requirements. 


Dielectric Strength and 
Protection of Modern 
Dry-Type Aiir-Cooled 


Transformers 


Discussion and authors’ closure of paper 45- 
156 by P. L. Bellaschi and Edward Beck, 
published in AIEE TRANSACTIONS, 1945, 
November section, pages 759-63. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): The experience 
with dry-type transformers in unexposed 
locations, where overvoltages do not occur, 
has been very satisfactory. The authors 
apparently are quite satisfied that a dry- 
type transformer can be protected success- 
fully in the field with available lightning 
arresters when connected to exposed over- 
head circuits. Actually, the demonstrated 
margin between test voltage of a trans- 
former of the 15-kv insulation class, 50 to 
54-kv full wave from Table I of the paper, 
and the arrester JR protective level of a 15- 
kv arrester which is 50 kv at 3,000 amperes 
from Table III of the paper, is exceedingly 
slim. Tests presumably were made at room 
temperature on new transformers in a clean 
atmosphere. The operating temperature 
of the insulating air in air-cooled trans- 
formers will be of the order of 80 degrees 
centigrade to 120 degrees centigrade, or an 
average of about 100 degrees centigrade. 
The breakdown voltage of air decreases with 
relative air density. Relative air density 
decreases with increasing temperature as 
given by the equation 


30.3928 = 


273+ 
} =barometric pressure in millimeters 
t=temperature in degrees centigrade 


Therefore, the transformer should have a 
demonstrated strength at 25 degrees centi- 
grade at least 25 per cent higher than the 
arrester protective level in order to with- 
stand the surge voltages permitted by the 
arrester at an air temperature of 100 degrees 
centigrade if it is to be used on exposed cir- 
cuits. 

The effect of dust particles collecting in 


the transformer, particularly where the 


atmosphere contains conducting paints or 
metal particles, also will result in lowering of 
the insulation strength. The effect of aging 
of insulation because of operating tempera- 
ture, deterioration because of careless clean- 


ing, and so forth, probably cannot be evalu-— 


ated at this time but should result in lowered 
breakdown strength. 
All these factors perhaps are not very 


important when transformers are used in 


protected locations where overvoltages do 
not occur. In exposed circuits, however, 
where overvoltages must be expected to 
occur and arrester discharge currents may 
greatly exceed 3,000 amperes—the highest 
current listed in Table I1I—the application 
of the dry-type transformer is definitely in- 
ferior to the liquid-filled transformer be- 
cause of the very low margin between dem- 
onstrated strength and protective level. 
The latter has a demonstrated margin of 70 
per cent to 80 per cent above the protective 
level and is not subjected to contamination 
like some dry-type transformers. 

There are a few questions with regard to 
the impulse tests. Mr. Bellaschi has 
pointed out in a previous paper! that failures 
in liquid-filled transformers during impulse 
tests can be discovered readily by means of 
smoke and bubbles. This means will not 
be available when testing a dry-type trans- 
former. Of course, in this type of trans- 
former, the casing can be removed and the 
windings can be observed. However, it 
would take quite a few observers to watch 
the complete coil stack for coil-to-coil fail- 
ures and to be certain that such failures did 
not occur. Removal of the case would not 
result in a correct test as the strength of the 
windings and leads to the grounded case 
would not be demonstrated. Furthermore, 
the mere presence of the large ground plane 
might lower the impulse flashover voltage of 
some of the insulating parts. 

Perhaps normal frequency excitation 
would help in this case because in air 60- 
cycle follow current can be established more 
readily than in liquid-filled transformers 
where follow current practically never oc- 
curs even though impulse failure occurs 
every time a surge is applied. 

It would be interesting to know what 
method the authors have developed to posi- 
tively identify a coil-to-coil failure. This 
failure-detection problem is particularly in- 
triguing because failures probably occur on 
the tail of the chopped wave or a steep-front 
wave. The steep tail of these waves is the 
most damaging part of the impulse test in 
this type of transformer. In liquid-filled 
transformers, the damage produced by the 
chopped wave persists and can be detected 
on application “of the full wave? even if 
smoke or bubbles cannot be seen. In dry- 
type transformers, failure produced by the 
chopped wave very frequently will not re- 
occur on application of the full wave and, 
therefore, a failure occurring during chopped 
wave test, unless seen by the most careful 
visual inspection or indicated by power fol- 
low current, readily could be overlooked 
and the damaged transformer shipped. 
Thus, it would be good practice to omit 
chopped-wave tests until positive failure- 
detection methods are developed for this 
type of transformer. 

The authors mention a test to flashover of 
the insulation on a 350-kva transformer 
without causing any ill effect to the trans- 
former. Presumably these tests were made 
with simultaneous normal frequency excita- 
tion and perhaps follow current was estab- 
lished. The resulting burrs on previously 
smooth metal surfaces would be expected to 
lower subsequent flashover voltages. 

The choice of positive polarity for dry- 
type transformers would seem correct and is 
formulated as such in the American Stand- 
ard Association’s Standard C57.2-10.116. 

The choice of protective methods as 
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shown in Figure 8 of the paper follows 
closely those recommended for the protec- 
tion of rotating machinery*-4 and so should 
be the best available for the purpose. 
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F. J. Vogel (Illinois Institute of Technology, 
Chicago, Ill.): The dry-type transformer is 
not a new device as there always has been 
a demand for a transformer without oil for 
use in buildings. They usually were limited 
to class-A insulation in the earlier days, but 
the use of fire-resistant or fireproof trans- 
formers with class-B insulation is of more 
recent origin. As such, the dry type is a 
rival of the Askarel-filled units, which are 
also fireproof but not necessarily explosion- 
proof. However, the Askarel-filled units. 
should have higher impulse strength than 
the dry type. Actually, there are no data 
available, to my knowledge, regarding the 
impulse strength of barriers and insulation 
assemblies or transformers in Askarel. Dry- 
type transformers seem to be limited to 
15,000-volt circuits for economical reasons 
based on insulation clearances, and it is. 
possible that Askarel-insulated units also are 
limited as compared with oil-insulated ones. 

There are some statements in the paper 
which seem a little questionable. One is: 
that switching surges are relatively slow.. 
There are several papers which have been. 
published previously contradictory to this. 
These papers have reference to data ob- 
tained on systems and on the interrupting 
ability of breakers. However, this is not in 
my opinion important provided the surge 
magnitude is low. It is a subject worthy of 
more consideration although apparently the 
steepness of switching surges has not been a. 
practical cause of trouble. 

Another questionable statement is that 
positive polarity is generally more severe 
than negative. In the case of the oil-insu- 
lated transformer studies, typical insulation 
assemblies were made and breakdown data 
obtained for both polarities. In the paper, 
impulse ratios are “assumed, and even a 
shape of time-lag curve, by means of the 
oscillograms in the paper’s Figure 5. Tt is 
interesting that the leads provided protec- 
tion for the windings, as it once was hoped 
that the bushings would do for oil-insulated 
apparatus. It would be a good principle of 
design but, nevertheless, the time-lag curve 
of the winding insulation is not established-. 
As these tests all were made with positive 
polarity, it is not certain that exactly simi- 
lar results would be obtained with nega- 
tive polarity. The winding strength prob- 
ably is not affected as much by polar- 
ity as the lead insulation which leads to a 
situation similar to that in oil-insulated. 
transformers. 

From a practical standpoint, the pro- 
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cedure of determining what the arrester will 
do, and then that the transformer can be 
protected by the arrester, seems sound. 
I think that the authors have demonstrated 
the value of the protective system by means 
of the ‘‘combined test.” Also, the required 
levels of the transformer from the arrester 
standpoint can be established, and seem 
réasonable, even if not based on funda- 
mental transformer-insulation data. The 
methods of arrester application are not new 
but are an extremely valuable addition to 
the paper. 


P. L. Bellaschi and Edward Beck: Mr. 
Vogel has raised the point as to whether 
switching surges may attain a severity in 
the front duration comparable to impulse 
voltages. It would take this discussion far 
afield to review, even in part, the subject of 
system overvoltages. We may call atten- 
tion to typical data in previous papers.!? 
From these and similar records it can be seen 
that in power systems transient voltages 
seldom exceed a few kilovolts per micro- 
second. Stiffer overvoltages might occur 
under unusual conditions such as might be 
produced by forced quenching of the arc 
prior to current zero. The fact remains 
that system overvoltages rarely, if ever, are 
found to attain a severity comparable to im- 
pulse voltages (Figure 5 of the paper) and, 
provided dry-type transformers are designed 
to meet the impulse levels designated, 
switching surges in general present no prob- 
lem. Operating experience sustains this 
conclusion. 

With reference to Mr. Vogel’s second 
question, the data in Table I of the paper 
give permissible test values at long, short, 
and very short impulses. Inasmuch as the 
same relative margins are present to break- 

down voltage, the data in the tabulation 
represent the volt—time characteristic of the 
insulation. Tests conducted on models 
likewise bear out the impulse ratios reported 
in the paper. Test experience has demon- 
strated that the withstand strength is lower 
for positive than for negative waves. 

Dielectric tests have been applied to dry- 
type transformers at room temperature and 
at temperatures corresponding to full-load 
operating conditions. It long has been 
appreciated that temperature does affect air 
density and air density affects strength, but 
the relations are not as simple or as much as 
Mr. Hagenguth would indicate. For in- 
stance, the impulse strength does not drop 
in direct proportion to air density, nor is it 
affected by usual dust and dirt accumula- 
tions. Contamination and other unusual 
service conditions would affect this as they 
affect other apparatus; bushings of oil-im- 
mersed transformers, insulators, and so 
forth. : 

The impulse levels of the dry-type trans- 
former are determined by the economics of 
design. No claim is made that the impulse 
strengths are comparable to oil-immersed 
apparatus. In addition to the fundamental 
data on insulation, impulse levels proposed, 
and types of arresters and methods of pro- 
tection recommended, that is, when the 
apparatus is required for applications on cir- 
cuits quasi-exposed or exposed, the paper 
presents comprehensive verification impulse 
tests which should stand as reasonable con- 
firmation of the soundness of the recom- 
mendations. Furthermore, it should be 
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noted that these tests were conducted on 15- 
kv insulation, and that 15-kv arresters were 
used. For other classes of insulation and 
atresters the relative margins are even more 
favorable. There is also the further possi- 
bility of lower rated arresters as on systems 
with solidly grounded neutral. 

A comparison to be valid has to be all 
embracing. The modern dry-type trans- 
former hardly can be compared to the oil- 
immersed entirely on the basis of impulse 
strength. To mention one important fac- 
tor, the latter does not fulfill the same re- 
quirements insofar as fire and explosion 
hazards are concerned. Perhaps the as- 
karel-filled transformer might be compared 
to the dry-type transformer. If this were 
done such factors.and limitations as Mr. 
Vogel has set forth, and others too, of neces- 
sity would come to the fore in the over-all 
comparison. The wide applications to this 
day of nearly 1,500,000 kva of dry-type 
power transformers is ample and clear evi- 
dence that industry has drawn the compari- 
son and has assigned relative merits to each 
type of apparatus. The future alone will 
tell whether dry-type transformers may find 
even wider application, as on exposed cir- 
cuits. 

In the matter of impulse testing, many 
dry-type transformers have been impulse 
tested at recommended levels and all were 
found satisfactory. In tests intentionally 
carried to the point of ultimate strength, no 
difficulties have been found in observing the 
failure. 
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W ound- and Dummy-Rotor 
Methods of Quality 
Control and Trouble 
Shooting of Induction- 


Motor Windings and 


Cores 


Discussion of paver 45-166 by P. H. Trickey, 
published in AIEE TRANSACTIONS, 1945, 
December section, pages 842-4. 


R. F. Munier (The Emerson Electric Manu- 
facturing Company, St. Louis, Mo.): Mr. 
Trickey has been very thorough in his 
treatment of the subject, particularly in his 
consideration of the determination of stator 
iron loss. 

It is believed that a comparison of open- 
circuit reactance values would be of interest, 
with the results of dummy-rotor tests being 
contrasted with data from no load syn- 
chronous speed tests. There appear to be 
several factors which might cause the two 
values to differ. ‘ 

Mr. Trickey, of course, confines his con- 
sideration of the wound-rotor method to 
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quality control and trouble shooting. It 
might be noted that the procedure could be 
of value in the determination of design in- 
formation that is impossible to obtain in 
other ways. 

As an example of this, for fractional- 
horsepower motor designs there is a number 
of methods of holding stator core lamina- 
tions together and of retaining the core in 
the frame structure, all of which result in 
different amounts of core loss. In general, 
it is not possible satisfactorily to carry 
through calculations which will take account 
of the effects of these various methods. 
Several of the many instances of this nature 
are the following: 


(a). The use of rivets to hold laminations to- 
gether, or of a key to hold laminations in alignment. 


(b). Difference in pressure for holding laminations 
together, and the amount of flare that may exist at 
the radially inner part of the laminations, resulting 
from the method of assembly. 


(c). Difference of insulation between laminations. 


(d). The inclusion of a steel band directly around 
the outside of the laminations. 


(e). The use of square or partially squared lamina- 
tions. 


(f). The inclusion of support rings or bands at the 
ends of the stator core for the purpose of preventing 
lamination flare. 


By the use of a wound rotor, calibrated 
for various values of flux per pole, the stator 
core losses for the different methods of con- 
struction could be determined in such a 
manner as to make the data available for 
design work. The actual yoke flux of any 
stator core that was being tested could be 
determined by winding a search coil around 
the stator core through a stator slot halfway 
between the center lines of adjacent oppo- 
site poles set up by the wound rotor. -The 
voltage induced in this coil could be used for 
calculating the flux through the yoke. If 
the stator core should be held together by 
rivets, or if there should exist other con- 
struction details that would cause the core- 
loss reading to vary with the angular posi- 
tion of the wound rotor, it is believed that a 
rather accurate value for core loss could be 
obtained for machines with revolving fields 
if an average were determined from a series 
of readings with the rotor moved about five 
electrical degrees between the successive 
readings. 


Statistical Methods in. 
the Development of 
Apparatus Life Quality 


Discussion. of paper 45-142 by Enoch B. 
Ferrell, published in AIEE TRANSAC- 
TIONS, 1945, October section, pages 700- 
03. 


Casper Goffman (nonmember; Westing- 
house Electric Corporation, East Pitts- 
burgh, Pa.): This article illustrates the 
value of a rational plan of collecting data 
and of drawing conclusions. Generally, the 
engineer works in a hit-or-miss way and, 


therefore, often makes incorrect statements. 


about the performance of a product. 
Mr. Ferrell has blended rigorous statistics 
with practical experience in such a way as to 


AIEE TRANSACTIONS 


+ 


‘ 


obtain a plan which may be duplicated 


readily by engineers who have similar prob-. 


lems. On the other hand, the indirect 
manner used by the author makes the paper 
rather difficult to read. 


The Self-Inductance of a 
Toroidal Coil Without lron 


Discussion and author's closure of paper 
45-159 by H. B. Dwight published in AIEE 
TRANSACTIONS, 1945, November sec- 
tion, pages 805-06. 


Thomas James Higgins (Illinois Institute of 
Technology, Chicago, Ill.): Professor 
Dwight’s solution is most instructive and 
interesting. It seems desirable to mention 
that equations 1, 2, and those pertinent to 
the present case are derived for coils com- 
prised of current sheets wrapped around 
cores. A winding consisting of fine wire 
closely wrapped around the entire core well 
approximates a current sheet. But, if the 
winding is of very coarse wire, or is loosely 
wrapped, the value calculated from the 
afore-mentioned formulas will differ more or 
less from the actual value of the inductance. 
The gratifying agreement between the cal- 
culated and measured values of the test coil 
indicates that the equations will furnish 
sufficiently accurate values for the windings 
usually encountered in practice. 

The writer is desirous of learning why the 
coil of Figure 1 is not of uniform thickness 
and on what particular device such a wind- 
ing is used. 


L. K. Hedding (Union Switch and Signal 
Company, Swissvale, Pat): (The method 
employed for solving this problem is 
well worth noting. While at first glance 
the mathematics of the paper may appear 
to be quite involved, actually the equations 
are set up for the most part by utilizing 
simple proportionalities to establish the 
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relationship between the various dimensions 
of the coil. These same equations are solved 
readily by applying the most elementary 
knowledge of integral calculus. Professor 
Dwight has performed an excellent job in 
taking what appears to be a complicated 
problem and solving it in a straightforward 
simple manner. ; 

The fundamental principle upon which 
the solution is based is that for air the value 
of flux density at any point is numerically 
equal to field intensity at that point. 
Nearly all of the paper is devoted to deriving 
equations for evaluating total flux linkages 
in various parts of the winding itself in 
terms of known coil dimensions. This 
serves as a reminder to many of us that the 
formulas usually employed for calculating 
inductance, which involve only the dimen- 
sions of the core or form on which the coil is 
wound, may not always give the desired 
answer with sufficient accuracy. 

In summary, Professor Dwight is to be 
commended, perhaps not so much becatse 
he has given us some formulas which did not 
exist previously, as on the fact that he took 
time to show, by a specific example, how a 
problem of this type may be solved using 
only the most elementary principles of 
mathematics and magnetic circuits. 


Walther Richter (Allis-Chalmers Manufac- 
turing Company, West Allis, Wis.): Pro- 
fessor Dwight’s paper will be a welcome 
addition to the collection of formulas dealing 
with the subject of mutual and self induct- 
ance; this addition will be most useful to 
radio and communication engineers who 
deal with air core inductances and who 
must have a high degree of precision in their 
calculations. 

To those of us who have to deal with 
problems of this kind only occasionally, the 
presentation of an accurate treatment, such 
as given in Professor Dwight’s paper, affords 
an opportunity to check our rough and 
approximate methods against the accurate 
method; such a procédure shows how much 
error can be expected from approximations 
and the direction in which it will occur. 

From this poiit of view then let us ask 
how we would have calculated the induct- 
ance of the toroidal coil described in the 
example before the accurate treatment pre- 
sented in this paper was at our disposal. 

The coil treated in the example has 1,680 
turns. If the cross section of the wire were 
very small, we could wind this coil in a single 
layer around the core of the cross section 
wxh, as given in Figure 1 of Professor 
Dwight’s paper. The inductance of such a 
single-layer toroidal coil then would be 
given by equation 1 in the paper. It is evi- 
dent that the inductance obtained in this 
manner will be smaller than the actual one. 
The preceding analysis placed all the turns 
in the position occupied by the innermost 
layer of the actual coil; we also could make a 
new nonmagnetic core with a cross section 
equal to the cross section of the completed 
actual toroid and then wind the 1,680 turns 
on this core, which would place the winding 
in the position occupied by the outer turns 
of the actual coil. This obviously would 
give us an inductance larger than that of the 
actual coil. Therefore, there must exist a 
cross section somewhere between these two 
limits which, if wound with 1,680 turns, will 


. give us the same self-inductance as the ac- 
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tual coil. The first reaction of the practical 
engineer probably will be to place the in- 
finitely thin winding along a path halfway 
between the innermost and outermost layer. 
However, since the problem is one of flux 
linkages, that is, each layer not only adds to 
the magnetic flux but also to the induced 
voltage, such a position would result in too 
large an inductance. On the basis of a 
treatment given by Roters! it was decided to 
consider the winding concentrated at a 
distance 1/3 of the total winding thickness 
from the innermost layer; in other words, to 
the dimension ware added #,/3 on the inside 
and ¢,/3 on the outside. In a similar way, 
there is added 1/3 of the average of f, and ts 
to the dimension # on top as well as at the 
bottom. With these assumptions the 
equivalent core takes the shape indicated in 
the accompanying figure. Application of 
equation 1 to this core results in 


1.926 
=2>X13.3 1,680? X/n 4.06 
= 26.6 X 1,680? X 1.4012 
= 105.2108 abhenrys 
=0.1052 henry 


L=2X13.3 X 1,680? XIn 


This figure is seen to agree with the result 
of the accurate formula within approx- 
imately 3.5 per cent. For most practical 
purposes this accuracy probably would be 
sufficient, giving us the comforting thought 
that our approximate calculations would not 
have carried us too far astray. 
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Robert F. Field (General Radio Company, 
Cambridge, Mass.): In answer to Pro- 
fessor Higgins’ questions, it may be stated 
that the wire density is not the same on the 
inside and outside of the coil, because of the 
difficulties encountered in filling the center 
nearly full of wire. This coil is of such a 
shape as to have for a toroid a maximum 
ratio of inductance to d-c resistance for a 
given weight of copper wire and was built 
to check this fact. 


H. B. Dwight: The approximate computa- 
tion described by Mr. Richter is a very 
reasonable one, and it is interesting to see 
how well it results in the case of the practical 
example. 


Control of Load, Frequency, 
and Time of 
Interconnected Systems 


Discussion and author's closure of paper 45- 
139 by C. K. Duff, published in AIEE 
TRANSACTIONS, 1945, November sec- 
tion, pages 778-86. 


J. M. Sharpe (Shawinigan Water and Power 
Company, Montreal, Quebec, Canada): | 
While automatic control of frequency is 
generally preferable, and jn some cases even 
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may be essential, it is sometimes possible 
to obtain satisfactory results with manual 
control. At certain of our generating sta- 
tions which have to control frequency fer 
relatively short intervals, we have found 
that by extending the ‘‘synchronizing- 
motor’’ controls from the bench or control 
board to push buttons on the operator’s 
desk, the frequency can be maintained with- 
in plus or minus 0.1 cycle of the normal 60- 
cycle value. 


L. B. Stirling (Shawinigan Water and Power 
Company, Montreal, Quebec, Canada): C. 
K. Duff’s description of the frequency-regu- 
lator characteristics brings out an interesting 
point regarding the sensitivity of the equip- 
ment. The continuous frequency fluctua- 
tion which he speaks of is generally too 
rapid to correct by the regulation of large 
hydroelectric units, and an attempt to make 
such a correction possibly will aggravate the 
condition and certainly will result in exces- 
sive wear of the speed-changing mechanism 
of the governor. The method described in 
the paper of making the regulator sensitive 
only to the integrated frequency error is a 
satisfactory way of avoiding this trouble, 
but a similar result can be obtained more 
readily by giving the regulator a dead band 
of slightly greater magnitude than the aver- 
age frequency fluctuation. This method 
has the advantage that the regulator comes 
into action immediately when the frequency 
deviation exceeds the limits of the dead 
band instead of being delayed until the 
accumulated error reaches the predeter- 
mined value. Admittedly, this method of 
control will permit a slight time error to 
accumulate but, in practice, it has been 
found that this time drift is very small and 
can be corrected readily by occasional re- 
adjustment of the frequency setter dial. 


William S. Peterson (Water and Power 
Department, City of Los Angeles, Calif.): 
Our experience with this equipment dates 
back to October 1936, when the first units in 
the Boulder Power Plant were placed in 
service. These large units with their high 
values of WR?, sensitive governors, and pre- 
cise equipment for the control of load, fre- 
quency, and time made possible a degree of 
system regulation which previously was 
considered impractical. 

In the matter of tie-line load control, our 
problems have been relatively simple as, 
with one exception, all interconnections are 
with comparatively small systems which 
have little effect upon main-system regula- 
tion. In the single case of the interconnec- 
tion with another large system, the tie-line 
capacity is sufficiently large to permit the 
use of manual control with satisfactory re- 
sults. 

In the matter of frequency and time con- 
trol, the problems have been more difficult. 
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This is because of the critical nature of serv- 
ice to motion-picture and radiobroadcast- 
ing studios, rubber and textile plants, and 
similar industries. In this we have achieved 
a high degree of success and our standards 
are much higher than those mentioned by 
C. K. Duff as existing on the Ontario sys- 
tem. Our normal frequency variations 
have a band width of one-tenth of a cycle on 
a 60-cycle basis, or a maximum and mini- 
mum of 60.05 and 59.95 cycles. The time 
control is equally close, and the maximum 
daily deviation in any 24-hour period seldom 
exceeds two-tenths of one second. 

These results were attained by careful 
tests to determine and use the maximum 
practical sensitivity of the governors and 
time-frequency control apparatus. The 
first step was to adjust the governors to ob- 
tain the minimum band width of frequency 
that could be obtained under all conditions 
of loading without excessive movements of 
the servo motors on the turbines. Next it 
was necessary to adjust the frequency con- 
trollers to match this characteristic band 
width and prevent its deviation from a 
straight line on a graphic chart. This 
matching of characteristics was found to be 
very important as there is a tendency to 
try to use the high sensitivity of the con- 
troller to compensate for the lower sensi- 
tivity of the governor. 

An important aid in the maintenance of 
close time adjustment is an audio-frequency 
oscillator and a synchronous-motor-driven 
contactor. With this device it is possible to 
obtain a system beat note for check with the 
Arlington beat note at regular intervals. 
This leads to much closer adjustment than 
could be accomplished by any visual means 
when dealing with fractions of a second. 

The whole subject of frequency and time 
control in large systems is taking on in- 
creased importance. Interconnections with 
other systems, water and fuel economy, 
changing load schedules, and other factors 
all have a disturbing influence on the regula- 
tion of frequency and time. These matters 
should receive careful attention if close 
regulation is to be obtained. 

e 


C.K. Duff: On isolated systems or systems 
without low-capacity ties to other large sys- 
tems, it is possible to regulate frequency by 
control extended to the operator’s desk, in 
the manner described by J. M. Sharpe. 
This would require a frequency indicator 
with high precision and expanded scale 
easily readable from the operator’s desk as a 
guide to frequency control. In spite of 
close attention, time drift would occur in- 
evitably, although the average frequency 
otherwise might be acceptable. 


If the system has tie lines to one or more © 


other large systems it will be found difficult 
to regulate the load on such ties closely if 
frequency is controlled manually. Control 
of generators on both sides of the tie must 
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be closely co-ordinated in order to avoid 

swings in frequency and tie-line load. In ~ 
such cases automatic control has been 

found virtually indispensable. 

L. B. Stirling compares the integrating- 
type regulator described in the paper with a 
type which operates on a measurement of 
instantaneous frequency deviations which 
exceed a fixed dead band made wide enough 
to cover the inherent uncontrollable fre- 
quency fluctuations of the system. The 
latter type usually has one or two seconds 
mechanical time delay in the measuring 
element. For frequency deviations outside 
the dead band it may deliver corrective im- 
pulses of a duration proportional to the 
instantaneous deviation and repeated at 
uniform time intervals until frequency re- 
covers within the range of the dead band. 
The integrating type produces impulses of 
nearly equal duration, spaced at intervals 
which are inversely proportional to the aver- 
age deviation, however small that may be. 
For example, an average deviation of one 
tenth of one per cent will produce an impulse 
at the end of 20 seconds and at intervals of 
20 seconds as long as the deviation exists; 
for one fifth of one per cent deviation the 
time is ten seconds; for one half of one per 
cent, four seconds; and so on, with a mini- 
mum time of one second. For small devia- 
tions the integrating type will ‘‘wait and 
see’’ if the deviation will be averaged out by 
a swing in the other direction. On large 
sudden deviations the integrating type can 
be just as fast as the other, but either type 
will operate satisfactorily for frequency 
control. Time control is atttomatic in the 
regulator described in the paper, but auto- 
matic time correction can be added to the 
other type, thus relieving the operator of 
the need for making manual adjustments. 

William §. Peterson draws attention to 
the necessity for adjustment of governors to 
their best possible performance before add- 
ing a frequency controller. This is an im- 
portant practical point which has been 
crowded out in the presentation of princi- 
ples based upon ideal governor performance. 

Frequency and time deviations cited by 
Mr. Peterson are extremely small as every- 
day operating experience. These results 
are attainable only by use of a sensitive fre- 
quency-time regulator plus good governor 
performance and careful load supervision, 
with maintenance of ample spinning reserve 
generating capacity. As stated in the 
paper, reserve capacity sometimes has been 
lacking on the Southern Ontario system. 

In maintaining such close time control, 
neither visual nor audible comparison of 
seconds-beat time signals is adequate, but a 
recording device, on which differences are 
readable to 1/100 of a second, is desirable. 
For consistency, the local time standard 
should be correspondingly precise, and 
means should be provided for accurately 
measuring and correcting its errors at suit- 
able intervals, 
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HE BOARD OF DIRECTORS of the 

American Institute of Electrical Engi- 
neers presents herewith to the membership 
its 61st annual report, for the fiscal year 
ending April 30, 1945. A general balance 
sheet showing the condition of the Institute’s 
finances on April 30, 1945, together with 
other detailed financial statements, is in- 
cluded herein. This report contains a brief 
summary of the principal activities of the 
Institute during the year, more detailed in- 
formation having been published from 
month to month in Electrical Engineering. 


BOARD OF DIRECTORS’ MEETINGS 


The board of directors held five meetings 
during the year, four in New York, N. Y., 
and one in St. Louis, Mo. Two executive 
committee meetings were held. 

Information regarding many of the more 
important activities of the Institute which 
have been under consideration by the board 
of directors and the AIEE committees is 
published each month in the section of 
Electrical Engineering devoted to Institute 
activities. 


PLACES VISITED BY PRESIDENT POWEL 


Alabama 
Alabama Section, Birmingham 


California 

Los Angeles technical meeting 
San Diego Section 

San Francisco Section 
Connecticut 

Connecticut Section, New Haven 


"District of Columbia 
Washington Section 
Illinois 

Chicago Section 


‘Indiana 

Central Indiana Section, Indianapolis 
Fort Wayne Section 

South Bend Section 

Iowa 

Iowa Section, Des Moines 


Kentucky 

Louisville Section 

Louisiana 

New Orleans Section 
Maryland 

Maryland Section, Baltimore 


Massachusetts 
Boston Section 
Lynn Section 
Worcester Section | 
Missouri 

St. Louis Section 


Montana 
Butte 
Great Falls 


Nebraska 
Nebraska Section, Omaha > 


New York 4 


New York Section, New York 
Winter technical meeting, New York 


Niagara Frontier Section, Buftalo 
’ Rochester Section’ 
_ Ithaca Section 


Cincinnati Section. 


: Cleveland Section 


Cc Columbus Section | " 
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Dayton Section 
Toledo Section 


Oklahoma 

Oklahoma City Section 
Tulsa Section 

Oregon 

Portland Section 


Pennsylvania 
Philadelphia Section 
Pittsburgh Section 
Rhode Island 


Providence Section 


Tennessee 


Memphis Section 


Texas 

North Texas Section, Dallas 
South Texas Section, San Antonio 
Washington 

Seattle Section 

Spokane Section 

Canada 

Toronto Section 


Mexico 


Mexico Section 
ANNUAL MEETING 


The annual business meeting of the Insti- 
tute was held Monday morning, June 26, 
1944. The annual report of the board of 
directors for the fiscal year which ended 
April 30, 1944, was presented in abstract by 
the national secretary. In the absence of 
W. IL. Slichter, national treasurer, H. H. 
Henline, national secretary, presented the 
treasurer’s report. The report of the com- 
mittee of tellers upon the election of officers 
for the year beginning August 1, 1944, was 
presented, and President-Elect Powel re- 
sponded to his introduction with a brief 
address. Presentation of national prizes for 
papers presented in 1943 was made. 

In addition to the presentation of the 
Lamme Medal to Arthur H. Kehoe, vice- 
president, Consolidated Edison Company of 
New York, Inc., the Faraday Medal of the 
Institution of Electrical Engineers, Great 
Britain, was presented by A. P. M. Fleming, 
Metropolitan-Vickers Electrical Company, 
Ltd., Manchester, England, and local honor- 
ary secretary of the AIEE for Great Britain, 
to Irving Langmuir, associate director of 
research, General Electric Company, Sche- 
nectady, N. Y., for “his outstanding con- 
tributions to electrical science.”” The meet- 
ing was concluded with the presidential 
address by N. E. Funk. 


NATIONAL TECHNICAL MEETINGS 


Three national technical meetings were 
held during the year, and a brief report on 
each follows: 


Summer Technical Meeting. The 60th 
summer technical meeting was held in St. 
Louis, June 26-30, 1944. In addition to the 
annual business meeting and the conference 
of officers, delegates, and members, there 
were 28 sessions and conferences with ap- 
proximately 90 technical papers and 31 con- 
ference papers. A joint luncheon meeting 
with the St. Louis Electrical Board of Trade 


‘featured Lieutenant Colonel T. B. Holliday, 


United States Army Air Forces, Wright 
Field, Dayton, Ohio, who gave an address 
entitled, ‘‘Aviation and the Electrical Engi- 
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neer.” The Circle Club of St. Louis spon- 
sored a luncheon with members of the board 
of directors and headquarters staff as guests. 

The general session was a fitting occasion 
to commemorate three important anniver- 
saries in the electrical-engineering profes- 
sion—the 60th anniversary of the AIEE, the 
100th anniversary of the Morse telegraph, 
and the 40th anniversary of the International 
Electrical Congress, which met in St. Louis 
in 1904. Following the celebration of these 
anniversaries an address entitled ‘‘The 
Engineer’s Present and Future Responsihili- 
ties’ was delivered by William McClellan, 
AIEE past president and chairman of the 
board, Union Electric Company of Missouri, 


St. Louis. The registration at this meeting 
was 1,142. 
Pacific Coast Technical Meeting. The 


32d Pacific Coast technical meeting was 
held in Los Angeles, Calif., August 29- 
September 1, 1944, as the Los Angeles tech- 
nical meeting, with a registration of 561. 
Because of the wartime situation, this meet- 
ing was largely on a local basis, and was 
devoted predominantly to electric equip- 
ment for military aircraft. There were 15 
technical sessions on aircraft electrical de- 
velopments with 58 papers and four sessions 
on other subjects. In the general session, 
J. M. Gaylord, vice-president District 8, pre- 
sided, and the speakers were Brigadier 
General Donald F. Stace and C. A. Powel, 
president, AIEE, who spoke on “‘The Engi- 
neer and His Future.” At a luncheon 
meeting Lieutenant Colonel Holliday gave 
his address on ‘‘Aviation and the Electrical 
Engineer.”’ 


Winter Technical Meeting. The 33d 
winter technical meeting was held in New 
York, January 22-26, 1945, with a program 
including 21 technical sessions, at which 80 
papers were presented, and ten informal 
conferences. ‘‘Research and Its Effect on 
Winning the War” was the subject of an 
address by J. Carlton Ward, Jr., Fairchild 
Engine and Airplane Corporation, New 
York, at the general session. Other features © 
of this session were presentation of the Alfred 
Noble prize to W. R. Wilson, General Elec- 
tric Company, Schenectady, and presenta- 
tion of an Honorary Member certificate to 
Dugald C. Jackson, AIEE past president and 
professor emeritus of Massachusetts Institute - 
of Technology, Cambridge. A smoker was. 
the only entertainment event. The regis- 
tration at this meeting was 1,718. ih 

As has been the custom in recent years, a 
joint evening session was held with the Insti- 
tute of Radio Engineers, which was meeting 
concurrently in New York. The first por- 
tion of this session consisted of the presenta-_ 
tion of the Edison Medal to E. F. W. Alex- 
anderson, consulting engineer, General Elec- 
tric Company, Schenectady, N.Y. The sec- 
ond portion was an address delivered by — 
Captain J. B: Dow, United States Navy, — 
Washington, D. C., entitled “The Navy 
Electronics Progrenl and Some of Its Past, 
Present, and Future Problems.” 


DISTRICT TECHNICAL MEETING 


North Eastern District Technical Meeting 
In compliance with the recent wartime ban 
on conventions this meeting, which was 


Table I. Section and Branch Statistics 
For Fiscal Year Ending April 30 

1940 1941 1942 1943 1944 1945 
Sections 
Number of Sections............. Onxfeisicisterere U2 aiateeosie is TEM RASTOS SC epee nuh 
Number of meetings held........ 701... T03..\. chererscers 647 7 998 738. 
Total attendance............... 91,949.......-92,594..000-6. 78,254 .66,111 83,120 96,346 
Branches 
Number of Branches............ IPAS aGaab od 123 124 125 PSs Agoaten 1 3 WZ) 
Number of meetings held........ 1340 js iescvereta ake eA Bon goon chissvocneden  chMeacdoude. Mee coractnn 547 
mbotalyattendance s.r. rss see ely 64,97 Zoic veee + -D22BD 000 cee TOG) OD celeb cats Oy 2 ailfersiaierem st 24.768 sani hoe, 


scheduled to be held in Buffalo, N. Y., 
April 25-26, 1945, was canceled. 


SECTIONS 


1. Section Programs. The Sections gen- 
erally have been following a program of 
carrying on a reasonable amount of activity 
which will be most useful to their members 
and to their local communities. Consider- 
able effort has been made to retain the 
diversified interest of the older members, as 
well as to attract new and younger members. 
Many programs have been devoted to air 
transportation, various phases of instrument 
manufacture and their application, the 
theory and application of electronics, com- 
munications, and other subjects closely re- 
lated to the war effort. In December 1944 
a letter was sent to all Sections calling atten- 
tion to the advisability of properly expand- 
ing Section activities so as to create addi- 
tional interest in AIEE within the Section 
territory. Several methods which are being 
most successfully used in this expansion were 
described. It was pointed out that it is ex- 
pected that the individual Sections will select 
those additional activities which will bring to 
their Section the greatest benefits for the most 
economical expenditure of their available 
funds. 


2.  Sections-Committee Organization. Be- 
cause of the increasing volume of the Sections 
committee work, the committee was organ- 
ized at the beginning of the year into two 
groups. The planning group, consisting of 
six members, initiates and develops all plans 
of the committee. The promotional group 
consists of ten members located geographi- 
cally on a District basis, making it possible 
for its members to handle most of the pro- 
motional: work individually with the Sec- 
tions. Most of the material used by the 
promotional group is sent to each member, 
who in turn supplements it with his personal 
knowledge of local conditions before con- 
tacting the Sections in his District. Close 
contact also is maintained between the pro- 
motional group member and the vice-presi- 
dent of the District. It is believed that this 
organization provides for closer relations 
between District officers and the Sections 
committee. 


3. Section Finance. In co-operation 
with the finance committee of the Institute, 
plans were formulated to provide certain 
increases in appropriations to all Sections 
and additional increases to those operating 
subsections and technical groups. This new 
plan of Section appropriations was adopted 
by the board of directors at a meeting held 
on November 2, 1944. As a result of these 

increased appropriations, many Sections 
have been able to expand their programs of 
activities. 
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4. Technical Groups. The development 
of technical groups is a very important part 
of the plan to retain the diversified interest 
of the older members and to attract new 
members. As a result of the increased in- 
terest in the formation of these groups, the 
supply of the folder ‘“Technical Groups,” 
which was prepared by the Sections com- 
mittee in January 1944, was exhausted. A 
revised edition of this folder was made avail- 
able for distribution in January 1945. The 
Sections committee, through its promotional 
group, is making individual contacts with 
those Sections where there is a possibility of 
the successful operation of these technical 
groups. The possibility of forming groups 
on electronics, instruments and measure- 
ments, and communications have been par- 
ticularly encouraged in this manner. The 
sections committee promotional group has 
also been supplying individual Sections with 
reports on examples of the successful opera- 
tion of these technical groups. The value of 
such groups operated within the Section is 
becoming more generallyrecognized through- 
out the. country. The number of these 
groups in active operation has increased 
from 27 to 51 during the year and considera- 
tion is being given by many Sections to the 
operation of additional groups. 


5. Co-operation With Other National Com- 
mittees. Certain features of the sections 
committee program have been closely co- 
ordinated with the finance committee of the 
Institute and the national membership com- 
mittee. The chairman of each national com- 
mittee has also been contacted in an effort to 
obtain the co-operation of these committees 
in giving active support on the development 
and operation of technical groups within the 
Sections. The members of these technical 
committees, working within their individual 
Sections, can encourage the development of 


technical groups corresponding to the work 


of their committees. They can also assist 
such technical groups with information on 
suitable programs and other information of 
an operating nature. In this manner, the 
technical committees may broaden the scope 
of their activities and at the same time 
materially assist on the technical group 
program of the sections committee. Several 
technical committees have participated ac- 
tively in this program during the year, and 
it is believed that this work of these com- 
mittees will serve as a pattern for future 
exploration of this field of committee co- 
operation, which should prove quite bene- 
ficial to the Institute in future years. 


6. Subsections. Subsection operation is 
a valuable means of accomplishing a very 
important objective of the Institute by pro- 
viding additional meeting places at which 
papers on electrical-engineering subjects may 
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be presented and discussed. With all the 
territory in the continental United States 
allotted to the Sections, the next logical step 
forward in the development of Section ac- 
tivities is the formation of Subsections or 
additional centers of electrical-engineering 
influence. Many opportunities exist for 
members in remote areas of a Section terri- 
tory to participate in Section activities 
through the development of Subsections in 
these areas. Subsection operation is be- 
coming more popular each year as its ad- 
vantages are more widely recognized. The 
number of Subsections in actual operation 
has been increased from 6 to 12 during the 
year, and several additional Subsections are 
in process of being formed. The Sections 
committee has assembled information on 43 
widely distributed locations where the Sec- 
tions involved are considering Subsection 
operation. The promotional group of the 
Sections committee is encouraging Sections 
to consider the opportunities which exist for 
the formation of many additional Subsec- 
tions in cities which are located long dis- 
tances from. the regular Section meeting 
places. Examples of successful Subsection 
operation are being furnished individual 
Sections to give encouragement to this 
effort. The original Sections committee 
folder, ‘‘Subsections,’? has been rearranged 
and completely revised, so that it contains 
the latest information on the organization 
and operation of Subsections. This revised 
folder was made available for distribution 
in January 1945. 


7. Changes in Section Territory. The 
following changes in Section territory were 
made during the year: 

The assignment of the territory of the 
Canadian Maritime Provinces of New 
Brunswick, Nova Scotia, and Prince Edward 
Island to the Montreal (Quebec) Section 
was approved by the board of directors on 
May 25, 1944. It is believed that the assign- 
ment of this territory to the Montreal Sec- 
tion will lead to subsection operation in each 
of these Provinces. ; 

Seven counties in the States of Indiana 
and Michigan in the territories of the Chi- 
cago (Ill.), Fort Wayne (Ind.), and Michi- 
gan Sections were transferred to the South 
Bend (Ind.) Section on approval of the 
board of directors on June 29, 1944. This 
transfer was made with the approval of all 
the Sections concerned in order to provide 
the South Bend Section with a more balanced 
territory. 


Upon the request of a group of members. 


at Lima, Ohio, Allen County, Ohio, was 
transferred from the territory of the Toledo 
(Ohio) Section to the territory of the Dayton 
Section by approval of the board of directors 
on January 25, 1945. This transfer had the 
approval of the Fort Wayne Section, and 
was made because the interests of the group 
involved were more comparable with the 
interests of the Dayton Section. 
probable that this transfer will result in 
Subsection operation at Lima. 
The transfer of Auglaize County, Ohio, 
from the territory of the Fort Wayne Section 


It is quite — 


to the territory of the Dayton: Section was — 


approved on February 27, 1945, by the 


executive committee of the Institute. This 


transfer was made with the approval of the 


Sections and the vice-presidents concerned, — 


in order to make the territory of the Dayton 


Section continuous with newly acquired — 
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Allen County. District boundary lines were 
changed in this transfer by removing Au- 
glaize County from District 5 and including 
it in District 2. 


8. Simplified Report on Section Activities. 
A simplified report form on Section activities 
was prepared and distributed to all Sections 
at the close of the season’s activities in June 
1944. A total of 71 reports were returned. 
This information was compiled and dis- 
tributed to all Sections on a consolidated re- 
port, which provided an analysis of major 
activities and organization of all Sections. 
This report provided much information of 
value to the new officers in laying out their 
Section programs for the year. All vice- 
presidents, District secretaries, and the 
chairmen of all national committees also 
were sent copies of this report. Due to the 
wide acceptance of this report, it is planned 
to continue this feature at the close of the 
present operating year. 


9. Section Operation and Management. Due 
to the cancellation of the summer technical 
meeting of the Institute, on account of the 
war emergency, the usual delegates meetings 
will not be held this year. Many plans have 
been considered as a substitute for these 
delegates meetings. It is recognized gener- 
ally that any plan arranged will fall short of 
providing the information, enthusiasm, and 
inspiration which the delegates gain by the 
personal contacts made at the delegates 
meetings. The substitute plan suggests a 
District meeting in each District, to be held 
as early in the fall of 1945 as practicable. 
This should be at least a full-day meeting, 
with the morning session devoted exclusively 
to a clinic on Section operation and manage- 
ment. The vice-president of the District 
would conduct the clinic, and it is planned 
to have a representative of the Sections com- 
mittee on hand at each meeting to assist in 
the discussions. An outline of suggested 
subjects, together with some information on 
each of these subjects, is being prepared by 
the Sections committee as an aid to each 
vice-president in conducting these clinics. 
Such a plan will leave the afternoon for the 
regular business meeting of the District 
committee. Some Districts also are arrang- 
ing for the Section at the host city of the 
District meeting to Hold a Section meeting 
on the evening of the District meeting, so 
that the visiting delegates could attend. 
Such a Section meeting would be devoted to 
subjects which would be most suitable for 
such an occasion. 


70. Committee Meetings. As a result of 
the restrictions on travel, only one meeting 


of the committee was held during the year. 


_ This meeting was held on January 24, in 
"New York during the winter technical mect- 
ing with an attendance of 26. At this meet- 
ing the entire Sections committee program 


was reviewed, and plans were discussed for . 


the remaining portion of the year. Minutes 
of this meeting were distributed to all vice- 


presidents, District secretaries, and Section 


chairmen. Due to the nature of the Sections 
committee work, many of the activities of 


_ the committee are conducted by means of 
ie _ correspondence. 


td : STUDENT are 


lent ae during ae current year 
een toward epost eanien of the pattern 


of Student Branch operation. This pattern 
was one of proved success in normal times, 
but required revision to meet wartime con- 
ditions. 

Student Branches, with surprisingly few 
exceptions, have been able to carry on during 
this year as in the past, but with activity and 
procedure limited by the more exacting 
obligations of Army and Navy training and 
other war activities. In general, the opera- 
tions of individual Branches have been rea- 
sonably successful and satisfactory. 

The principal omission of this year has 
been that of District conferences, both those 
held in connection with Institute conven- 
tions and independently. At a meeting of 
this committee, with some 30 present, held 
on January 23, 1945, during the AIEE 
winter technical meeting, it was voted after 
very careful study and discussion to follow 
the spirit of the Office of Defense Transporta- 
tion restrictive travel order and to cancel all 
student conferences, rather than adopt a 
substitute program, such as that of holding a 
larger number of smaller gatherings, which 
came within the numerical limitation of the 
order. Later, the Institute canceled District 
meetings, such as that at Buffalo, in con- 
nection with which a number of student 
conferences were to be held. 

During the year, this committee has 
worked with the other founder societies in 
exchange of information and improvement 
procedure through a joint committee on 
student activities, and has co-operated with 
Engineers Council for Professional Develop- 
ment and Society for the Promotion of Engi- 
neering Education as there was opportunity. 

Particular effort has been devoted this 
year to the extension of Student Branch 
activity to every Student Member, with the 
slogan: ey member working on some 
committee.”? This has been pushed to the 
letter devising new committees and activities 
to make sure that every Student Member has 
some part to play toward accomplishing the 
important Institute responsibility of develop- 
ing leaders—executive as well as technical. 

Toward this same end, particular emphasis 
has been placed on programs sponsored and 
carried on bythe students themselves, with 
specific recommendations from this com- 
mittee on possible symposia, joint meetings, 
discussion meetings under student leaders, 
and industrial orientation sessions presented 
by students with auxiliary outside help. 

Table I gives information on Branch 
meetings in the past six years, and Table IV 
contains data on Student Members in the 
past seven years. 


EMPLOYMENT CONDITIONS 


The committee on collective bargaining 
and related matters completed a compre- 
hensive report which was approved in prin- 
ciple by the board of directors. Its release 
for publication has been deferred by the 
committee with the hope that the report 
might be published simultaneously by several 
engineering societies. 

Three members of this committee repre- 
sent the Institute on a joint committee on the 


economic status of the engineer. 


General Committees 
FINANCE COMMITTEE 


During the past fiscal year there has been 
a substantial gain in revenue as a result of 
the steady growth of Institute membership 
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and an increasing interest in Institute publi- 
cations. These important factors, together 
with others set forth in the detailed financial 
statements which appear with this report, 
account for the excess of income over ex- 
penditures. 

Concessions to members serving in the 
various branches of the Armed Forces and 
merchant marine have been more than 
offset by the increase in dues revenue re- 
sulting from membership growth. Inactive 
status had been arranged on request for 
2,259 members as of May 1, 1945, a figure 
comparable with 1,835 in 1944 and 771 in 
1943. 

All expenditures have been in accordance 
with the budget approved by the board of 
directors for carrying on effectively the ac- 
tivities of the Institute. The continuing 
favorable condition of finances has permitted 
assignment of $25,000 to the retirement 
system for members of the headquarters staff 
to meet the requirements of an increase in 
the allowance for prior services. An addi- 
tional sum of $42,000 was transferred to the 
reserve capital fund, and $3,268 was placed 
in the Member-for-Life fund. All of these 
amounts have been invested in appropriate 
securities. 

Schedule I presents a summary of the 
securities owned by the Institute and the 
value of these as of April 30, 1945. It will 


* be noted that approximately 63 per cent of 


the investments for the reserve capital fund 
is in United States Government bonds. 
The market value of other securities is ex- 
tremely favorable, and the entire schedule 
has had the continuing approval of invest- 
ment counsel with respect to both individual 
items and diversification. 

The Institute has for many years adhered 
to the policy of budgeting Institute expendi- 
tures within the total of anticipated revenue, 
estimated on a conservative basis. This has 
insured a sound financial condition at all 
times, exceptionally so at present because of 
the influence of the increase in membership 
and other factors previously mentioned. 
The opportunity thus has been afforded to 
strengthen the reserve fund and provide for 
the continuance at a proper level of essential 
Institute activities in thosé’ years when in- 
come may be reduced below an essential 
amount as a consequence of economic con- 
ditions or other at present unpredictable 
developments. 


TECHNICAL-PROGRAM COMMITTEE 


Technical Meetings. With the cancella- 
tion of the spring District meeting, only three 
technical meetings—the summer, Los Ange- 
les, and winter-——were held during the year. 
The total registered attendance at these 
three meetings was 3,415, which exceeded 
the total registration of 3,030 for the three 
corresponding meetings of the previous year 
and represents a 12.7-per-cent increase in 
attendance. More technical papers were 
presented, and more technical sessions were 
held than at any time during the past five 
years. Statistics are given in Table II cover- 
ing the five-year period. In recognition of 
the importance of the aircraft industry on 
the Pacific Coast, the program for the Los 


Angeles meeting included 15 aircraft sessions 


and 58 papers on electrical applications to 
aircraft in addition to four sessions outside 
the aircraft field. Notwithstanding the 
limitation on attendance by distant members 
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Table II. 


Statistics of Technical Programs for Last Five Years 


— 


For Fiscal Year Ending April 30 


1944 1943 


1945 1942 1941 
Number of national technical meetings.........++++eeeeeeee? Detrette 3 diate Se yieae Sine 3 
Number of District technical meetings......-.+2-ssseereerees Osccas PMA RAS Dimasiclels ere aia> 2 
Registration at national meetings and District meetings.......- BA lSitteres 35880) riers BAT ajeteners 4,274 ....- 4,339 
Number of papers presented........--+eeee reer reset eseres ZOO '° 196 ©. sen AGS Perciee AB Zihowsietrre 195 
Number of papers recommended for Transactions......-.-++++- D2 Aare wes WEES Aonoc 141) cane. EY Roden 167 
Estimated number of pages required for printing papers in 
FL TISETTLL TO SRN) PE DIE ae SEG GAG TODS BOICia ee orien SION Ox 128 Grete STDs brewers BS Gnuetste BOR eras. 932* 
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imposed by the acute travel congestion, a Table III. Statistics on Meetings 
registration of 561 represented the highest 
ever obtained for a Pacific Coast meeting. 5 2 « 
ow wm & ex o we v 
5 ‘ eS) oe ae) r-) 68 
Wartime Programs. In accordance with ea § Oy io woseeg 5 
: : betas) o a 
the wartime policy adopted by the board of ae 96 gas a4 $e <¢ 
3 ‘ . bn a ae & 3 gt 
$ oS 3 ofa Fo 28 
directors, the committee has continued to oe 2a hs acd zd 2d 
give preference to papers which aid in the 
war effort. In addition to the Los Angeles é : 
Lae Loui ; Derl Technical Meetings 
program, the St, Louis meeting program Dac .. si. Louis....1,142... 89... 85... 514...21..°. 5 
four aircraft sessions, with 17 papers, and [os Angeles. 561... 74... 60... 348.. .20 


the New York meeting had two aircraft 
sessions, with nine papers. Of the total 
number of papers recommended for the 
AIEE Transactions 37.5 per cent were in the 
field of air transportation. 

In thé industrial field papers of aid to war 
work have come to the fore. Some of these 
papers have dealt with industrial-plant dis- 
tribution systems and power recovery from 
airplane-engine testing, electric equipment 
for the propeller milling machine, industrial 
control, electric welding, and induction and 
high-frequency dielectric heating. The 
latter subject has many wartime applica- 
tions, particularly in the synthetic products 
industries. 


General Sessions. The general sessions 
have continued to deal with the broader 
aspects of the profession, at the summer 
technical meeting with the commemoration 


of three important anniversaries, at the 


winter technical meeting with the effect of 
research on the war. 


Technical Conferences. Although _ tech- 
nical conferences held have been fewer than 
during previous years, several conferences 
have presented subject matter important in 
the war effort. At the winter technical 
meeting, conferences were held on the sub- 

‘jects of wartime practices on distribution 
systems and their effect on system operation 
and future designs, air transportation, high- 
frequency dielectric heating, and _high- 
frequency cables. The latter conference was 
an all-day meeting sponsored with the co- 
operation of the Army-Navy Radio-Fre- 
quency Cable Co-ordinating Committee, 


_ Lieutenant Commander John H. Neher 


\ 


presiding. 


Committee Policies. The cancellation of 
all Institute and District meetings scheduled 
in 1945 following the winter meeting necessi- 
tated the adoption of a modified plan for 
the technical programs which normally 
would have been scheduled for those meet- 
ings. Under the new plan papers will be 
presented by publication with preprints 
made available and discussion submitted in 
writing as in the past. The papers for the 
year will be arranged in three programs for 
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the spring, summer, and fall. The general 
plan was approved by the executive com- 
mittee on February 27. 

To minimize time and travel the com- 
mittee has continued the policy of the past 
year, holding one meeting in the fall and 
another in the spring. The fall mecting 
was attended by 79.3 per cent of the com- 
mittee members or duly appointed repre- 
sentatives, as compared with an attendance 
of 76.6 per cent for the corresponding meet- 
ing of the previous year. Much of the work 
has been conducted through correspondence. 


PUBLICATION COMMITTEE 


As in previous wartime years, war prob- 
lems continued to hold first place in the 
Institute’s technical publications during the 
year. Expected developments in the postwar 
period also received attention through the 
medium of a special series of articles appear- 
ing monthly in Electrical Engineering, begin- 
ning with the May 1944 issue and continuing 
through the entire year. Publication policies 
and procedures remain unchanged. Al- 
though the wartime ban on meetings, which 
became effective February 1, 1945, will have 
considerable influence on the handling of 
technical-program papers and discussions, 
it necessitated no change in publication pro- 
cedure, and publication of this material will 
continue as scheduled insofar as approved 
papers and discussions are available. 

Restrictions on magazine paper continued 
as in the preceding year, allowing the use in 
Electrical Engineering of 75 per cent (on a 
tonnage basis) of the paper used during the 
calendar year 1942, plus a token increase in 
quota of four tons annually granted by the 
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War Production Board in June 1944 (present 
annual quota with this increase—112 tons). 
Further restrictions were imposed which re- 
sulted in the use of a lighter-weight paper. 
This lighter stock, of course, allows more 
pages of material to be published within the 
same tonnage limitations. The following 
tabulation shows the approximate number of 
words published in the three major divisions 
of Electrical Engineering during the years 
1940-44. 
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General- Transactions 

Interest Sections 
Year News Articles (Technical Papers) 
1940. ...332,000...... 275, 000) teietousiel 587,000 
1941....426,000...... 296,000 seers wie 517,000 
1942....445,000...... 270/000 ate precast 653,000 
1943... ..357,000..... « 266,000 ciate erases 546,000 
1944... .323,000...... 265: 000i eye nites 702,000 


In accordance with present publication 
policies, the 1944 Transactions volume con- 
tains all approved 1944 technical papers and 
related discussions. ‘Two semiannual “Sup- 
plements to Electrical Engineering—Transac- 
tions Section”? were produced, on the usual 
limited-edition advance-order basis, con- 
taining 
1. Technical papers that could not be accommodated 


in the monthly Transactions sections of Electrical Engi- 
neering. 


2. All approved discussions. 


The greatly expanded technical-paper pro- 
gram during 1944 required publication in 
the Transactions of a correspondingly ex- 
panded amount of papers and discussions. 
The total number of Transactions pages for 
the year was 1,558 as compared with 1,044 
for 1943. Of this total, 1,272 pages were 
technical papers, 778 pages of which were 
included in the 12 monthly Transactions 
sections of Electrical Engineering; comparable 
figures for 1943 were 816 and 634 pages, 
respectively. Thus, the proportion of the 
year’s technical-program papers included in 
Electrical Engineering in 1944 was less than in 
previous years, although more pages of such 
material were published therein than in 
previous years. 

After an attempt to obtain a substantially 
increased quota of magazine paper in order 
to include more of the 1944 technical papers 
in Electrical Engineering had failed several 
additional economies in the use of paper 
were adopted. In the general section, the 
size of type was reduced and a three-column 
format adopted in place of the former two- 
column arrangement. At the same time, in 
the Transactions section the spacing between 
lines was reduced. It is believed that these 
economies will not impair seriously the 
readability of the material. eu 

As an additional measure to conserve 
magazine paper, the annual index pamphlet 
for 1944 (covering both Electrical Engineering 
and Transactions) was not published as a .— 
second section of one of the monthly issues. 
Copies of the index were distributed to all 
members of all technical committees and to 
all subscribers to both Electrical Engineering 
and the supplements. Copies were made ~ 
available to all others without charge upon ~ 
written request. ae 4 a heat aR 

Advance pamphlets of approved technical _ 
papers were produced as required by the 
technical-program committee for the national _ 
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and District meetings held during the year 
and for discussion by mail during the spring 
of 1945 after the cancellation of meetings. 
The booklet, ‘Information for Authors,” was 
reprinted, the previous supply having become 
exhausted. Although the present edition is 
somewhat out of date, revision was deferred 
so as to avoid having the booklet out of stock 
over an extended period. Revision is planned 
within the next year. 

Publication of the quarterly AIEE Bulletin 
for Institute members in the armed services 
and the merchant marine, initiated in June 
1943, was continued throughout the year. 
This consists of a four-page pamphlet and 
includes news of the Institute and related 
items that are considered of interest to these 
members. More than 2,000 copies of each 
issue now are being produced and distributed 
to members on all the fighting fronts. 

Governmental censorship regulations were 
maintained during the year, although the 
procedure was changed. The censorship 
regulations now are applied entirely on a 
voluntary basis by the staff, and only mate- 
rial that is considered censorable is sub- 
mitted to the Office of Censorship for ad- 
vance review. Advance proofs of publica- 
tions intended for export no longer are re- 
quired, although all publications ‘exported 
still are subject to inspection by the postal 
censors. As in the past, full co-operation 
has been extended to, and has been received 
from, the Office of Censorship. 


MEMBERSHIP COMMITTEE 


The Institute membership has continued 
its upward trend, and attained a total of 
23,072 as of April 30, 1945. This compares 
with a total of 21,407 as of April 30, 1944. 
A net increase of 1,665 has been obtained in 
comparison with the net increase in 1943-44 
of 1,246, and it is the largest increase in any 
one year in the history of the Institute with 
exception of the year 1920-21. 

A total of 2,259 persons now are main- 
taining an “‘inactive status” because of mili- 
tary service or residence in Allied countries 
with which financial transactions are difficult. 
This is an increase of 424 over that of last 
year. There are, however, only 902 mem- 
bers in arrears for dues for the fiscal year 
ending April 30, 1945, as against a total of 


1,288 last year. Incidentally, this is the 
lowest number of members in arrears at the 
end of any fiscal year for over 18 years and 
represents only 3.8 per cent of the total 
membership. 

Tables IV, V, VI, VII and VIII outline 
certain statistical data relative to member- 
ship matters. 

Table IV gives the data relative to the 
various grades of membership in the Insti- 
tute, the additions, the deductions, and the 
net changes for the year 1944-45. In every 
instance, with the exception of the matter 
of deaths, the figures are on the favorable 
side. The number of members dropped 
represents a decrease of 323. The number 


‘ of those reinstated or re-elected represents 


a gain of 65. The number of new members 
qualified represents a gain of 29. The num- 
ber of transfers represents a gain of 88. The 
membership is divided as follows: 


i 


Member Grade Per Cent 
Honorary... 2-6 scicc nen e ett ne ci ot cies 0.03 
WeWOW ARATE ersten esa eset aseliaveorsiera oe 3.96 
Dobie cre i ros, sacha wal a tak ante Sliehs ifs oats 27.03 
Six-Year Associate...... 25.2 se ee rete renee 30.19 
SRLS rs apart Sin Sap Eee On eae line al 9a Ge totes 38.79 
100.00 


The Member and Associate grades have 
increased 0.73 and 0.39 per cent, respec- 
tively, while the six-year Associate and 
Fellow grades have decreased 1.01 and 0.11 
per cent, respectively. The six-year Asso- 
ciate grade of membership continues to be a 
large source of possible transfer to Member 

ade. 

Table V shows a decline in applications 
from “Student Members” which is continu- 
ing as against the upward trend in applica- 
tions from “All Others.” No direct com- 
parison between this table and Table VI can 
be made, since not all applications received 
during the fiscal year are acted upon before 
the close of the fiscal year. 

Table VI gives the data on the number of 
applications received for Student member- 
ship. Prior to 1945, this group was known 
as Enrolled Students. It will be noted the 
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Table IV. Membership Statistics for F iscal Year Ending April 30, 1945 


Honorary 


Members Fellows 


Members 


Six-Year 


Associates Associates Subtotals Totals 


Membership April 30, 1944..-...-- i At O12 sistas SSS Dncieiein te G6s6BI ne «8, 258..ee07 a Ren ase 21,407 
Additions 
New members qualified.....-----+++ssserrreeretrest D5 Di cracNiwio le oneiceg eam eree 1,749). ceresche 2,001 
Former members reinstated 
ae renclected fascicles PRE oat io, sAaeis- «5 tes eorao Ziel Eek Parnas ce 83 aden 143. Face . 366 
2 ee ee eee ESS saber ae ety FH se, Banal AOD Pa Pate 2,367 
Transfers.....-.---+++-ceeseeete? § ei in GT acon eet Oo Oise malate BTS che eth sisveie sloleerotors 1,337 
h, nee bole PAR gh J. sh? ped: a ie 187 eee 9560 dittohl: 1,892.......3,704 
“y Deductions 
ef SNe es Si holies Grade eleneyeerote “i ee SSRs ieee 55 ae 1 eget Ae SD eno Mnf ae ie! £126 
PY Resigned...... Sees Miter 4 apY ae LOS See 5 19,0 erate 59S cue 42) eps 123 
a Denppedle ea Sew. os 2 ee ieee 3 abieh > Slione aa, 189 eee h-2 10. aera 453 
toe Gk ee diphe eeke Be ids 114 acne: 200 dodtis nt 262.250 E702 
_Meansters...icec.scecosereceec ser aise Eo nlinndh PA -Blirsce >: B52 ashes oe ONT ial «ee 1,337 
J re ee ee BR oie. 0 C4 ssa Wel Tene Ws One ae G82 -anolaeie lg] 19 oa o.-infe 2,039 
, Wee fiers eben nae Se ae pe A ST 606 ieee 304 oone8as, M13 205+ > 1,665 
. em yf 4 eno, 238m yin, 029 Oe hee 78,991 oF 4a% ven ens . ee. 23,072 
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Membership April 30, 1945.....-.- 
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“New Applications” have started an upward 
trend and that there has been a marked 
reduction in the downward trend of ‘“Re- 
newals.”? These favorable results were en- 
tirely unexpected. 

Table VII is a record of the total member- 
ship of the Institute by years since 1884 and 
is given for information purposes. 

Table VIII is the customary listing of the 
deaths of AIEE members as reported in 
Electrical Engineering. By this means the 
membership committee makes a record of 
the completed careers of those members 
taken from the ranks by the Great Reaper. 

The preparation of additional material for 
use by the membership committee generally 
in interesting persons in membership in the 
Institute is being undertaken. This is the 
result of information obtained from various 
sources indicating a need in that direction. 

As a result of requests from Section mem- 
bership committee chairmen and others, a 
plan was introduced for sending a reprint 


Table V. Number of Applications Re- 
ceived From Student Members and 
From All Others 


Neen ee EEE 


Year Ending 
April 30 Students All Others Total 
(ee ee 
Te Op Siboaasen DAO) S anerarnetete DATS: cetel teers 2,428 
AS parelslelorerste AGG syovelstale's\er~ 1,908......... 2,374 
1945 sainietersie:eis POS ere imieisiaersts G43 life cote 2,214 
ROAD rec enssslere sis OTT siiseree sirens TEC) Gop omc ona 2,002 
Tey eS Scones S8Trarasustuerrs: 1,011. 3..5-56. 1,898 
TGAO cost eiele. crass ChB Soto taco OTS een pti 1,829 
OSD wereraieter cess S49) 37 evaiensm CYP aitapereer icc 1,721 
Table VI. Number of Student Members 


as of April 30 


a 


New 
Year Applications Renewals Total 
1945. .....206 2,326. ociveecceis PB 6 cease cbse 4,613 
1944. .....-4-- 2,242. cececres 2,656. wincesnes 4,898 
19430 osc .neeme 2,512....50000% 35200 cease 5,712 
1942........: PAI DANG OC EY insom apoaor 5,962 
OY ep oecosnse PaSh) Yas GOCOOUG 3,188.....--+++ 5,539 
1940.......--- 2aEV ATR COND OGOU 2,992. ..ceeeee 5,517 
1939.2 ote ee es: D2 are wesw oes PR Snao dawcot 5,242 


Table VII. Record of AIEE Membership 
nl 
Total Total Total 
May 1 May 1 May 1 


ee 6 Se 


Year Year - Year 


1884..... 71 1905.... 3,460 1925....17,319 
1885..... 209 1906.... 3,870 1926....18,158 
1886..... 250 1907.... 4,521 1927... . 18,344 
1887... 314 1908.... 5,674 1928... .18,265 
1889...... 333 1909.... 6,400 1929....18,133 
1890..... 427 1910.... 6,681 1930....18,003. 
1891 \cree Ot! SAS ee 1931....18,334 
1892..... 615 ADT 2iarepete 72D 1932....17,550 
1893...... 673 1913.... 7,654 1933....17,019 
1894..... 800 1914.... 7,876 1934....15,230 
1895 eit nog 1915.... 8,054 1935....14,269 
1896.....1,035 1916.... 8,202 1936....14,600 
1897% « -e.1,073 1917.... 8,716 1937....15,308 
1898..... 1,098 1918.... 9,282 1938....16,078 
1899.....1,133 1919... .10,352 1939...'. 16,605 
1900.....1,183 1920....11,345 1940....17,213 
1901..... 1,260 A924 il dseto 1941....17,886 
1902hr hate nao 1922....14,263 1942....18,944 
1903....+2,229 1923... .15,298 1943....20,161 


1944... .21,407 
1945... .23,072 
i ed ee 


1904.....3,027 1924....16,455 
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of the postings in Electrical Engineering to each 
applicant for membership whose name ap- 
pears thecein, together with a statement from 
the membership committee outlining the time 
elements to be expected prior to the taking 
of final action on the application by the 
board of directors. This plan, while intro- 
ducing some additional expenditure for 
membership activity, is considered to be 
justified, since the applicant is kept informed 
of the progress of the application and a 
record of the actual posting of applicant’s 
name is given the applicant. 

These membership data are almost *en- 
tirely without an unfavorable aspect. It is 
for that reason that there is a considerable 
degree of satisfaction in presenting them. 
All of this has been made possible by the 
splendid response from the individual mem- 
bers of the Institute, the intensive continuous 
effort of the Section membership committee 
personnel, the membership committee Dis- 
trict vice-chairmen, and the other members 
of the national membership committee. 


BOARD OF EXAMINERS 


The board of examiners held 12 meetings 
during the past year, averaging about 23/, 
hours each, and acted upon 4,693 cases 
divided as shown in Table IX. The number 


Table VIII. 


of cases for both direct admission and transfer 
to Member and Fellow grades has been 
showing a steady increase during the past 
two years, the increase being 28 per cent in 
1943-44, and 23 per cent this past year. 

In 1943 a subcommittee was appointed to 
study the constitutional requirements for 
Fellow grade. Following conferences with 
the committee on constitution and bylaws, 
which also had those requirements under 
consideration, a final report was submitted 
this year and approved by the board of 
directors. The recommendations are now 
out to letter ballot of the membership. As 
finally submitted, no changes in substance 
of requirements are recommended, the pro- 
posed alterations and rearrangements of 
wording being for-clarification only. 


COMMITTEE ON MEMBERS-FOR-LIFE FUND 


This committee was authorized by the 
board of directors in January 1944, and ap- 
pointed by the president, to administer the 
fund established at the same time by turning 
into it all monies received from the members 
for life who voluntarily continue to pay their 
accustomed annual dues, even though no 
longer obligated to do so. The fund and its 
proceeds are to be used only for such special 
purpose or purposes as will aid the attain- 


Deaths of AIEE Members Reported in “Electrical Engineering” 


Obituary Notice 


in 
Date of Date of Grade at “Electrical 
Name Election Death Death Engineering” “ Name 


ment of the objectives of the Institute. 

After considering many possible applica- 
tions of this fund, the one finally agreed upon 
was the payment of the expenses to the 
summer convention of the winners of the 
District awards, formal announcement of the 
details of which was made in the February 
1945 issue of Electrical Engineering. 


COMMITTEE ON CONSTITUTION AND 
BYLAWS 


During the year the committee submitted 
a number of proposals for amendments to 
the constitution and to the bylaws. On 
June 29, 1944, the board of directors ap- 
proved an amendment to the constitution 
eliminating the word “national” from the 
titles of officers and names of committees and 
meetings wherever it occurred. 

On January 25, 1945, the board of direc- 
tors approved amendments to the constitu- 
tion 
1. Improving the wording of Article III, Section 10. 


as regards references for an applicant for admission or 
transfer. 


2. Clarifying and putting in more concise wording 
Section IV, Article II, covering the requirements for 
the grade of Fellow. 


At the’ January 25,-1945 meeting, the 
Obituary Notice 
in 
Date of Date of Grade at ‘Electrical 
Election Death Death Engineering” 
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board of directors also approved the follow- 
ing amendments to the bylaws 


1. Sections 51, 52, 53, 54, 55, 56, 57, 60 and 64, chang- 
‘ing the designation “Enrolled Student” to ‘Student 
Member.” 


2. Section 65, changing the title of “committee on 
electrical machinery” to ‘‘committee on electric ma- 
chinery” to conform to the American Standard, ‘‘Defi- 
nitions of Electrical Terms.” 


The committee has under consideration 
a proposal for amending Section 51 of the 
bylaws to define ‘‘a university or technical 
school of recognized standing” in terms of 
the ECPD accrediting program. 

The committee also is considering the 
matter of amending Section 27 of the bylaws 
to give the board of directors proper backing 
for its action in eliminating the 1945 summer 
meeting at the request of the Office of De- 
fense Transportation. 


COMMITTEE ON PLANNING AND 
CO-ORDINATION 


The most important matter on which this 
committee took action was that brought 
about by the request of the Office of Defense 
Transportation that all conventions or meet- 
ings at which the out-of-town attendance 
would be greater than 50 people should be 
canceled, unless the war effort would be 
injured by the elimination of the meeting. 
After thorough consideration of all the activi- 


- ties affected, the committee was unanimous 


in recommending to the board that both the 
summer technical meeting and the North 
Eastern District meeting be canceled. This 
action was taken with the understanding 
that the technical committees would con- 
tinue to secure papers, publish preprints, and 
obtain discussions so that the technical work 
of the Institute could be carried forward in 
much the same manner as though the papers 
actually would be presented in fact. Be- 
cause of the possibility of change in condi- 
tions, the committee did not recommend the 
cancellation of the Pacific Coast technical 
meeting. 

The board of directors referred to this 
committee the problem of obtaining more 
satisfactory publicity for Institute activities. 
Due to its action in recommending the can- 
cellation of meetings, the committee con- 
sidered it unwise to attempt to pursue this 
subject any further at present and recom- 
mended to the board that the matter be 
held in abeyance until conditions were more 
favorable. 

The finance committee presented a reso- 
lution which was suggested for adoption by 
the board of directors to extend the period 
for Student Members in the Armed Forces 
and the merchant marine to continue on the 
inactive basis, which was to replace a similar 


_ resolution expiring January 28, 1945. The 


committee unanimously voted to recom- 
mend the adoption of this resolution to the 
board. 

The board took affirmative action on all 
the recommendations of this committee ex- 
cept that for the Pacific Coast technical 


- meeting, which was referred to the executive 


committee for further action. 


COMMITTEE ON RESEARCH 


Research under the auspices of the com- 


smittee on research continues to be hampered 
by the fact that substantially all of the re- 
search facilities normally. devoted to funda- 


. _ mental projects” which would usually be 


ie ae 
eae 
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fostered by this committee still are devoted 
to urgent war projects arranged by Govern- 
ment war agencies. The activities of the 
committee therefore are devoted largely to 
the preparation of a postwar research pro- 
gram which could be put into effect rapidly, 
as soon as normal conditions are restored. 
All the AIEE technical committees are in- 
formed of this program, and suggestions have 
been requested. Information on the pro- 
cedure by which projects are formulated and 
presented to the Engineering Foundation for 
sponsorship and support was given to the 
technical committee representatives. 

At the January meeting of the committee 
on research, it-was recommended that the 
lists of research projects prepared in 1934, 
1935, and 1937 be brought up to date with 
the revisions of the original subjects to take 
account of the progress made in the mean- 
time and new projects added as suggested 
by present knowledge. It was proposed 
further that these lists be given broader cir- 
culation by having them distributed not only 
to heads of engineering departments in the 
colleges but also by sending them to engi- 
neering experiment stations and commercial 
and industrial research stations, which are 
frequently desirous of undertaking research 
on fundamental problems. Copies also 
should be available to interested persons 
other than those listed, and notice of the 
availability of the lists should be published 
in Electrical Engineering. 


COMMITTEE ON SAFETY 


Two meetings were held by the committee 
on safety during the past year, the first of 
which was a breakfast meeting during the 
summer technical meeting in St. Louis on 
June 26, 1944. At this meeting emphasis 
was placed on the importance of the com- 
mittee’s efforts to promote interest in safety 
educational work and safety procedure in 
the Student Branches, and steps were taken 
to bring together the points of view of the 
Counselors and others who might give help- 
ful suggestions in this connection. Professor 
Albrecht Naeter accepted. sponsorship for 
this activity and subsequently submitted a 
report which will be used in carrying the 
matter forward. There was a general dis- 
cussion of the following items: 

“~~ 


1. Electrical hazards to farm animals, on which W, 
B. Buchanan, a member of the committee on domestic 
and commercial applications, was submitting a paper 
at the June 29 session. 

2. Static electricity, on which subject the committee 
will at an appropriate time arrange for a conference 
discussion at a technical meeting. 


3. The report on fatalities in the electric-light-and 
power industry as prepared by the Edison Electric 
Institute accident prevention committee. 


The chairman called attention to the 
report which was made by the conference 
committee on operating-room hazards of the 
National Fire Protection Association to the 
48th annual meeting of that association held 
in Philadelphia, Pa., May 8-11, 1944. This 


report appears on pages 74 to 88 in part 2 


of the Quarterly of the NFPA dated April 
1944, W. Weinerth represented the chair- 
man at this meeting. 

The second meeting was held during the 
winter technical meeting in New York, on 
January 23, 1945. Thirty-seven members 
and guests were present. At this meeting, 
Cecil K. Drinker, professor of physiology, 
School of Public Health, Harvard Univer- 


‘sity, presented an important discussion of 
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Table IX. Applications for Admission 
and Transfer, 1944-1945 


—— = 


Applications for Admission 


Recommended for grade of Associate. ..... 1,682 
Re-elected to the grade of Associate....... 140 
Not recommended itrclalwadteniasieisiaie ? 
1,824 
Recommended for grade of Member...... 353 
Re-elected to the grade of Member....... 27 
Wot recommended )).o. jo. cutiiem omer ees 65 
445 
Applications for Transfer 
Recommended for grade of Member...... 419 
Not recommended for grade of Member... 15 
434 
Recommended for grade of Fellow........ 63 
Not recommended for grade of Fellow... . 0 
63 
Students 
Recommended for enrollment as Students........ 1,927 
(iF! Lortabonssadnsondo in oudonesnoo dada. 4,693 


the subject ‘““The Use of Drugs in Resusci- 
tation from Electric Shock.’ C. F. Dalziel, 
a member of the committee, and now tech- 
nical aid, National Defense Research Com- 
mitteeé, summarized for the committee the 
research work on electric shock carried on 
under his direction at the University of 
California, Berkeley. There was a general 
discussion of the subject of grounding of 
circuits operating at voltages in excess of 150 
volts from the standpoint of hazard to per- 
sonnel. The chairman announced that ar- 
rangements had been made with the editor 
of Electrical Engineering to have a news column 
appear under the heading “Safety Notes” 
whenever suitable material was available, 
with the expectation that this eventually 
would be a regular feature. 

The annual meeting of the National Fire 
Waste Council which was held in Philadel- 
phia on April 13 was attended by R. L. 
Lloyd, who represented the chairman and 
the Institute. The appointment of an official 
executive committee of the Council was 
authorized. The committee on safety will 
consider ways in which it may be helpful in 
promoting the Council’s objectives and will 
submit suggestions through the Institute’s 
representatives. 


Standards 
STANDARDS COMMITTEE 


Due to restrictions placed on wartime 
travel, the Standards committee held only 
two meetings. The work of the committee 
itself, as well as its many co-operating ‘com- 
mittees and subgroups, however, has been 
prosecuted actively by correspondence and 
by conferences of local groups. 

An indication of the widening scope of 
AIEE standardizing activities is illustrated 
in the list of the following projects appearing 
on the standards agenda since the last report: 
“Guiding Principles for the Specifications of 
Service Conditions,” “Guiding Principles for 
the Selection of Test Voltages,” ““Test Code 
for Low-Frequency, D-C, and Impulse Test- 
ing,” ‘Preferred Standards for Large 3,600 
Rpm Condensing-Type Turbine Genera- 
tors,” “Standard Specifications for Genera- 
tors for Large 3,600 Rpm Condensing-Type 
Turbine Generators,” and, finally, standardi- 
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zation of aeronautical electric equipment. 

Among the AIEE and American stand- 
ards, revisions of which were consummated 
during the year, were: ‘‘Automatic Sta- 


> 22 


tions,” ‘Lightning Arresters,” “Insulator 
Tests,’ “Fuses Above 600 Volts,” “Test 
Code for Synchronous Machines,” and 


“General Standards for Wires and Cables.” 

Due largely to shifts brought about by 
wartime conditions, it has been necessary to 
make a large number of new appointments 
of Institute representatives serving on various 
sectional committees of the American Stand- 
ards Association. 

Participation by the Institute in the de- 
velopment of fundamental electrical stand- 
ards in the aeronautical field is rapidly going 
forward under the control of the committee 
on air transportation, and guidance of an 
Institute liaison representative, with such 
other interested groups as the Society. of 
Automotive Engineers, the National Aircraft 
Standards Committee, the Army Air Forces, 
the Bureau of Aeronautics, and National 
Electrical Manufacturers Association. Sev- 
eral subcommittees of the committee on air 
transportation are projected, and one o 
these on aircraft electric rotating machinery 
has completed a proposed standard which is 
now in process of publication. 

In view of the widespread interest in the 
subject of application of statistical methods 
in engineering and manufacturing, the 
Standards committee appointed a _ sub- 
committee to explore the possible applica- 
tions in the Institute’s field and to ascertain 
the reaction of the membership. 

In order to reech a conclusion, the sub- 
committee has set down a plan of work for 
the coming year embracing the following 
activities: 


1. An educational program including: 


(a). A series of short technical articles developing the 
subject from first principles. 


(b). Articles describing special applications of statistical 
methods. 


(c). The sponsoring of conferences and technical ses- 
sions and of the presentation of papers at Section, Dis- 
trict, and national meetings. 

(d). General articles addressed primarily to executives, 
pointing out the advantages of statistical methods. 


2. A study of applications in Institute test codes and 
Standards. 


3. Applications in the electrical utility fields. 


4. Co-operation with Joint Committee on Application 
of Statistical Methods in Engineering and Manufac- 
turing. 


5. Keeping in touch with developments in which the 
Institute might properly co-operate. 


UNITED STATES NATIONAL COMMITTEE OF 
THE INTERNATIONAL ELECTROTECHNICAL 
COMMISSION 

During the past year, as in the preceding 
war years, the work of the International 
Electrotechnical Commission and the United 
States National Committee has remained in 
a state of suspension. It is not contemplated 
that work will be resumed until after the 
peace is concluded. 

At its annual meeting on November 10, 
1944, the United States National Committee 
re-elected E. C. Crittenden, president; L. F. 
Adams, vice-president; and H. S. Osborne, 
vice-president and treasurer. 

During the year there was set up a United 
National Standards Co-ordinating Com- 
mittee, with the national standardizing 
bodies of Great Britain, Australia, Canada, 
New Zealand, South Africa, Brazil, China, 
France, and the United States as members. 
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Offices have been set up in London, Eng- 
land, under the direction of C. Le Maistre, 
who is also general secretary of the IEC, 
and in New York under the direction of 
H. J. Wollner. Participation in the United 
Nations Standards Co-ordinating Committee 
is limited to those countries which are par- 
ticipating on a positive scale in the war 
effort of the United Nations. A number of 
proposals for international standardization 
work have been made, and the work of the 
committee can now be considered to be well 
under way. The committee was organized 
with the understanding that it would operate 
for only two years, leaving the form of future 
international organization to be determined 
later. 


Technical Committees 
COMMITTEE ON AIR TRANSPORTATION 


The past year has been a period of major 
activity in the field of aircraft electric appli- 
cations. A large number of technical papers 
were presented at three national meetings, 
and an extensive program has been under- 
taken in respect to aircraft electrical stand- 
ards. 

At the 1944 summer meeting in St. Louis, 
four of the technical sessions were devoted to 
aircraft subjects; a total of 17 papers were 
presented. 

At the Pacific Coast technical meeting in 
Los Angeles, in August, aircraft electrical 
subjects and technical sessions occupied the 
dominant place. Fifteen of the technical 
sessions were concerned with aircraft prob- 
lems, and 58 technical papers were presented 
and discussed. 

At the winter technical meeting in New 
York, aircraft electrical problems occupied 
an important part of the program, and, in 
view of the restriction on the total number 
of papers and sessions which could be 
handled, there were two technical sessions 
at which nine papers were presented and one 
conference session covering the general 
problems of application of electric devices to 
military and commercial aircraft. 

The committee met twice during the year 
on the occasions of the Los Angeles and New 
York technical meetings. 

A “Report on Proposed Standard for Air- 
craft D-C Apparatus Voltage Ratings” was 
approved by the committee and recom- 
mended for publication for one year’s trial 
use. This report has been in the process of 
preparation for the past two years, and, al- 
though some further revisions are probable, 
it is believed that adherence to the recom- 
mendations will result in improved opera- 
tion of electric equipment in aircraft. 

During the year, the committee has been 
in close contact with the SAE, NASC, 
NEMA, AAF, and the Navy Bureau of 
Aeronautics to assist in the formulation of 
appropriate technical standards. To carry 
out this work, four subcommittees were 
formed with assignments as follows: 


1. Aircraft Electric System Subcommittee. To prepare an 
informative type of report on ‘Fundamental Charac- 
teristics of Aircraft Electric Systems.”” This subcom- 
mittee has made considerable progress in the prepara- 
tion of a comprehensive outline and already has received 
from various sources some draft contributions. 


2. Aircraft Electric Control and Protective Devices Sub- 
committee. To prepare electrical standards and test 
codes covering aircraft control and protective devices to 
aid in the rating, testing, and application or evaluation 
as such for aircraft service. 
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3. Aircraft Wire and Cable Subcommittee. The prepara- 
tion of electrical standards and test codes covering the 
rating and testing and application of aircraft wires and 
cables 


4. Aircraft Electric Rotating Machinery Subcommittee. The 
preparation of electrical standards, tests, codes, and 
definitions for aircraft electrical rotating machinery. 
Immediate attention is being given by this subcom- 
mittee to the formulation of a suitable test code for air- 
craft d-c machines. 


Consideration is being given to the forma- 
tion of a subcommittee on brushes and brush 
test codes sponsored jointly by the com- 
mittee on electric machinery and the com- 
mittee on air transportation. It is believed 
that such a group can render worth-while 
service. 


COMMITTEE ON AUTOMATIC STATIONS 


The committee on automatic stations held 
two meetings during the year, one in Buffalo 
following the summer technical meeting, and 
one in New York during the winter technica) 
meeting. 

One of the principal matters discussed at 
these meetings concerned the revision of the 
‘““American Standard for Automatic Station 
Control, Supervisory and Telemetering 
Equipments, C37.2.”” The work of revising 
this Standard now has been completed, and 
it has been submitted to the AIEE Standards 
committee for approval. 

The committee has sponsored papers on 
supervisory control and telemetering equip- _ 
ment and is continuing its efforts to bring 
before the Institute papers which will be of i 
value to the engineering profession. 

During the January meeting, plans were 
formulated for a conference session on auto- 
matic or supervisory control of high-voltage 
air switches and on automatic control of 
large capacitor banks. There appears to be 
considerable interest in these subjects, but on 
account of the present curtailment of travel 
it does not appear feasible to arrange this 
conference at the present time. 

The committee is represented on several 
joint subcommittees and is participating in 
their work. The joint subcommittee on 
power system application of carrier current 
is undertaking several projects which should 
provide valuable information in this field. 
A report of the work of the sectional com- 
mittee (C67) on preferred voltages under 100 
was presented at the winter meeting of the 
committee on automatic stations by its 
representative and was given careful con- 
sideration. The committee on automatic 
stations also has appointed full representa- 
tion on the joint subcommittee on tele- 
metering. This subcommittee is working 
under the sponsorship of the committee on 
instruments and measurements. 


COMMITTEE ON DOMESTIC AND 
COMMERCIAL APPLICATIONS 

The committee has been enlarged to a 
total of 21 members, and two more sub- 
committees have been formed in addition to 
the three that were formed last year. Those 
formed this year are the subcommittee on 
laboratory projects, and the subcommittee on 
load characteristics. The other three sub- 
committees are on electrical hazards to farm 
animals, farm applications, and wiring. 

The work of the two new subcommittees 
has been devoted since their inception en- 
tirely to organization, as practically all of 
the members have been too involved in vital 
war work to devote much time to committee 
activity. 
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The committee on domestic and com- 
mercial applications was formed just prior 
to the war with the purpose of propagating, 
more fully than had previously been done, 
the activities judged to be within its scope 
by the AIEE. It has been most unfortunate 
that the extreme pressure of war activities 
on the part of most of its members has pre- 
cluded more vigorous pursuit of the domestic 
and commercial problems that confronted 
the committee. Excellent ground work has 
been laid, and conclusion of hostilities in the 
European theater of operation again will 
free some of the membership for committee 
work. At the conclusion of the war the 
committee should be in an excellent position 
to advance fully and rapidly with the original 
intent and purpose. 


COMMITTEE ON ELECTRIC MACHINERY 


Meetings of the main committee were held 
in June 1944 and January 1945, and one 
meeting of the subcommittee chairmen was 
held in October. The chairman attended 
the meetings of standards and _ technical- 
program committees during the year. 

The committee has sponsored many ses- 
sions of interesting papers on the several 
technical programs and has held several con- 
ference sessions. Particular interest was 
shown this year in the subjects of tempera- 
ture measurements and standards. Also, 
much interest was shown in the subject of 
machine insulation, particularly in the new 
silicone materials. 

The synchronous-machine test code, which 
was passed on to the Standards committee, 
now has been approved and is ready for 
publication. 

The questions of temperature measure- 
ments by thermocouple and by resistance 
were discussed at length in conference pa- 
pers. The data on a-c machines were sum- 
marized in two papers, and it is hoped that 
this material soon can be presented to the 
Standards committee. 

‘Similar data on d-c machines are being 
collected by the d-c subcommittee, but it is 
believed that further tests by interchanging 
machines between manufacturers is necessary 
before any conclusions can be drawn. 

Several new items have come up for con- 
sideration by the d-c subcommittee, the 
problem of testing for stray-load loss, and 
the proposal that a test.code for brushes be 
worked out jointly with the committee on air 
transportauon. 

The transformer subcommittee held two 
meetings during the year, one in Cleveland, 
Ohio, on October 27, 1944, and one in New 
York on January 23, 1945. The complete 
revision of the ASA “‘Guide for Operation of 
Transformers and Regulators C57.3” was 
completed and now is awaiting publication. 
It will be presented to the ASA sectional 
committee at the proper time. A revision 
of the data in ASA Standards, C57.1 and 
C57.2 on impulse testing has been practically 
completed. Several changes in the above 


- ASA Standards were agreed to and passed 


on to the ASA sectional committee. 

The ‘co-ordinated study of life of trans- 
former insulation is continued. Temperature 
gradients, hot-spot temperatures, and in- 


gulation strength of dry-type transformers 


are receiving consideration. © A working 

group is considering the accuracy require- 

ments for voltage-regulator control devices 

as well as operation of regulators above 
ga 


rating. The thermal capability of regulators 

on a reclosing cycle also is being studied. 
The subcommittee on industrial control 

has sponsored a number of papers and has 


made a start on the study of standards for 
control devices. 


COMMITTEE ON ELECTRIC WELDING 


Two meetings of the committee were held, 
one in Cleveland, October 18, 1944, and 
one in New York, January 23, 1945. The 
discussions dealt with standards, particularly 
those concerning ASA Standards C52 on 
resistance-welding and arc-welding machines 
and the sponsoring and preparation of 
papers for technical sessions. The committee 
has assigned two of its members to assist 
with the preparation of arc-welding stand- 
ards under the arc-welding subcommittee of 
C52, and has offered similar assistance for 
the resistance-welding subcommittee, as 
soon as active work is started by this sub- 
committee. 

Two technical sessions were sponsored by 
the committee, one in St. Louis in June 1944, 
at which three technical papers and oné 
conference paper were presented, and one in 
New York in January 1945, at which three 
technical papers and one conference paper 
were presented. The technical program in 
New York in January was confined to arc- 
welding subjects, and it was planned to 
sponsor a resistance-welding program for the 
1945 summer technical meeting in Detroit. 
With the cancellation of that meeting, some 
of the original papers planned still will be 
written and presented as part of the tech- 
nical-paper program, with discussions by 
mail, and others will be postponed until a 
later date. 


COMMITTEE ON ELECTROCHEMISTRY AND 
ELECTROMETALLURGY 

Most of the work of the committee during 
the year was carried on by correspondence, 
small conference groups, and meetings of 
two very active subcommittees. Work of 
the committee has been limited during the 
war period. Details of new developments 
may be released later. 

The subcommittee on voltage transients in 
arc-furnace circuits presented a paper on 
“Voltage Transients in Arc-Furnace Cir- 
cuits”? at the summer technical meeting in St. 
Louis. This was published as technical 
paper 44-99 and was read by the chairman 
of the subcommittee, J. E. Hobson. E. R. 
Whitehead became chairman in December 
1944. At a meeting of the subcommittee 
held in Pittsburgh, Pa., on January 19, 1945, 
E. W. Boehne of the General Electric Com- 
pany, gave a report and a very interesting 
discussion of his findings on overvoltages 
caused by circuit interruptions. F. J. Vogel 
of the Illinois Institute of Technology has 
been doing laboratory research on over- 
voltages in transformer secondary circuits, 
and he gave a report on the progress of this 
work. A survey of protective measures is in 
progress but was not advanced far enough at 
the time of the meeting to justify a report. 
An outline of desirable future action for the 
committee was drawn up. 

The subcommittee on metallic rectifiers 
held two meetings, and reported considerable 
progress on a rectifier bibliography. It was 
expected that some time in April 1945 a pre- 
liminary draft would be collected, completed, 
and sent out to the membership. A list of 
proposed definitions for metallic rectifiers 
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has been proposed. A full-day session was 
held with Army and Navy Air Corps and 
Signal Corps officers in discussing special 
tests for rectifiers suitably protected for use 
in high humidity. Considerable progress 
has been made, and a series of co-operative 
tests at various plants are being undertaken 
to establish standard methods of tests as well 
as means of finding approved methods of 
protection. Some of the government pro- 
curement specifications will be incorporated 
in the new standards when they are drafted. 

The committee is represented on the new 
joint subcommittee on induction and di- 
electric heating. 


COMMITTEE ON ELECTRONICS 


The committee has been active in solicit- 
ing and promoting papers on electronic sub- 
jects. Both the winter technical meeting and 


_ Electrical Engineering had a satisfactory per- 


centage‘of such papers. 

This year at the winter technical meeting, 
as an experiment, the available papers on the 
subject of electronics were distributed to 
other committees whose sessions covered the 
subjects involved. This was done to increase 
the number of papers on electronics pre- 
sented to the membership. 

As an activity of the joint subcommittee 
on induction and dielectric heating, the com- 
mittee on electronics took an active part in 
organizing and conducting an informal tech- 
nical conference on the subject of dielectric 
heating. This was well attended, which 
indicated that such conferences form a use- 
ful medium of promoting various aspects of 
electronics among the members of the In- 
stitute. 

Two subcommittees of the committee have 
been active during the year. A working 
group of the subcommittee on electronic 
standards has had a number of meetings and 
is making excellent progress on the matter 
of nomenclature, and letter and graphical 
symbols. The object here has been to de- 
fine electronic devices, particularly those 
outside of the radio field. 

The subcommittee on mercury-arc recti- 
fiers has been renamed the power electronics 
subcommittee, and has been engaged actively 
in the preparation of standards for mercury- 
arc power converters. The standards will 
cover definitions (rectifier names and letter 
symbols), standards (ratings and bases for 
acceptance tests), test code, operating guide 
and standards for rectifier transformer. This 
subcommittee also has organized a working 
group to prepare a report on “Inductive 
Co-ordination of Rectifier Equipment.” 

The scope of technical papers that can be 
obtained at the present time is restricted be- 
cause of the war program, but it is believed 
that a sufficient number can be made avail- 
able to keep this subject active and well repre- 
sented at possible future technical meetings 
and in the pages of Electrical Engineering and 
the Transactions. 


COMMITTEE ON INDUSTRIAL POWER 
APPLICATIONS 

The main project of the committee was 
the completion of the report on “Blectric- 
Power Distribution for Industrial Plants.” 
The report was presented at one of the tech- 
nical sessions at the 1944 summer technical 
meeting in St. Louis, and was approved for 
publication by the board of directors. A 
first issue of 10,000 copies was printed and 
released in January 1945. It already has 
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been sold out completely, and a second print- 
ing of 10,000 copies since has been approved. 
Plans are being developed for the transla- 
tion of the report into Spanish and Portu- 
guese by the International General Electric 
Company and Westinghouse Electric Inter- 
national Company for distribution by these 
companies in Central and South America. 

This report is in the form of a manual of 
100 printed pages, 8 by 11 inches in size, 
in flexible binding. It contains in condensed 
form the basic information needed by an 
electrical engineer or industrial architect to 
design an industrial power-distribution sys- 
tem. It is neither a code, nor a standard but 
is intended to promote the use of sound en- 
gineering principles in the design of such a 
system and the selection of equipment for it. 

A subcommittee has been appointed to 
assemble and edit suggestions for revisions 
of the report, in preparation for a future 
second edition. A 

At the 1944 summer technical meeting, 
the committee sponsored, jointly with the 
committee on electronics and the committee 
on power transmission and distribution, a 
technical session for the presentation of five 
celated papers on the use and design of elec- 
tronic power converters. Another session 
was devoted to the presentation of two papers 
on the control and switching of shunt capaci- 
tors, a conference paper discussing electrical 
facilities of an important war plant, and a 
discussion of the afore-mentioned committee 
report. 

An organization meeting was held of 
members of the newly created subcommittee 
on inductive and dielectric heating and 
members of the sponsoring committees, the 
committees on electronics, electrochemistry 
and electrometallurgy, and industrial power 
applications. J. J. Orr, chairman of this 
subcommittee, has surrounded himself with 
a highly representative group of men, all 
interested and active in the developments in 
high-frequency heating. 

At the 1945 winter technical meeting in 
New York, the committee sponsored the 
presentation of eight technical papers in two 
technical sessions, and a conference session 
devoted to a discussion of industrial system 
and apparatus voltage ratings. Speakers 
represented the utilities, electric-machinery 
manufacturers, and the industrial power 
user. The conference was well attended and 
developed a great deal of interest. 

_Another conference session was sponsored 
by the subcommittee on inductive and di- 
electric heating. This session too was very 
well attended, confirming the great interest 
of electrical engineers in developments in this 
modern field. The very fine start made by 
the new subcommittee gives promise of fine 


practical achievements in coming years in a~ 


field which is so new that few, if any, stand- 
ards have yet been developed. 

A luncheon meeting of members of the 
main committee was used to lay plans for the 
coming year. The increasing importance of 
co-ordinated drives in industrial processes is 
recognized by the committee, and special 
efforts will be made to stimulate the presenta- 
tion of papers dealing with such installations. 


COMMITTEE ON INSTRUMENTS AND 
MEASUREMENTS 
In spite of the restrictions of the war, which 
prevent the publication of many potential 
papers, the number of papers approved by 
the committee for the winter technical meet- 
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ing was greater than could be accommodated 
on the program. Also, although handi- 
capped by duties imposed by the war, the 
members of the committee have advanced 
many projects, particularly those in the fields 
of definitions and standards. 

At the summer technical meeting two 
papers sponsored by the committee were 
presented, one on a method of measuring 
dielectric properties at ultrahigh frequencies 
and the other on high-frequency cable de- 
sign and testing. At a session of the winter 
technical meeting, four papers in widely 
diverse fields were presented, one on a 
method of improving bushing current trans- 
formers by superposing third-harmonic fre- 
quency excitation on the core, one on a 
modulated high-frequency-system method of 
telemetering developed for the City of Seattle, 
Wash., one on the dynamic measurements of 
electromagnetic devices such as subrelays, 


’ and the fourth on a compact portable in- 


strument for measuring insulation resistance 
in the field with direct current at high volt- 
age. A fifth paper sponsored by the com- 
mittee on an electronic interval timer for arc 
duration was presented at the session on 
industrial control. 

The committee is finding that the employ- 
ment of electronic circuits and devices for 
making measurements is increasing rapidly, 
and several of the new members appointed 
to the committee in the past year were se- 
lected because of their proficiency in the 
electronic field. 

The subcommittees have been active, 
particularly in making several additions and 
changes in the definitions of electrical terms 
in preparation for some future revision of 
the present ‘‘American Standard Definitions 
of Electrical Terms” and in bringing into 
agreement the definitions relating to watt- 
hour meters in that volume, the ‘‘Meter- 
man’s Handbook,” and the “Code for Elec- 
tricity Meters.”” A former report on a pro- 
posed Standard 40 for recording instruments 
is being brought to the status of a standard, 
and a draft is being circulated for review 
among Institute members and others who 
have interest in such a standard. Consider- 
able progress has been made in the prepara- 
tion of the master test codes for both resist- 
ance and temperature measurements. The 
subcommittee on ultrahigh-frequency meas- 
urements has in preparation an article for 
Electrical Engineering on recent developments 
in measurements in the ultrahigh-frequency 
field. The subcommittee on dielectric 
measurements in the field has compiled a 
bibliography on the subject and now is pre- 
paring a report on the methods now avail- 
able for such measurements together with 
their scope. 

For some time past there has been no 
permanent committee or subcommittee in 
the Institute to which matters concerning 
instrument transformers could be readily 
referred. Hence, during the past year, the 
committee on instruments and measurements 
has established a permanent subcommittee 
on instrument transformers, on which are 
representatives of widely diversified interests. 
The formation of this subcommittee was 
facilitated by the close co-operation of the 
AIEE committee on protective devices and 
the ASA subcommittee on instrument trans- 
formers. In view of the rapid expansion of 
the field of industrial control the name and 
the scope of the subcommittee on that sub- 
ject have been changed to subcommittee on 
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electrical servomechanisms and follow-up 
devices. Also, if a new committee on indus- 
trial control devices is authorized by the 
Institute, the committee on instruments and 
measurements desires representation thereon, 
since a large number of industrial control 
devices depend on measuring devices to 
initiate their operation. 

In accordance with a request from the 
National Roster of Scientific and Specialized 
Personnel of the War Manpower Commis- 
sion, the committee has submitted to it a 
statement of the duties, skills, and functions 
of those engaged in the instrument and 
measurement field. 

The committee also has been requested to 
co-operate with the Sections committee in 
the formation of technical groups on instru- 
ments and measurements in the different 
Sections, through the activity of committee 
members in their own Sections and by assist- 
ing in supplying speakers on subjects in the 
instrument and measurement field. The 
committee already has taken action through 
letters and other material sent to its mem- 
bers and by making available to Section 
chairmen the names of members of the com- 
mittee in their Section. In the Boston Sec- 
tion such a technical group is already in 
active operation. : 


COMMITTEE ON LAND TRANSPORTATION 


A joint meeting of the committee on land 
transportation and the oil and gas power 
group of the railroad division of the Ameri- 
can Society of Mechanical Engineers was 
held on November 29, 1944, in New York. 
Papers were presented at this meeting on the 
subject of gas-turbine locomotives, covering 
developments in Switzerland and in the 
United States and the present status and 
prospects for future developments of the gas 
turbine as a propulsion unit for road loco- 
motives. The meeting was very well at- 
tended, and interest in the subject was pro- 
nounced. 

On the morning of January 25, 1945, dur- 
ing the winter technical meeting in New 
York, a meeting of the committee was held 
to discuss various subjects to be brought 
before the committee members. The tech- 
nical papers already available were re- 
viewed, and additional papers to be obtained 
on subjects of interest and value along lines 
covered by this committee were discussed. 
In the afternoon the committee sponsored a 
technical session at which the four papers 
presented were received with a great amount 
of interest, and extensive discussion resulted. 

Three technical papers have been made 
available for use in the spring technical- 
paper program. 

In the interest of keeping travel to a mini- 
mum under present transportation condi- 


tions, no additional committee meetings. 


have been scheduled. 


COMMITTEE ON PRODUCTION AND 
APPLICATION OF LIGHT — 


No technical sessions or conferences were 


sponsored by the committee during the year, 
and a conference tentatively planned for the 
summer meeting has been abandoned with 
the cancellation of this meeting. 

A meeting of the committee was held at 
Institute headquarters on January 23, 1945, 
with a substantial number of the members in 
attendance. 


The report of the subcommittee on pre- 
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ferred characteristics of electric power for 
lighting has been prepared, and, in accord- 
ance with recommendation made at the 
January committee meeting, will be referred 
to other interested technical committees for 
comments and suggestions. 


COMMITTEE ON MARINE TRANSPORTATION 


During the year, four new members were 
added to the committee. All of these new 
members are associated with prominent 
organizations, and their time is occupied 
completely with marine electrical matters. 
They are very helpful to the committee, and 
their enthusiasm has aided in a more critical 
review of the existing standard. 

The committee had one all-day meeting, 
and four two-day meetings. The attendance 
at all the meetings has been excellent, despite 
the fact that all the members are overloaded 
with war work. 

In accordance with the custom of the com- 
mittee, the 93 pages of the 1940 edition of 
Standard 45 have been subdivided into 
eight sections and assigned to an equal num- 
ber of subcommittees. These subcommittees 
have reviewed critically the 1940 edition and 
reported their findings to the committee. 
This has been a very laborious and time- 
consuming task, for the rapid development of 
marine electric installations during this 
quantity production of ships and increased 
uses of electric power, including electronic 
devices, has necessitated many revisions to 
keep abreast of the changing conditions. 
In addition these revisions have been necessi- 
tated by the greatly increased use of a-c 
distribution systems through the ship and the 
increased number of electrically propelled 
vessels. 


COMMITTEE ON POWER GENERATION 


The two major projects of the committee 
have been practically completed. The joint 
subcommittee with ASME has prepared a 
specification for steam-turbine governors, 
which has been issued on a trial basis. This 
work is being extended to other kinds of 
prime movers. 

Another project in which the committee 
on power generation has participated actively 
was the preparation of standards for 3,600- 
rpm steam-turbine generators for sizes 
10,000-60,000 kw. This work is virtually 
completed, and it is expected that the recom- 
mended specification will be issued on a 
trial basis this year. 

The technical sessions sponsored by the 
committee during the summer technical 
meeting in St. Louis and the winter technical 
meeting in New York were devoted to diverse 
subjects of interest to the committee and 
general membership of the Institute. 

A well-attended and quite successful tech- 
nical conference was held at the last winter 
meeting on the subject of central-station 
auxiliaries. 

The plans of the committee for the im- 
mediate future include a symposium on 
hydroelectric systems, a series of papers on 
excitation systems, in addition to further 
contributions on the subject of central- 
station auxiliaries. 


COMMITTEE ON POWER TRANSMISSION AND © 


DISTRIBUTION 


A meeting of the subcommittee chairmen 
was held in October 1944, and a full meeting 
of the committee wassheld at the winter 
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technical meeting in New York in January 
1945. 


Technical Meetings. At the summer 
meeting in St. Louis in June 1944, the com- 
mittee sponsored two technical sessions. 
One session dealt with general transmission 
and distribution problems, and the other 
with cables. At the winter meeting in New 
York in January 1945, the committee spon- 
sored three technical sessions, and one con- 
ference session. The technical sessions dealt 
with lightning and protective relaying, 
supervisory control and stability, and cables. 
The conference was on the subject of war- 
time practices on distribution systems, and 
consisted of four conference papers and dis- 
cussion. 


Subcommittee Activities. The  distribu- 
tion subcommittee and stations subcom- 
mittee devoted their principal activities to 
arrangements for the conference session, 
which was sponsored jointly by the two sub- 
committees. 

The general systems subcommittee is plan- 
ning a conference session on the factors in- 
volved in serving kilowatt and kilovar and 
the effect on the rate structure. 

The transmission subcommittee through 
its working group on towers, poles, and con- 
ductors is sponsoring papers dealing with 
modern trends in wood-pole structure de- 
sign. The working group on cables is ar- 
ranging papers on cable temperatures and 
also is planning a review of duct heating 
constants. The working group on lightning 
and insulators is collecting material for an 
addition to the lightning reference book 
covering the period 1934 to 1944. Work 
also is proceeding on a report on predicting 
lightning performance of transmission lines. 
During the year, ‘““AIEE Standard 41, Insu- 
lator Tests,’ sponsored by this group was 
published as ‘““ASA Standard C29.1.” 


COMMITTEE ON PROTECTIVE DEVICES 


One meeting of the executive committee 
was held in the fall, at which time all of the 
subcommittees were organized and the work 
outlined for the year. One meeting of the 
full committee was held in January to review 
progress reports by the subcommittees and 
to get suggestions from all members about 
the future program. 

The committee sponsored ten technical 
papers at the 1944 summer meeting, four at 
the Pacific Coast meeting and 11 at the 
winter meeting. Plans are being made to 
continue the preparation of technical papers, 
particularly those having an important 
bearing on wartime developments or prac- 
tices. 

Activities of the subcommittees may be 
summarized as follows: 


Circuit Breaders, Switches, and Fuses. 
Standard 25, covering fuses above 600 volts, 
was approved and sent to the Standards 
committee with the recommendation that it 
should be published as an approved stand- 
ard.jror : 

Standard 20, covering low-voltage air 
circuit breakers, has been worked on dili- 
gently through the year. The wide interest 
and broad field of use of this apparatus has 
encouraged much discussion of the material 
in the proposed revision. 

A draft of a Standard on “‘Reclosing De- 
vices for Distribution Circuits’ has been 
completed by the working group. 
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On Standard 22, ‘Air Switches,’ no 
active work is being done. A working group 
is collecting data and comments that may 
lead to suggesting revisions. 

Standard 27, ‘Switchgear Assemblies,”’ 
was reviewed by a working group, which 
reported that “‘the standards as issued in 
August 1942 do not require any action 
looking toward revision at this time.” 

There has been no activity looking toward 
a revision on Standard 19, ‘‘Power Circuit 
Breakers.” 

Items recommended for continuing by 
future committees are: 


(a). Study of the calculating of short-circuit currents 
for low-voltage circuits, 


(6). Revision of methods used for rating power circuit 
breakers. 


(c). Derating factors for air circuit breakers on re- 
closing service. 


Some engineers feel that air circuit breakers 
need not be derated as severely as oil circuit 
breakers when used on reclosing service. 


Lightning-Protective Devices. The eighth 
draft of the proposed AIEE Standard for 
expulsion-type distribution arresters was sent 
to members of the subcommittee for final 
approval March 2, 1945. 

Two of the projects, namely, industry per- 
formance characteristics of high-voltage pro- 
tector tubes and rod-gap characteristics 
have been delayed until a suitable industry 
standard for impulse testing has been set up. 

A survey was started in co-operation with 
the committee on electric machinery to 
determine the success of present methods 
used for lightning protection of rotating a-c 
machines, covering both protected and un- 
protected machines. 

The performance data of expulsion-type 
distribution arresters are being secured from 
all manufacturers and will be published as 
a committee report giving the range of per- 
formance values available. 


Fault-Current-Limiting Devices. The work- 
ing group revising Standard 32 for “Neutral 
Grounding Devices” has been very active, 
but much still remains to be done. 

The working group on ‘Present-Day 
Grounding Practices” is well organized to 
prepare a report of interest and value in 
connection with postwar conversions and 
new construction. Steps have been taken to 
enlist the aid and support of other technical 
committees interested. 


Relays. This working group has pre- 
pared a bibliography for the preceding year 
and has distributed this to members of the 
relay subcommittee. This is a continuing 
program and is of considerable value in 
keeping all interested members up to date. 


Generator Protection. This working group 
has been studying various phases of the 
subject “and conducted a conference session 
at the winter technical meeting. It is ex- 
pected the working group ultimately will 
prepare a report on recommended practices. 


Current Transformers. A working group is 
preparing a report on the use of current 
transformers having a secondary current 
rating of less than five amperes which will 
indicate where these can be used to advan- 
tage and will include a discussion of applica- 
tion and limitations. 


Protection of Powerhouse Auxiliaries. A 
working group is preparing a questionnaire 
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for limited circulation prior to issuing a re- 
port on present practices. 


Transformer Protection. A working group 
was organized during the year to study 
various American and foreign practices and 
to prepare a report. 


Instrument Transformer Standards for Relays. 
At the request of the ASA committee on 
transformers, a draft of a report has been 
completed recommending material for a 
proposed ASA section on instrument trans- 
formers. 


National Electrical Code. A small work- 
ing group has been working closely in co- 
operation with the committee on revision of 
the*‘National Electrical Code,’’ and has made 
a number of recommendations, some of 
which have been adopted. This activity 
has been terminated. 


Distribution Circuit Protection. A working 
group has just been organized to study the 
effect of distribution-circuit construction on 
the protection that can be obtained. 


COMMITTEE ON APPLICATIONS OF 
ELECTRICITY TO THERAPEUTICS 

The committee held no meetings during 
the year, as all of the members are engaged 
in war work. The members have, however, 
corresponded. 

The war has resulted in the development 
of much new equipment which should prove 
valuable in the field of electrical therapy. 
Among the new developments are apparatus 
for determining the relaxation of muscles, 
for the production of very high-voltage cath- 
ode rays and for X rays at new wave lengths. 
Equipment is available for producing X rays 
at any voltage up to 100,000,000. This new 
equipment will be available for experimental 
therapy following the cessation of hostilities. 
There is evidence that the new rays may be 
of value in treating certain diseases. 

It is the expectation of the committee that 
there will be a considerable and important 
development in the field of electrical thera- 
peutics following the war. 


Awards 


COMMITTEE ON AWARD OF 
INSTITUTE PRIZES 

Four Institute prizes and seven District 
prizes were awarded for papers presented 
during the calendar year 1943, As explained 
previously, the decrease in the number of 
District prize awards from that reported 
several years earlier is due to the effect of 
the training programs in the various colleges. 
No District prize’ for Branch paper was 
awarded during the academic year ending 
June 30, 1944. ‘ 

A number of the technical papers were of a 
high order, and a choice between leading 
papers worthy of award was very close in 
several of the classifications. Two honorable 
mentions were made in the class of best paper 
prize and one honorable mention in the class 
of initial paper prize. The committee grate- 
fully acknowledges the aid received from the 
technical committees and their reviewers in 
nominating and grading the large number 
‘of papers considered for the awards. 


EDISON MEDAL 


The Edison Medal, awarded by a com- 
mittee composed of 24 members of the In- 
stitute, was presented for 1944 to E. F. W. 
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Alexanderson, consulting engineer, General 
Electric Company, Schenectady “for his 
outstanding inventions and developments in 
the radio, transportation, marine, and power 
fields.” The presentation took place Janu- 
ary 24, 1945, during the winter technical 
meeting. The medal may be awarded 
annually for “meritorious achievement in 
electrical science, electrical engineering, or 
the electrical arts.” 


LAMME MEDAL 


The Lamme Medal committee awarded 
the medal for 1944 to S. H. Mortensen, chief 
electrical engineer, Allis-Chalmers Manu- 
facturing Company, Milwaukee, Wis., “for 
his pioneer work in the development of self- 
starting synchronous motors and for his con- 
tributions to the development of large hy- 
draulic and steam-turbine-driven genera- 
tors.’ Arrangements are being made for the 
presentation of the medal at the annual busi- 
ness meeting in New York, June 27, 1945. 
The medal may be awarded annually to a 
member of the AIEE ‘‘who has shown 
meritorious achievement im the development 
of electric apparatus or machinery.” 


JOHN FRITZ MEDAL 


The John Fritz Medal board of award, 
composed of representatives of the American 
Society of Civil Engineers, American Insti- 
tute of Mining and Metallurgical Engineers, 
ASME, and AIEE, awarded the 40th medal, 
for 1944, to John L. Savage, consulting 
engineer, for his “‘superlative public service 
in conceiving and administering the engi- 
neering of mammoth dams, both in America 
and beyond the seven seas.” 


HOOVER MEDAL 


The Hoover Medal was_ established 
through a trust fund created by a gift from 
Conrad N. Lauer and is to be awarded 
periodically “to a fellow engineer for dis- 
tinguished public service” by a board repre- 
senting the ASCE, AIME, ASME, and 
AIEE. The seventh medal, for 1944, was 
awarded to Ralph E. Flanders, president, 
Jones and Lamson Machine Company, 
Springfield, Vt. 


ALFRED NOBLE PRIZE 


This prize, established in 1929, consists of 
a certificate and a cash award from the in- 
come of a fund contributed by engineers and 
others to perpetuate the name and achieve- 
ments of Alfred Noble, past president of the 
ASCE, and of the Western Society of Engi- 
neers. It may be made to a member of any 
of the co-operating societies, ASCE, AIME, 
ASME, AIEE, or WSE, for a technical paper 
of particular merit accepted by the publica- 
tion committee of any of these societies, pro- 
vided the author, at the time of such ac- 
ceptance, is not over 30 years of age. The 
award for 1944 was presented to W. R. 
Wilson, General Electric Company, Pitts- 
field, Mass., for his paper ‘‘Corona in Air- 
craft Electric Systems as a Function of 
Altitude.” 


CHARLES LE GEYT FORTESCUE FELLOWSHIP 
COMMITTEE 

A fellowship amounting to $400 was 

awarded to Morton M. Astrahan, a student 

of Northwestern University and a veteran 

of the present war. Mr. Astrahan will 

undertake graduate work in the field of 
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electronics at the California Institute of 
Technology starting in the fall of this year. 
The award is to cover expenses for the 
second semester as Mr. Astrahan will receive 
aid from the Veterans’ Administration for 
the first semester. 


Joint Activities 
UNITED ENGINEERING TRUSTEES, INC. 


This organization manages property and 
funds held jointly by the four founder socie- 
ties, including the Engineering Societies 
Building, the Engineering Societies Library, 
and the endowment funds of the Engineering 
Foundation. 

The building is fully occupied by engi- 
neering organizations, and additional space 
is needed both for offices and for meetings. 
Therefore, there has been a renewal of plan- 
ning for the future adequate housing for 
engineering societies, and various types of 
projects are under serious consideration. 

Increased revenue from meeting halls and 
the reduction of interest paid to the societies 
to token payments produced a small credit 
balance for the year ended September 30, 
1944, 

An abstract of the annual report for the 
year ended September 30, 1944, appeared in 
Electrical Engineering for February 1945, 
page 82. 


ENGINEERING FOUNDATION 


The Engineering Foundation was estab- 
lished in 1914 as a joint organization of the 
four societies, ASCE, AIME, ASME, and 
AIEE, for ‘‘the furtherance of research in 
science and engineering, and the advance- 
ment in any other manner of the profession 
of engineering and the good of mankind.”’ 

Each research project supported by it is 
under the sponsorship of one of the founder 
societies. 

During the year 1944-45, work on five 
projects has been continued, and three new 
projects were initiated. The small number 
of each reflects the lessened demand for 
Foundation support caused by extensive 
government support of all types of research 
of probable importance to the war effort and 
the withdrawal of research personnel from 
the educational institutions to serve in war 
activities. 

The Welding Research Council sponsored 
jointly by the AIEE and the American 
Welding Society has been in operation eight 
years. Its work is carried on by eight re- 
search committees. The principal accom- 
plishment during the year 1943-44 was the 
development of a better understanding of | 
the fundamentals of weldability and weld 
stresses. 

An abstract of the annual report for the 
year ended September 30, 1944, appeared in 
Electrical Engineering for February 1945 
pages 82-4. 


ENGINEERING SOCIETIES LIBRARY 

The Engineering Societies Library was 
formed by combining the separate libraries 
of the ASCE, AIME, ASME, AIEE, and 
preparing a composite card catalogue. 

Special services rendered by the library 
include: photoprints, searches, abstracts, 
translations, bibliographies, book loans by 
mail. é 

Wartime conditions have prevented the 
usual growth in the book collection and 
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greatly increased the demand for photostat 
prints and for other services. 

An abstract of the annual report for the 
year ended September 30, 1944, appeared in 
Electrical Engineering (Feb ’45, p 84-5). 


EMPLOYMENT SERVICE 


Operating as an incorporated nonprofit 
organization, the Engineering Societies Per- 
sonnel Service, Inc., assists members of the 
Founder Societies desiring to secure new 
positions and employers searching for engi- 
neers. Nonmembers may receive such 
assistance when positions available cannot 
be filled by members. 

Offices are operated in New York; Boston, 
Mass.; Detroit, Mich.; Chicago; and San 
Francisco, Calif.; with the co-operation of 
the Engineering Societies of New England in 
Boston, the Engineering Society of Detroit 
in that city, the Western Society of Engineers 
in Chicago, and the Engineers Club of San 
Francisco in that city. 

For several years, the service has been on 
a self-supporting basis, but the prevailing 
scarcity of engineers available for new posi- 
tions has reduced the number of placements. 
A record of registration and placements dur- 
ing the past year is given in Table X. 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 


This council, organized in 1932 to engage 
in activities leading toward the enhancement 
of the professional status of the engineer, 
includes three representatives of each of the 
eight participating organizations, which are 
the ASCE, AIEE, ASME, and AIME, the 
SPEE, the National Council of State Boards 
of Engineering Examiners, and the Engi- 
neering Institute of Canada. Its principal 
activities have been carried on by four com- 
mittees: student selection and guidance, 
engineering schools, professional training, 
and professional recognition. 

One of the principal accomplishments 
during the year which ended on September 
30, 1944, was the development of a plan for 
accrediting technical Institutes. This will 
be administered by a subcommittee of the 
committee on engineering schools which has 
administered the accrediting of engineering 
college curricula. 

A revised general reading list for junior 
engineers was approved, progress was made 
in the preparation of a manual for junior 
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Table X. Analysis of Employment Service 


Men Registered Men Placed 
San 
S 
New Fran- New Fran- 

Month York Chicago cisco Detroit Boston Total York Chicago cisco Detroit Boston Total 
1944 ' 
Miayzitacitetre BSc sls Pca 64s seietee Dil reeNarere 1 Siege 208) hekere D3 eer acacia eee atic Yoaonors BR ise 72 
RPSsn Ss stood 95 eee Zoe oe (Spacoen 24 sh setae ON 6 Soret Te 6 on: Ebipnonae 12s. Sere ocrode Egcdnone Hors ic 73 
pp Ul ycbyeretereye =: GO nreraes 2Grounge MMe atone iehtar eo Dave iayens 8 O niles PMC ons (Sec eo Whcoaos 4 6 57 
August:.-... PE baa tee Po cab ot 69 Zoi setescae God anlar erage (Mosascc Deersveres ZA etereete CBOOOUIE ¢ Orerepstorens 63 
September...89...... SO RRR Reo goin PNA et LOPS 210.2 ZSictrerere (06 Gees Dliskaeces DO isrctorersts Biter 71 
October..... Taiwan. SO st tak oncone 9 Seer Ts cool eke Dar Eraacne Satie A Gisrercteper Ohosotec (Gouoscec 64 
November. ..77....<. YR RS OOS Geondoon PEG oo ye Afitepieye 20 Grater DO isleisiee 13 niece 7 Bingau0¢ MAA cucnes Sinetron 75 
Decembers .. 1510s. «1: SE Secale 55 nie sonn capers B piereratels OSutiareiens 1S ateyeraie bi urnde Se coose cise a6 Ustooocc 52 
1945 
January..... Ween «- Laon ooo. 10 eget saan Coos Mesaode (Wedaoc WBesco0a (eo annot Sereeietete 49 
February.«,..61 05... 28 weeate SBiovisass Dd erate srs LO erred S5ey crore PA SRO ORE 1a ererereiete We noase Dsanandc oman os 58 
March...... US macht PH [ie Bisse, AD) caret DD eee ie DI. aree'd BGs 26 sO cons aCe by eteroced Spon GONE 63 
April......3.84...... Ponta Tit eds AW ed bus 3 0 Sei fael82 22 libra bo UeBeoooe (romone AS 61 

Total... .953 285 696 ONS See 128 pene 20 Guys 203, NOS one PEM ive cos TU deuce. 59 758 


engineers, and continuing progress was re- 
ported in the measurement and guidance 
program. 

Although, due to wartime programs, few 
inspections of engineering curriculums have 
been made, plans are being made for the 
reappraisal of all curriculums after the war. 

A comprchensive report on the activities 
during the year ended September 30, 1944, 
was published in Electrical Engineering for 
December 1944, pages 452-4. 


JOINT CONFERENCE COMMITTEE 


This committee, composed of the presi- 
dents, immediate past presidents, and secre- 
taries of the Founder Societies and the 
American Institute of Chemical Engineers, 
considered topics of interest to the societies. 

The committee serves in an advisory 
capacity, making occasional recommenda- 
tions to the societies on matters of interest 
to all. 


RADIO TECHNICAL PLANNING BOARD 


This joint advisory body, organized in 
1943, will formulate recommendations on 
the technical future of radio developments 
for submission to the Government, industry, 
and the public. 

Initial member bodies in addition to the 
AIEE arey’ Radio Manufacturers Associa- 
tion; Institute of Radio Engineers; Ameri- 
can Institute of Physics; American Radio 
Relay League; F M Broadcasters, Inc. ; 
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International Association of Chiefs of Police; 
National Association of Broadcasters; and 
National Independent Broadcasters. The 
board includes one representative of each 
member organization. 

The work is carried on mainly by 13 tech- 
nical panels, which have prepared many 
comprehensive reports. 


REPRESENTATIVES 


A complete list of the more than 30 joint 
activities in which the Institute is repre- 
sented appears in the Year Book and in the 
September issue of Electrical Engineering each 
year. 


Appreciation 


With grateful recognition of the extent 
and effectiveness of the activities and the 
large increase in membership during the 
past year, the board of directors expresses its 
deep appreciation and thanks to the national 
committees, and the District, Section, and 
Branch officers for their generous contribu- 
tions of energy and time, despite the adverse 
conditions, and to the members in general 
for their continuing interest and participa- 
tion in Institute affairs. 


Respectfully submitted for the board of 


directors. 
H. H. HENLINE 


May 29, 1945 National Secretary 
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| EAST 44TH STREET 
NEW YORK 


May 18, 1945 


HASKINS & SELLS 
CERTIFIED PUBLIC ACCOUNTANTS 


American Institute of Electrical Engineers, 
33 West 39th Street, New York. 


Dear Sirs: 
We have examined the balance sheet of the American Institute of Electrical Engineers, 


and schedule of securities owned, as of April 30, 1945, and the related statements of cash 
receipts and disbursements of operating and restricted funds for the year ended that date, 
have reviewed the accounting procedures of the Institute, and have examined its account- 
ing records and other evidence in support of such financial statements. Our examination 
was made in accordance with generally accepted auditing standards applicable in the 
circumstances and included all auditing procedures we considered necessary, which pro- 
cedures were applied by tests to the extent we deemed appropriate in view of the system 
of internal control. 

In our opinion, the accompanying balance sheet, schedule of securities owned, and 
statements of cash receipts and disbursements fairly present, respectively, the financial 
condition of, and securities owned by, the Institute as of April 30, 1945, and its recorded 
cash receipts and cash disbursements for the year ended that date, in conformity with 
generally accepted accounting principles and practices applied on a basis consistent with 


that of the preceding year. 
Yours truly, 


(Signed) HASKINS & SELLS 


————————— 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
(Incorporated in-New York) 
Balance Sheet, April 30, 1945 


Exhibit A 
ASSETS LIABILITIES 
Property Fund Assets: Property: Fund Reserves? .iejiticswns.- <fsistastdspreblanidie-s opie eiaent $ 549,824.60 
One-fourth interest in physical properties of United . “ 
4 : Restricted Fund Reserves: 
Engineering Trustees, Inc.: ; : 
Prairibalidicendandreqilipinencl (cas ee preciato Reserve Capital PUR <<), 1a a: nic: eter Ua eine there se bites <n $371,392.58 
Ratan Feces) satek Fd ho tk se $369,974.15 Life Membership funds. .:5's/e.acmreueiec ete Sina terete 8,427.63 
Funded depreciation and renewal reserve..........-. 128,474.33 iaaereegt rien C 2 ae Ss = he tee Lib: erates 32268271 
ongress of St. Louis Library 
Total........ Leet ass mens tance eke Wee $498,448.48 apo aia ot i Raa og a Fielder = niehuraeeret eee peas 
Raquipiient: Lamme Medal fundia. sats. «Abelson ae ompearey staesete 4,456.66 
Library—volumes and fixtures—estimated value...... 36,366.37 Mauloux:fund|, 50s. sins. sock he Ree eee ae 1,120.96 
Office furniture and fixtures (less reserve for depre- F a 
elation, $26, 017-ATea.ceee: a Se vee 11,395.49 Total restricted fund reserves.............. aie eee e ae eee sateen » 394,414.59 
WVOrksiOisabty elCstai tele siete ste ciele sielo aieiefvte eiuicl niateleir «(eis 3,001.35 Oo ti iabiliti 
Cash—proceeds from redemption of mortgage cer- ; eesti et wha Sg Rem —rnaepe 
IR Cate ne coh ect heise si Seis s tata binle’y «. elststeitovsieh Gis yes hte eee eee eek aes *” aE gecsieo eeiemeiiaitel Beat 
x £3 612.91 Deferred income: ; ae 
Pipe eete tuod asters. co... ee ee $ 549,824.60 Dues received in advance................2. See AS 3,200.10 
alee re ete ih ne we MP cam eS og \eoaibir Entrance fees and dues advanced by applicants for 
Restricted Fund Assets: INCMADCTSA LGR 2 0143- fore, 0c aeaveuaz victoire ele Yao kee ee siete 1,136.68 
Recorities anthcott, less “reserve$7,372:65 «(quated Subscriptions to publications received in advance..... 13,771.06 
market value, $398,266.61)—Schedule 1........... $359,259.96 Miscellaneous (including unallocated receipts)....... » 967.25 
SER CESR ON ee te ee 35,064.88 Operating fund reserves, ona's oun snieeitnis en ceieeniee eee 77,874.10 
Accrued interest. receivable sara. cis als) = e7e1dclojortvelanelss SYoreie ls 89.75 
Total operating fund reserves, liabilities, etc..... Fereieiel asair a) shafol kV G17 119,435.02 
iotalerestricted: furl: ABSEES. <icjetoc 1. <ca. o/c) sieravmtat ole ole sie rets Siarel akees Palette cous 394,414.59 . 
Operating Fund Assets: ; 
Cash (not including $1,295.18 for Federal taxes with- 
held from employees) (Exhibit B)................. $ 77,206.09 
Accounts receivable: 
Members—for dues (less reserve, $5,700.00).......... 6,114.11 
RA VOTURETR rots foseistaiais’ asl ale ote OOrTaCa apy Gastin Gan oF 6,729.00 
Miscellaneous........... dats Sake faite ateraca eat ckesayees 3,544.12 
Acermed interest receivable jy. ar.ieie,6 osee4.9 os tise sissies « « 4,309.52 
Inventories: 
APPOMSACHLONSs CtCee a, sielccistoie aisieneiave score ieciiecloye Sheree ae 1,048.50 
MBUaCT iCal DERMILONS cs cebareiaieieinies ere we lene ae alate ah 4,388.40 
Work in process (May issue of Electrical Engineering, 
CP in GRABS OSC De Are FR SO OODAOIOD AG EO ieee ta 00220: 
Text and cover paper.......... Selecta tele ress gooncoo, 8 ORT! ‘i 
Bad Ges tid sy Alucici ee haters FORO SO OUT SO. So F 1,589.34 
Total operating fund assets..............0005 noounsnccagogoode. WKAR KP 
OCA Aeiets ait scorsleveis ace ors a lotSile.s/aveva there ietalets we veate ise Yeltujle “ay encierahete GAs $1,063,674.21 Totals: « vcweecocre SE Ne cee oe $1,063,.674.21 
: ‘ , , — 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Statement of Cash Receipts and Disbursements of Operating Fund for the Year Ended April 30, 1945 
Exhibit B 


Cash on Deposit With The National City Bank of New York, May 1, Total (forward) se osie << yi0ss.6 oe esis $515,857 
1944 (not including $1,079.42 for Federal taxes withheld from em- Disbursements (forward). ./..5.6ccsiesseccurQoressc, $242,762.52 ae 
PAO VES eeieaiee inisrccoremisieieicielele eerie sities oes ole eis vie4)sivlslaie sienere\o $ 53,749.13 Wechiieal committees........05 ce cstsesvccedessvesdet "838.20 

eee Retirement system AIEE—normal contribution (see 

pts: Exhibit C for payment of $25,000.00, special contribu- 

Dues (including $113,688.00 allocated to Electrical Engi- _ tion from Reserve Capital £taACL ips paratorste es See clase cosyavevareie 5,074.35 
Der annubicn prank oin es fase s ks ss ae $247,017.36 Sees ace ea tami Boards “es cinta nin saree 1,000.08 

JMS RS RI TEET RS Seats Geumic COL OCT 0 CSO LIRCISEIET G Gace ier 108,173.90 dTxaveling Saver eites 

TivansacitOn& Sia DSCXIPUODS © s50.0,- 5 coo) eleielelee ior vive ss > vie ss == 7,832.37 cour apices pisteicts: 

Plectacal Bapinecrine GabRERPUOUS. a oc, Seve ceees sss 19,825.13 Baas eciicis ca rr Mat ag tee scene OD a 

poblegrmical Meh niOOSin cecr=- eels ele cise njsierclsio s'e sic wie ese 935.25 Vice: presidente tania: Slat he hat ba. a STO ae a ee 

“ElectricePower Distribution for Industrial Plants”........ 7,803.80 Se a a ES cei eae Ai0Ns 9 

Miscellaneous publications (preprints, Standards, Roe BEAD O DENA rete ranaiaye tejete SF ai2i ob sehoye ete Lsiok 1245-0 
Electrical Engineering supplement, etc.)........-.+..+++- 25,299.78 B representa yes oe age. Sage: ae et Sie ane 176.92 

i: lank Sie anh Ronee bea SN aegis ena 10,848.85 pee ee ace SoSUE + VOCE See epee 

st camGe SCS vanes arntavalel a's whe wb Seyeiaial ators ais vis 'sjsi='s == 57 17,159.03 Ad bee Oe EE UDB Es cuarasct acu ggtebere nals ae 

Membership badges... 0... 22 2c00sceceeesescteesecsess 4,088.06 G ee eee PEE Satt epee Net ARE ln ee 

MEnAT SOC PCOS urease sie Siclakeiele srce= ce tee atais = es terclelers ais 210 «oie 2,908.00 I Salsas Sa Districts Braach Lehn) Gat ce OCR Doan os 

Interest and dividends on investments of Restricted hate pegs national ak ake fs Sky kp, ne A: Net peta ae 400,08 
oR SS EOS eitiy = 2 ee 10,037.77 Agee sae erat Oia MeO OCT O stot arteients 258 

en eee 178.63 American Standards (ASSOCIA TIO ME feta eriptetesetes sic a stieto ovale lols 1,500.00 

=e United Engineering Trustees, Inc.: 
: Building assessments... eels orc cis ole tele¥el vitiaieiei« «> ojelsfoTela als 17,813.56 
Total receipts.........--- 222s sete etree ete terete eee e cent eee 462,107.93 : itbrary assessment ater else ol eprerr eee ereleleterstarel « 11,006.20 
ngineers’ Council for Professional Development......... 1,700.60 
DR eatrel ts Peas ie ee on, are. ciapacera eens) apaletahe: oPeinie. tite eimie cfu: srayere's $515,857.06 Engineering Foundation Project—welding research... ... 250.00 
National Committee State Board Engineering Examiners. . 350.00 
Dildesements: International Committee on Illumination................ 30.00 
cut Solin’ Brritz Medal sts creterateters one cisiaieeitie eee eieree oleae 50.00 

Publication expense: National Fire Protection Association—Dues.............. 60.00 
Electrical ENZiNeering ..occoecse Feces sc esssceuntersece $112,263.90 Membership badges........ BHSSaOO OSE AEE CUNa goon c 4,585.47 
TA ANSACHOUS Seales tecas bo ce > e+ scien mie elsisin eines 6 = eo 10,154.47 Whe galiSexviCesaucsmimisieiat clepare eel ere sta enenee ahs stallelsilaianelaiels 250.00 
Year BOOK... cies clei Sie s be eeeee essere reecrereer esses 4,682.86 Committee on collective bargaining and related matters. . 691.40 
Miscellaneous publications (preprints, Standards, Office furniture and fixtures, and repairs............-.-- 5,313.33 

“Industrial Plants” report, Electrical Engineering Edison Medial committee, oc.c6i-5.+ 0 bre se eines mses 230.57 
supplement, ¢tc.)....seee. eee cece reece reece ee tees 27,156.68 Transfers: 

Institute mectings...........0.-.00c eens e eee eee neee 16,159.00 To Reserve, Capital fund- cinco: ese c2es ses ese ee 67,000.00 

erastiterte SECHOBSs crcl ciclo sce 312 S515 > nie ojeyes si n.00.ni= 15 e105 me 48,358.49 To Member for Life ithe. sd@eeoceaensios .cAdbnoo aoe 3,268.71 

Institute Branches........0.---22- cece cece een tec ewees 2,748.23 ——_————. 3 

Finance Committee... 6.20 csscs ccc esc csr te cence eseee 629.29 Total disbursements...........-. 2c ces cree e eee reser e rece rece 438,650.97 

Headquarters committee.....-.. 1-0 sees reer eerie nese 184.09 pie see 

Membership committee....... 2... sees cere eee rere eeee 9,059.91 Cash on Deposit With The National City Bank of New York, April 30, 

Standards committee... .c0- 1. ee eee eee ee eee cette eee 11,365.60 1945 (not including $1,295.18 for Federal taxes withheld from em- 

—————e PLOY. CES) arors vs cre asalnlabotaralale wiesatoleyareleverorete,siminjsrejole fess. cols) sUeiaiejeke isis csnisteke $ 77,206.09 
Mar Ward og cee iiss Saree ee eee + oie main wine ole Mis, 5 = $242,762.52 $515,857.06 ————— 
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Exhibit C 
=—— —S—S— 
Restricted Funds 
eee ee ee ee eee 
’ . y International 
, Electrical 
Réserve Member Life Congress of Lamme Total 
Sy Capital for Life Membership St. Louis Medal Mailloux Restricted 
= Fund Fund Fund Library Fund Fund Fund Funds 
Cash on Deposit With The National City Bank of New York and 
Various Savings Banks, May 1, 1944......... APEC In 60 $ 27,676.29... 2. sccereceee Ril ase ciel Acracctalls $401.80..... afis. aol ndaenano. $1,104.34..... $ 32,009.57 
: Receipts: 
Interest on bonds.ssssecoceeerececssererererrcee ey Cepia nneiieiae el emaverae Se eR ee Cie ere SE eOLOO sy seaners $130.00......8 240.00.........-00-eeeee- $ 495.00 
Interest on bank balances........ccseeeeetesereserercererees Fel farahevae. sighs VO Es alone’ al oleelokele, «crip ASS Gi tseleieys avo rerelehs w.syeieip sl ie) sxe ie aseceverese) hele $i) 516-625 te 60.18 
3 Proceeds from sale of securities.......+++++++ HET Perry Ohi SPG,595;00 li aisrstns' + ssl SEs atest ote bbar a eM folaca vats axe oia¥elaysinecats »» 4,200.00......-. Sees ee . 12,735.00 
*¢ - Transfer from operating fund..... BP fie SOG oer RS ateiereia oheleval 67,000.00, .....$3,268.71...... pene cteiatsansr2 Sg PE raniG ro it CATER OS ROS ONCOL Oar ot 70,268.71 
= Life membership fees......--+eeeereereerereseeee NST NAD OR Dare Ck ed Os TOC oe wa, BOR pace minoo ood bap Oocuaqaceds fo apuoD so Coats oo 845.66 
Total receipts........+ peewee oni Bere inieteinias.ainituele ele Pi our $ 75,535.00......$3,268.71..... $1,014.22...... $130.00......$4,440.00..... $ 16.62.....$ 84,404.55 
Total nce AAR RADA COO OE COCOD UL a0 Bam sierales'« sia (ale $103,211.29......$3,268.71.... .$3,841.36......$531.80. . +e $4,440.00..... $1,120:96.- =n. $116,414.12 
Disbursements:- 


Bereta ticccuritics scutes ciiomcia. += Sb ae nawisiener aoenerD BI 624 80 oe Mics ace Pea e tw ghe Ta Cake Wi ots wow Sin Hae tn, BA ADD Baie ne Wins nchewlin eae 55,878.67 


Retirement system AIEE—contribution to mect the requirements of 
an increase in the allowance for prior services of the headquarters Seen 


Se ee ee eck onsen 28,000.00, <n ronnnsrsazoerstiaeet tons Nee ee ce a ee cer ne ce ti ata 
Transfer to operating fund........++ee+eeeeeeereeereees Pie eRe ce ths Eater ase. OnE SIF 5 CONDI F oiciais oiacelaso exwatoss a ect oeiareta sic bistros Aree axes #050 
Engrossing certificate......+-+++++++++ Pe gre scotia cieravazeseintehelsis{esai sieieysis:s'sie 7-)2,% Mosnouuouogus Rees oy OOOO COO OOo gonses TOVOO face = o'aeterniniein ots i2'slsin 0. 

Sr orgies Meares oS 76,624.89. 0 ov dn nanan ivivas 8 A6OST En Ji ones senses ste Bi ocsrs porceenne ..$ 81,349.24 
; Batince on De osit With The National City Bank of New York 7 ee 
es sedi Various Saving’ Hanks,chpell $0/4945 .ayag?sc.-2+).-22--8 26,586.40... ...$3,268.71. ... .$3,380.79......$531.80......8 176.22. ... $1,120.96... ..$ 35,064.88 
a Ze a ¥ pare oe - : . 
Z - 7 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


Securities Owned, April 30, 1945 


Schedule 1 


Restricted Funds 


Principal Amount 


of Bonds or International 
Number of Reserve Life Electrical Lamme Total 
Shares of Capital Membership Congress Medal Restricted 
Stock Fund Fund Library Fund Fund Funds 
Railroad Bonds: 
Atlantic Coast Line, First Consolidated 4%, due 1952...........00e00-000 ee $74,000700 on.5 nlcseec estrone aoc «oe eee teteen ieee tert $4,253,785. 2... 4,253.78 
Baltimore & Ohio, Pittsburgh, Lake Erie & West Virginia System 4%, 

US LOS 1 ay. oracle erate teenie in ol(suonetccsisvatetePencie Polersstcnayes beteter nace eer lemniehetstsrat star sistas 10;000:00 ..... 6; 450/00! creaavaraotere okey martin iel es eiauchagets « sleveetesientanel se oNepeuccceaaions 6,450.00 
Chicago & Erie Railroad Company 5% first mortgage, due 1982. Registered.. 1,000.00 ..... 1s (0) 01) en Sam one hive GaUb meaieidias se? Roaaoh do scbbos 1,105.00 
New York Central Railroad Company 4% series A consolidated mortgage, 

1998 oa, cioiecvetareie aks toicveiclc oyels orclastrare ol vere) <voltbreye:ecatares ote: s wictotareterarslometetets totes 10,000.00 ..... 6100.00... o areiewistele ce atecpeteve stoke ateiene cleveke sletetaionersl terns amteterers\>* 6,100.00 
St. Louis-San Francisco Railway Company 5% prior lien mortgage series B, 

due 1950 (certificates of deposit). Registered, Stamped................-- 6,000.00*..... 54975 Oy. cacao niaiacaieiocs olereicreie.=ceiesoeslefenenersteacatiere <tavakgetste len otateaens 5,497.50* 

‘Total railroadybondsiicsoctisis sara ssiavel« alesis oe > aie victor ahe or ehoed ldieerarn aese rer reeenctec ec mers atone lines $i 19, 1S 2:50) yo were siete. cheielelersie, esteem cer eset neta ge $4,253.78 semen $ 23,406.28 
Public Utility Bonds: 
New York & Queens Electric Light & Power Company 31/3% first and con- 

Solicdatedsnortgages AUC LICH errreiisi ciclo ini sere tel siete cisvetulciele els)cicisisvercietiers« 10,000.00 ..... Sx 11000. 00 rae. .o vs srorclsiessore araipioteveietcie stetatelsic\svetsts ctelal leh ePelel fetokohaiaas $ 11,000.00 
United States Government Bonds: 

Treasury Savings bonds series D, due July 1, 1949........cccceceseenecceee 10,000.00 ..... Sim -7,644/00) ter eraciaaisraerere pospaeLncapomns 74098 PRES CBS $ 7,644.00 
Treasury Savings bonds series D, due January 1, 1950...........0ceeeeeeeee 10,000.00 ..... y AON) en ie eth cis GC mehr oGIMnIDr Oca + oad ate © 7,500.00 
Rreasuryabonds!2,[o.duchl 950/48 cite ler: ciste areal ole cisiotereieisier ore) deleue aie betas 7.00000 er rae 7S,1 30.94 vic sc aorcs ever aMe Teras Maye enehelie secs: arate seater eerie 78,130.94 
preasury, DONdS, 207, due 1950s Registered iis sstotaiet olor ni-lehals -terpeleisialensie sisters ae 3,000.00 <<... « 3i060:94 ie Sessa Galeters ot eiote re eats ole ete eae fe) ai erica ea 3,060.94 
Treasury bonds 21/2%, due 1968/63...........eeeeeeeee spate rave eyagan Woke sade 20,000.00 ..... 153000:00) <a. $5{000!00 cic cape civters ote etoreletec oe ian re aimee 20,000.00 
Treasury HOnds)21/ $90, QUE 1972/67 datctatatere stevie eter evslsicistose/ejoieleivie «\eperaoisisie eis 6,300.00 ..... APL OOL00 sais, Sepsquieceenetarrsebiere $5,200.00 5 x Seterare els staat eis ne the 6,300.00 
Treasury bonds, 21/2%, due 1972, Registered. ...........00.ccccesscvceses 3,500:00. <5 aise BS SUG: A Le 27 fe cchsiese cicieteceusrsteracslelerajsle/sieiets|orelers let Ragel=te safe itl shakey aso 3,516.41 
Defense} bonds)series Fy due Junelt; 1953. oe) c sic sis sicjers o.c1ein|« seis shale ei sib ete ini a 34,000.00 ..... 25 96O0W irae, san 5 «:s:epepeumilgckaia rele tS le oreueiais ne ahs ieee uate eae 25,160.00 
Defense bonds series G, 21/2%, due December 1, 1954..........0c00eeeeeeee 18,000.00 ..... 1B, QOO.00 2 5s Sse omyeeta nue Fp itiel= latmaxineeyalious os ants alles nei 18,000.00 
War Savings Bonds series G, 2!/2%, due September 1, 1955.........00.000-5 40,000.00 ..... BOD, 000 00) os is arate cw sateralfors asiege sur 6 tvayereteys ein ahata: si cielietecae sealers tw rain 40,000.00 
War Savings Bonds series G, 21/2%, due 1956........0ecev eevee eeee eevee 17,000.00 ..... 17 000: 008 aire Sy apace iciareraisjeiatchavs erevalsle stoyateloners eheie ekafatetastaas eeiea seater 17,000.00 

TotalvUinited States Governmentibondss. sate sniate = -foretoe so. etevetels aisevelaleles stelessiehelote’ aicteleysve' $216, 112-29 oie $5,000:00.. 5... $5; 200 OO a ereciselctenieretiereinet: $226,312.29 
Capital Stocks: : 
FAMACLICAT) CAN COMPANY n dite = dele iegicisleclocicletd wielaeiie s oleleletea cle sielaieleststee cle 60 shares ..... $4,988.40) eee 9 9558/4 dav baape SNe Se latte =e Wows Sire lo i Roar Re too $ 4,988.40 
American Telephone & Telegraph Company. (20)... 66 00m oie cela cee aenne 50 shares ..... OrUSSGS sete Sate Jao seslerenats losarlal's Gus Aoi ile a fails Nol fe tmreiate ret eee 8,183.65 
Atchison, Topeka & Santa Fe Ry. Company—Preferred.............+-00005 £50'shares’ 0.5 435035.46 Sg eins arate Siete taalviale! eran saints Ade abate wile tes teterens 13,035.46 
Boston Edison), Company eer: o vieis oreo er svors yet oiclerel ght tetencloie) ey crews ther onesie) dleuayajie oie, wtelays 200 shares ..... 5 PARE Se OM OE DA ADI CAMAA OA AOA Soe Aho Gn Oot 4,927.50 
Commonwealth Edison Company. 2...5.0.55 00sec cceecc cc weet eusesecceees 200 shares ..... T5380268— eases hao cpee renee Gre tienes ckciete ee sesrele ses eens oneeeters 7,580.68 
Consolidated Natural'Gas' Company. (20700. Sepe etc ee oe ols cline oes cielo wens 11 shares) =... - DQlis DZ) rtere.raievaieietslels aVoyele otal steven alalahste he tele eeaiaien a relwte itiet et aside ete 221.92 
Wastman MModak: Company vnraasaraclouterle ici steels. ci cictekeis/ ore, cabo ei sysells/eraveltvsvaye\ se 35: shares: ...4. 4768 23m gio. a:0,c 5: sain, ors olejedese ato ajar ads aie s\siainceeiseals okie see 4,768.23 
Ei, du! Pont'de Nemours. & Gompany..ciesiens © ociniecis ew cei v'e% a ojo ss nals 50 shares ..... TF 982.07 AF os. cciee Saree cate wlan cmaelovoetatelons (heave ila aetna te ieee 7,982.07 
Gerieral-Blectric/ Company ined: asec sic sjoie on ini- -icheeteateele steve aeateusiers he Tone e 130 shares ..... BME SSO FE He LES Ste pb tauess eserereieies tes Sidioyw aetenere’ arene otal atere 4,463.80 
General; Motors: Corporation ya nic ciel sielets, «crt sic.c nielvieh sv vie s.cieis welneie sicsin es 100 shares ..... BBS ESB casas saline cages Sos Bilge 1a la foics| oreo dio: Stote je ins ate eh alt teks hae tees 4,235.53 
International/Marvester! Compa By «cpiyc.s sans ire ec <lohefeuele oa «fo stole tchel a: siels heute 100 shares ..... 5030.50.55) als ce'siw sterereacaattela < ghenersist eyscaeweeans Sees. uakats 5,030.50 
International Match Realization Co., Ltd. voting trust certificates for capital 

shares of International Match Corporation,..........0.0eeseeeee eee eens 6 shares*..... LCT Lh Se Mn AROGe Tc cc rica tre ae IC eer ci OAS 1,875.15* 
Ohio Edison ‘Co: 4.40% preferred Stocks ci. oes. one c selec dels cle varie chesrans es 150 shares ..... PSST ZT SO" wrsvouaiaiviatstelsjalstorelatslats sais nus eos cites etna ee er 15,727.50 
Sears Roebuck -&) Company .yesdicicersss svc cissiticiers ofielals oie steie! ale 6-0 apsCetalis) suse duaane 100 shares ..... GOVE Te Siave re seieig ave ete Sie suevstelnlots. << scutes ve pert mrvercareeactenC ee mera 6,014.97 
Standard) Oil Company of New Jerseys. cicicc cei we « vu clus siete oitta slejale s @ele,en ele 200 shares ..... 9601-26 en were Bega deoC ap acnn tears. qonticmonigndancc 9,601.26 
WnioniGarbide & ‘Carbon! Corporations ic<ctenisitie eerste tl tietele eles lecsieys)s ee)ei8 100 shares ..... LD le aD tees) sieves SOE eae tae 600 On ro oi Pe SOS. DE 7,277.42 

AiGtal-capital/stOcks saree sr score ateictatoratstiasn afecer OCIA ORC REE ER ICRC aca ears Woman $1055 914.04 cae icts aisce atclointe Nystasole © atten Sewye ere IY Rs ear, yet eet $105,914.04 
BL Ota tersisiersteve re ess vetersvsVoraicin slept eke re awis;eielorthettethePere tie aiaieiere a dora as os ao as STRERTa PIakae cnapaud $352,178.83......$5,000.00...... $5,200.00...... $4,253.78..... $366,632.61 
*Less reserve in full for securities considered to be of doubtful value.......... 2.0.00. cece eee MOT 2s OO evstasioverele PUR oir ch eins wig alee Pe NO sae: 7,372.65 
Total Securities, Less Reserve............ 0.2 cece eee eer eenees acesVeqeusiet onanshes chaleestetits it fohe $344,806.18...... $5,000.00...... 355200005 ie $4,253.78..... $359,259.96 
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1016 Report of the Board of Directors 


AIEE TRANSACTIONS 


. 


Officers 


Officers 


President 


WILLIAM E. WICKENDEN Cleveland, Ohio 
(Term expires July 31, 1946) 


Junior Past Presidents 
NEVIN E. FUNK Philadelphia, Pa. 
(Term expires July 31, 1946) 


CHARLES A. POWEL East Pittsburgh, Pa. 


(Term expires July 31, 1947) 


Vice-Presidents 

District 
eRe BENRY Buffalo, N. Y. 
3 J. F. FAIRMAN New York, N. Y. 

mo Mass COOVER Ames, Iowa 
7 R. W. WARNER Austin, Tex. 
9 C. B. CARPENTER Portland, Ore. 


(Terms expire July 31, 1946) 


2. E. S, FIELDS Cincinnati, Ohio 
4 H. B. WOLF Charlotte, N. C. 
6 L. M. ROBERTSON Denver, Colo. 
8 F. F. EVENSON San Diego, Calif. 
10 F. L. LAWTON Montreal, Quebec 

(Terms expire July 31, 1947) 
Directors 


K. L. HANSEN 
W. B. MORTON 
W. R. SMITH 


Milwaukee, Wis. 
Philadelphia, Pa. 
Newark, N. J. 

(Terms expire July 31, 1946) 


Cc. M. LAFFOON 
Cc. W. MIER 
S. H~> MORTENSEN 


East Pittsburgh, Pa. 
Dallas, Tex. 

Milwaukee, Wis. 

(Terms expire July 31, 1947) 


Schenectady, N. Y. 
Toronto, Ontario 

New York, N. Y. 

(Terms expire July 31, 1948) 


Atlanta, Ga. 

Jackson, Mich. 

San Francisco, Calif. 
(Terms expire July 31, 1949) 


D. A. QUARLES 


J..M. FLANIGEN 
J. R. NORTH 
WALTER C. SMITH 


Treasurer 


New York, N. Y. 


W. I. SLICHTER* 
; (Term expires July 31, 1946) 


Secretary 


New York, N. Y. 
(Term expires July 31, 1940) 


H. H. HENLINE 


7 


Local Honorary Secretaries 


AustraLia—V, J. F. Brain, Department of Public 
oa Works, Bridge Street, Sydney, N.S.W. 
Brazit—Richard H. Bowles, Sao Paulo Tramway 
Light and Power Company, Sao Paulo 

EncLtanp—A. P. M. Fleming, Metropolitan-Vickers 
Electric Company, Trafford Park, Manchester 
France—A. S. Garfield, 45 Bd. Beausejour, Paris, 
16E 


Inpia, NortHern—V. F. Critthley, 11 Bahawalpur 
Road, Lahore, Punjab 


Invia, SourHerN—N. N. Iengar, The Tata Power - 


Co. Ltd., Bombay House, Bruce Street, Fort Bombay 


New ZzALAND—P. H. Powell, Canterbury College: 


Peat. 3 é Christchurch 
_ Swepen—A. F. Enstrom, Ingeniorsyetenskrapsaka- 
¢ ~ : demien, Stockholm 5 
TraNsvAAL, SouTH Arrica—W.. Elsdon-Dew, P.O. 


- Ls Box 4563, Johannesburg 
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General Committees 


Executive 


W. E. Wickenden, chairman, Case School of Applied 
Science, Cleveland 6, Ohio 


P L. Alger R. T. Henry 
J. F. Fairman W. I, Slichter 
N. E. Funk W. R. Smith 


Board of Examiners 


Alexander Maxwell, chairman, Edison Electric Institute, 
420 Lexington Ave., New York, N. Y. 

E. D. Doyle, vice-chairman, Leeds & Northrup Co., 4901 
Stenton Ave., Philadelphia 44, Pa. 

H. E. Farrer, secretary, ATEE, 33 W. 39th St., New 
York 18, N. Y. 


P. H. Adams A. E. Knowlton 
R. W. Atkinson Cc. M. Laffoon 
R. H. Barclay J J. Pilliod 
Robin Beach RG: Roe 
F. E. D’Humy M. F. Skinker 
C, W. Franklin I. A. Terry 
I. W. Gross H, M. Trueblood 
L. F. Hickernell H. H. Weber 


Sidney Withington 


Code of Principles of Professional Conduct 


D. D. Ewing, chairman, Purdue University, Lafayette, 
Ind. 

Dugald C. Jackson 
S. H. Mortensen 
Wm. M. Piatt 


Harry Barker 
E. S. Fields 
E. H. Flath ~ 


Constitution and Bylaws 


Mark Eldredge, chairman, 2110 Spencer Road, Silver 
Spring, Md. 
C. T. Sinclair 
Walter Charles Smith 
I. Melville Stein 


Reginald L. Jones 
T. G. LeClair 


Edison Medal 


Appointed by the president for term of five years 


J.T. Barron R.E. Doherty, chairman J. V. B. Duer 
(Terms expire July 31, 1946) 
F. D. Newbury D. C. Prince W. E. Wickenden 


(Terms expire July 31, 1947) 

C. A. Powel David Sarnoft 
(Terms expire July 31, 1948) 

O. E. Buckley * A. E. Knowlton H. E. Strang 
vai (Terms expire July 31, 1949) 

Zay Jeffries Harold Pender 
(Terms expire July 31, 1950) 


Elected by Board of Directors from its own membership for 
term of two years 


C. R. Frechafer 


C. V. Christie 


P. L. Alger M. S. Coover S. H. Mortensen 
(Terms expire July 31, 1946) 
J. R. North D. A. Quarles H. B. Wolf 
(Terms expire July 31, 1947) 
Ex officio 


W. E. Wickenden, president 
W. I. Slichter, treasurer 
H. H. Henline, secretary 


Finance 


W. R. Smith, chairman, Public Service Electric & Gas 
Co., 80 Park Place, Newark 1, N. J. 


J.¥. Fairman D. A. Quarles 


Charles LeGeyt Fortescue Fellowship 


H. W. Tenney 
(Terms expire July 31, 1946) 


R. T. Henry, chairman 
(Terms expire July 31, 1947) 
Ernst Weber 

(Terms expire July 31, 1948) 


ca 


Officers and Committees—1945—46 


A. R. Stevenson, Jr. 
J. M. Gaylord 


Joseph W. Barker 


-and Committees for 1945—46 


Lamme Medal 


Robin Beach O. B. Blackwell Cc. M. Laftoon 


(Terms expire July 37, 1946) 

W. A. Del Mar John C. Parker, chairman Philip Sporn 
(Terms expire July 31, 1947) 

V. M. Montsinger G. A. Waters 
(Terms expire July 31, 1948) 


H. L. Hazen 


Headquarters 


T. F. Barton, chairman, General Electric Company, 
570 Lexington Ave., New York 22, N. Y. 


H. H. Henline W. R. Smith 


Members-for-Life Fund 


F, M. Farmer, chairman, 2 East End Avenue, New York 


21; Ne: 
C, R. Beardsley R. C. Muir 
E. H. Colpitts F. D. Newbury 
N. E. Funk W. S? Rodman 
R. W. Sorensen 
Membership 


L. F. Howard, chairman, American Tel. & Tel. Co., 
195 Broadway, New York 7, N. Y. 


F. S. Bacon W. J. Lyman 
Tomlinson Fort L. C. Miller 
W. C. Fowler E, G. D. Paterson 
P. H. Hughes D. B. Perry 
A. W. Janowitz J. R. Riley 
Cc. W. La Pierre R. W. Warner 


District Vice-Chairmen 
Wm. F. Cotter (1) 
E. P. Yerkes (2) 
Richard F, Ham (3) 
W. J. Miller (4) 

E. W. Stone (5) 

Ex officio 


Chairmen of membership committees of all Sections 


A.M. Spaulding (6) 
E. B. Robertson (7) 
Robert R. Richey (8) 
H. G. Glaze, Jr. (9) 
Thomas Ingledow (10) 


Planning and Co-ordination 


J. F. Fairman, chairman, Consolidated Edison Company of 
New York, Inc., 4 Irving Place, New York 3, N. x6 


P. L. Alger M. D. Hooven 
G. W. Bower T. G. LeClair 
W. P, Dobson H. S. Osborne 
Mark Eldredge W. R. Smith 
H. H. Henline Cc. F. Wagner 


Prizes, Award of Institute J 


M. D. Hooven, chairman, Public Service Electric & Gas 
Co., 80 Park Place, Newark 1, N. de 
C. S. Rich, secretary, 33 W. 39th St., New York 18, N. Y. 


J. W. Barker J. J. Pilliod 
H. W. Bibber H, E. Strang 
F. A. Cowan C. F. Wagner 
L, A. Kilgore R. J. Wiseman 
J. D. Miner H. B. Wolf | 
Publication 


C. F. Wagner, chairman, Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa. 


M. S. Coover John Mills 

H. H. Henline J. J. Orr 

B. M. Jones H. H. Race 
G. A. Van Brunt 

Publicity 


E. E. Dorting, chairman, New York City Transit System, 

LR.T. Div., 2545 Seventh Ave., New York 30, N.Y. 
M. D. Hooven A. J. Koetsier 
A. E. Knowlton C, F. Wagner 


Research 


J. W. Barker, chairman, Columbia University, New York 
DEINE G 

E. L. Moreland 

G. M. L, Sommerman 


P. L. Alger 
G. T. Harness 
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C. G. Suits 
V. K. Zworykin 


J. A. Hutcheson 
W. A. Lewis 


Safety 


L. F. Adams, chairman, General Electric Company, 
Schenectady 5, N. Y. 
vice-chairman, 32 Court St., Brooklyn 2, 
INepYe 

A. B. Smith, secretary, Bayberry Lane, Darien, Conn. 


Robin Beach, 


C. S. Bowden R. L. Lloyd 
M. M. Brandon A. CG. Muir 
Allan B, Campbell Albrecht Naeter 
C. F. Dalziel W. T. Rogers 
W. P. Dobson W. R. Smith 
John Grotzinger H. W. Tenney 
F. L. Kemp E. E. Turkington 
W. B. Kouwenhoven Wesley Weinerth 
H. B. Williams 
Sections 


G. W. Bower, chairman, Public Service Electric & Gas 
Co., 80 Park Place, Newark 1, N. J. 

R, M. Pfalzgraff, vice-chairman, American Viscose Corp., 
Wilmington 99, Del. 

A. C. Muir, secretary, Berwind-White Coal Mining Co., 
1138 Commercial Trust Bldg., Philadelphia 2, Pa. 


O. C. Brill W. R. Hough 
M. S. Coover Frederick Krug 
W. E, Enns F. L. Lawton 
Carl W. Evans T. M. Linville 
F. F. Evenson E. T. Mahood 
H. P. Heafer R. G. Porter 
V. P. Hessler C. S. Purnell 
Ex officio 


Chairmen of Sections 


Standards 


W. P. Dobson, chairman, Hydro-Elec. Power Commission 
Laboratory, 8 Strachan Ave., Toronto, Ont. 

Reginald L. Jones, vice-chairman, Bell Telephone Labora- 
tories, Inc., 463 West St., New York, N. Y. 

H. E. Farrer, secretary, AIEE, 33 W. 39th St., New York 
18, N. Y. 


R. C. Bergvall A. C. Monteith 


J. E. Clem S. H. Mortensen 
Cc. M. Gilt J. R. North 
R,. T. Henry M. S. Oldacre 
T. B. Holliday E. B. Paxton 
Alexander Maxwell F. B. Silsbee 


Gordon Thompson 

Ex officio 

Chairmen of working and co-ordinating committees of 
the Standards committee 

Chairmen of AIEE technical committees 

Chairmen of AIEE delegations on other standardizing 
bodies or sole representatives thereon 

President, U. S. National Committee of the International 
Electrotechnical Commission 


Student Branches 


E. W. O’Brien, chairman, Southern Power & Industry, 
1020 Grant Building, Atlanta 3, Ga. 


M. M. Cory Everett S. Lee 

H. L. Davis, Jr. Walter Charles Smith 

A. G. Ennis E. M. Strong 

T. G. LeClair R. G. Warner 
C. R. Wischmeyer 

Ex officio 


Student Branch Counselors 


Technical Program 


M. D. Hoovyen, chairman, Public Service Electric & Gas 
Co., 80 Park Place, Newark, N. J. 

S. H. Mortensen, vice-chairman, Allis-Chalmers Mfg. Co., 
Milwaukee 1, Wis. 

C. S. Rich, secretary, AIEE, 33 W. 39th St., New York 18, 
INS: 

F, A. Cowan 

Frank Thornton, Jr. 
C. C. Whipple 


O. E. Buckley 

G. R. Canning 

I. S. Coggeshall 
T. A, Worcester 


Ex officio 


J. F. Fairman, chairman, committee on planning and co-— 


ordination 
 L, F. Adams, chairman, committee on safety 
W. P. Dobson, chairman, Standards committee 
Chairmen of all technical committees 
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Transfers 


L. T. Blaisdell, chairman, General Electric Company, 
4966 Woodland Ave., Cleveland 4, Ohio 

B. D. Hull, vice-chairman, Southwestern Bell Telephone 
Co., 1010 Pine St., St. Louis 1, Mo. 

D. E. Moat, secretary, Leeds & Northrup Co., 1800 Keith 
Bldg., Cleveland 15, Ohio 
K. B. McEachron 

M. J. McHenry 


E. A, Crellin 
A. E. Knowlton 
Special Committee 


Registration of Engineers 


C. R. Beardsley, chairman, N.Y.C. Department of Com- 
merce, 60 Broadway, Room 1404, New York 4, N. Y. 


A. T. Campbell K. B. McEachron 
N. E. Funk H. O. Murphy 
N. B. Hinson W. H. Stueve 
T. G. LeClair M. B. Wyman 


Technical Committees 


Air Transportation 


J. D. Miner, chairman, Aviation Engg. Dept., West- 
inghouse Electric Corporation, Lima, Ohio 

F, M. Roberts, vice-chairman, Industrial Engg. Division, 
General Electric Co., Schenectady 5, N. Y. 

H. E. Keneipp, secretary, Engg. Dept., Westinghouse 
Electric Corp., P.O. Box 989, Lima, Ohio 


J. W. Allen O. F. Olsen 
W. L. Berry S. H. Orowski 
C. J. Breitwieser M. H. Peairs 
H. R. Brown W. A. Petrasek 
J. B. Coleman E. G. Ports 
R. W. Gemmell H, F, Rempt 
R. M. Heintz R. A. Rugge 
T. B. Holliday M. L. Schmidt 
Charles Kingsley, Jr. Raymond A. Smith 
John Maxian K, R. Smythe 
R. A. Millermaster T. J. Tanner 
J. D. Murray A. F. Trumbull 
J. R. North F. H. Walker 


F. O. Wisman 


Subcommittee Chairmen 


W. S. Hay, Aircraft Wire & Cable 

R. H. Kaufmann, Aircraft Electric Systems 

R. A. Millermaster, Aircraft Electric Control and Pro- 
tective Devices 

M. L. Schmidt, Aircraft Electric Rotating Machinery 


Automatic Stations 


J. A. Elzi, chairman, Commonwealth & Southern Cor- 
poration, Jackson, Mich. 

G. S. Whitlow, vice-chairman, Union Electric Co. of Mis- 
souri, 315 N. 12th Blvd., St. Louis, Mo. 

G. S. Lunge, secretary, General Electric Company, Sche- 
nectady 5, N. Y. 


J. A. Adams I. T. Knight 
F. F. Ambuhl Perry Peterson 
Harris Barber Cc. F. Publow 
G. W. Bean M. E. Reagan 
W. A. Derr T. A. Taylor 
J. M. Flanigen J. H. Vivian 
E. E. George E. A. Williams, Jr. 


C. E. Winegartner 


Basic Sciences 


J. G. Brainerd, chairman, Moore School of Electrical 
Engineering, University of Pennsylvania, Philadelphia, 
Pa. 

K. W. Miller, vice-chairman, Elec. Engg. Div., Armour 
Research Foundation, 55 West 34th Street, Chicago 16, 
Tl. 

J. D. Tebo, secretary, Bell Telephone Laboratories, Inc., 
463 West Street, New York 14, N. Y. 


R. W. Ager M. G. Malti 
Charles Concordia Brian O’Brien 
Harvey L. Curtis G. W. Penney 
A. V. Eastman H. W. Price 
L. O. Grondahl Walther Richter 
C. R. Hanna W. J. Seeley 
H. L. Hazen M. F. Skinker 


N. S. Hibshman James J. Smith 


Jesse E. Hobson F. G. Tappan 
M. J. Kelly G. S. Timoshenko 
Wm. A. Lewis R. W. Warner 
F, C. Lindvall Ernst Weber 


Communication 


J. J. Pilliod, chairman, American Tel. & Tel. Company, 
195 Broadway, Room 1833, New York 7, N. Y. 


Officers and Committees—1945—46 


I. S. Coggeshall, vice-chairman, Western Union Telegraph 
Co., 60 Hudson Street, New York 13, N. 2 a 

H.I. Romnes, secretary, American Tel. & Tel. Co., 195 
Broadway, New York 7, N. We 


H. A. Affel S. B. Ingram 
A. L, Albert C. B. Jolliffe 
R. B. Beetham I, J. Kaar 
H. H. Beverage H. E. Jones. 
H. M. Bollinger J. W. Kidder 
J. D. Booth M. L. Lehman 
F. B. Bramhall L. R. Mapes: 
J. L. Callahan Ralph G. McCurdy 
J. W. Campbell C. W. Mier 
C. B, Carpenter Lee M. Moore 
John L. Clarke H. H. Nance 
J. B. Coleman H. H. Newell 
F. A. Cowan L. G, Pacent 
Harold Dangerfield J. G. Patterson 
H. J. Dible Haraden Pratt 


H. C. Dillingham 
L. J. Dunnewold 
Melville Eastham 
H. E. Ellithorn 


John B. Russell 
Arthur Bessey Smith 
Rothwell E. Smith 
W. B. Stephenson 


H. M. Engh T. DeWitt Talmage 
E. B. Fowler H. M. Turner 
D. G. Geiger Mead Warren 
E. E. George Wm. Comings White 
C. G. Grimes E. P. Yerkes 


F. C, Young 
Subcommittee Chairmen 


J. D. Booth, Power Line Carrier 

I. J. Kaar, Sound Recording & Reproducing 

L. G. Pacent, Hearing Aids 

Arthur Bessey Smith, Testing of Telephone Transmitters 
and Receivers 

H. M. Turner, Quick and Slow Acting Relays 


Domestic and Commercial Applications 


M. K. Brody, chatrman, McCall’s Test Rooms, 444 Madi- 
son Ave., New York 22, N. Y. 

W. F. Ogden, vice-chairman, Edison General Electric Ap- 
pliance Co., Inc., 5600 W. Taylor Street, Chicago 44, Ill. 
Carl W. Evans, secretary, Electrical South, 1020 Grant 
Building, Atlanta, Ga. 


L. F. Adams C. H, Leatham 
R. U. Berry F. W. Linder 
D. K. Blake L. W. McCullough 
M. M. Brandon M. J. McHenry 
A. C, Bredahl H. E. Metz 
W. B. Buchanan H. P. Seelye 
H. R. Cummins G. C. Tenney 


L. R. Gamble 
R. R. Herrmann 


Gordon Thompson 
Wesley Weinerth 


Subcommittee Chairmen 


W. B. Buchanan, Electrical Hazards to Farm Animals 
H. R. Cummins, Laboratory Projects 

C. H. Leatham, Farm Applications 

W. F. Ogden, Load Characteristics 

Wesley Weinerth, Wiring 


Education 


H. W. Bibber, chatrman, Union College, Schenectady 8, 
Claire W. Ricker 
L. M. Robertson 

H. H. Skilling 


A. L. Abert 
M. S. Coover 
G. F, Corcoran 


E. E. Dreese R, W. Sorensen 
W. L. Everitt J. G. Tarboux 
M. C. Hughes B. R. Teare, Jr. 
E. B. Kurtz George B. Thomas 
E. A. Loew C. E. Tucker 
O. D. Montgomery C. E. Tuites 
J. A. Northcott, Jr. E. A. Walker 
-R. G. Porter R. W. Warner 


A. R. Zimmer 


Electric Machinery 


L. A. Kilgore, chairman, Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa. 

J. F. Calvert, vice-chairman, Northwestern Technological 
Institute, Evanston, Ill. 


E. H. Alexander " H.H. Kerr 


Sterling Beckwith C. E. Kilbourne 
Theodore Braaten T. G. Lloyd “ 
F. S. Brown R. C. Moore 
B. M. Cain T. H. Morgan 
A. M. deBellis M. S, Oldacre 
G. T. Harness F. D. Phillips 
F, E. Harrell C. P. Potter 
C, B. Hathaway \ L. M. Robertson 
J- K. Hodnette M. L. Schmidt 
R. A. Hopkins W. C, Sealey 
W. R. Hough ~H. D. Sill 
E. K. Kane H. R. Sills 
F. P. Kaspar B. Van Ness, Jr. 


~ C. G, Veinott 


AIEE TRANSACTIONS 
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Subcommittee Chairmen 


Sterling Beckwith, Synchronous Machinery 
F. S. Brown, Transformer 

A. M. deBellis, Insulation 

W. R. Hough, D-C Machinery 

C. E. Kilbourne, Test Code Co-ordinating 
‘T. C. Lloyd, Induction Machinery 


Electric Welding 


G. W. Garman, chairman, General Electric Co., 1 River 
Road, Schenectady 5, N. Y. 


E. H. Vedder, vice-chairman ©& secretary, Westinghouse 

Electric Corp., East Pittsburgh, Pa. 
C. A. Adams Cc. E. Humble 
R. C. Bouse J. Harold Lampe 
E. M. Callender C. I. MacGuthie 
C. M. Chute, Jr. C. L. Pfeiffer 
Cc. N. Clark Sam Shiozawa 
W. E. Crawford C. E, Smith 


J. W. Dawson W. Spraragen 


G. H. Fett L. K. Stringham 
K. L. Hansen B. L. Wise 
W. F. Hess M. Zucker 


Electrochemistry and Electrometallurgy 


J. Elmer Housley, chairman, Aluminum Company of 
America, P. O. Box 465, Alcoa, Tenn. 

M. F. Skinker, vice-chairman, 112 North Mountain Ave., 
Montclair, N. J. 

W. C. Kalb, secretary, National Carbon Co., Inc., Carbon 
Products Div., P.O. Box 6087, Cleveland 1, Ohio 

]. V. Alfriend, Jr. W. B. Kouwenhoven 


F. T. Chesnut F. L. Lawton 
L. H. Fletemeyer D. H. Levy 
J. G. Ford R. M. Pfalzgraff 
L. O. Grondahl T. R. Rhea 


W. E. Gutzwiller 
J. E. Hobson 
J. B. Hodtum 


F. O. Schnure 
W. R. Schofield 
N. R. Stansel 
E. R. Whitehead 


Subcommittee Chatrmen 


L. O. Grondahl, Metallic Rectifier 
E. R. Whitehead, Voltage Transients in Arc Furnace 
Circuits 


Electronics 
W. R. G. Baker, chairman, General Electric Co., Elec- 


tronics Dept., Thompson Road, Syracuse, N. Y. 
i. C. F. Horle, vice-chairman, 90 West St., New York, 


N. Y. 
W. G. Dow, secretary, University of Michigan, Ann Arbor, 

Mich. 
Cc. T, Burke J. H. Palmer - 
R. S. Burnap G. W. Penney 
..-= Gall W. H. Pickering 
W. R. Clark D. A. Quarles 
Cc. J. Crowdes M. E. Reagan 
A. V. Eastman E, T. Sherwood 
W. J. Field Thomas Spooner 
William Fraser B. F. Tellkamp 
A. P. Godsho J. T. Thwaites 
C. C. Herskind F. N. Tompkins 
S. B. Ingram * H. M. Turner 
J.P. Jordan -— D. CG. Ulrey 
L, A. Kilgore E. H. Vedder 


Wm. Comings White 
C. H. Willis 
H. Winograd 


D. D. Knowles 
O. W. Livingston 
H. L. Palmer 


Subcommittee Chairmen 


R. S. Burnap, Nomenclature, Definitions, Letter and 
Graphical Symbols 

L. L. Call, X-Ray Tubes 

L. C. F. Horle, Tube Standards in Liaison with JETEC 

J. P. Jordan, Electronic Heating 

‘D. D. Knowles, Electronic Tube. 

O. W. Livingston, Electronic Control 

G. W. Penney, Electronic Precipitation 

‘Thomas Spooner, Electronic Standards 

H. M. Turner, AIEE-IRE Liaison 

E. H. Vedder, Electronic Welding 

W. CG. White, Papers Solicitation and Contact with 
Electronic Technical Groups in the Sections 


- ©. H. Willis, Electronic Power Converters 


Industrial Control Devices 


_E. U. Lassen, chairman, Cutler-Hammer, Inc., 315 N. 


: , 12th St., Milwaukee 1, Wis. 
J.D. Leitch, vice-chairman, Electric Controller & Mfg. Ce., 
v.: 2700 E. 79th St., Cleveland 4, Ohio 
f. F. Mekelburg, secretary, Square D Co., Industry Con- 
_ troller Div., 4041 N. Richards St., Milwaukee 12, Wis. 
H. Alexander 7 - W. W. Miller 

ae ah, T. B. Montgomery 


fe he A 


G. H. Garcelon J. W. Picking 
K. L. Hansen L. T. Rader 
Richard W. Jones L. A. Watson 


G,. O. Wilms 


Subcommittee Chairmen 


J. D. Leitch, Standards for Industrial Electronic Control 


Industrial Power Applications 


Herbert Speight, chairman, Westinghouse Electric Cor- 
poration, 40 Wall St., New York 5, N. Y. 

D. D. Douglass, vice-chairman, Chevrolet-—Gear & Axle 
Div., General Motors Corp., 1840 Holbrook Ave., 
Detroit 12, Mich. 

L. A. Umansky, secretary, General Electric Co., Industrial 
Engg. Dept., Schenectady 5, N. Y. 


E, L. Bailey K. W. John 
D. L. Beeman C. A. Johnson 
D. E. Bivins, Jr. Royce E, Johnson 
Philip Bliss A. C. Muir 
G. A. Caldwell ja Orr 
E. L. Carlson J. S. Parsons 
F. W. Cramer L. C. Peterman 
W. H. Dickinson Ralph Randall 
A. B. Emrick Hugh L, Smith 
E. S. Fields T. D. Thomas 
S. F. French E. E. Turkington 
J. S. Gault John M. Webb 
John Grotzinger C. C, Whipple 
S. Headman R. T. Woodruff 


Subcommiite Chairmen 


Philip Bliss, Machine Tool & Process Drives 
C. C. Whipple, Industrial Voltage Requirements 


Instruments and Measurements 


Truman S. Gray, chairman, Massachusetts Institute of 
Technology, Cambridge 3, Mass. 

E. D. Doyle, vice-chairman, Leeds & Northrup Co., 4901 
Stenton Ave., Philadelphia 44, Pa. 

GC. T. Burke, secretary, General Radio Co., 30 State St., 
Cambridge, Mass. 


P. A. Borden C. M. Hathaway 
H. H. Brauer R. D. Hickok 
A. L. Brownlee G. B. Hoadley 
L. A. Bruckmyer, Jr. I. F. Kinnard 


D. T. Canfield W. G. Knickerbocker 
A. D. Colvin A. E. Knowlton 
A. B. Craig H. CG. Koenig 
C. L. Dawes Everett S. Lee 
F. C. Doble J. T. Lusignan 
W. N. Eddy D. A. Quarles 
J. L. Fuller H. C. Rankin 
W. N. Goodwin, Jr. Cc. W. Ricker 
A. J. Grant A. R. Rutter 
E, I. Green F. B. Scott 
1. W. Gross F, B. Silsbee 


Subcommittee Chairmen 


Gordon S. Brown, Electrical Servomechanisms & Follow- 
up Devices 


A. L. Browrilee, Dielectric Measurements in the Field 


L. A. Burckmyer, Jr., Master Test Code for Tempera- 
ture Measurements 

C. T. Burke, Ultra-High-Frequency Measurements 

C. L. Dawes, Definitions 

W. G. Knickerbocker, Watthour Meters 

A. E. Knowlton, Revision of Standard No. 40 (Record- 
ing Instruments) 

H. G. Koenig, Revision of C-39 (Electrical Indicating 
Instruments) 

J. T. Lusignan, Revision of Standard No. 4 

H. C. Rankin, Instrument Transformers 

F. B. Silsbee, Master Test Code for Resistance Measure- 
ments 


Land Transportation 


W. A. Brecht, chairman, Transportation Engineering, 
Westinghouse Electric Corporation, East Pittsburgh, Pa. 
P. H. Hatch, vice-chairman, N.Y.N.H. & H.R.R. Co. Van 

Nest Shops, 1610 Matthews Ave., New York 60, N. Y. 
J. G. Inglis, secretary, Toronto Transportation Comm., 
35 Yonge St., Toronto, Ont., Canada 


J. GC. Aydelott G. S. Hoard 
R. Beeuwkes Fraser Jeffrey 
L. W. Birch L. C. Josephs 
H. F. Brown Paul Lebenbaum 
D. M. Burckett P. A. McGee 
Cc. M. Davis W. B. Morton 


Timothy H. Murphy 
_J. A. Noertker 

A. G, Oehler 

R. G. Thring 

F. W. Willcutt 


Llewellyn Evans 
E, B. Fitzgerald 

J. E. Gardner 

H. GC. Griffith 

W. S. H. Hamilton 
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Light, Production and Application of 


S. G. Hibben, chairman, The Westinghouse Lamp Divi- 
sion, Bloomfield, N. J. 

I, A. Yost, vice-chairman, Westinghouse Electric Corp., 
1216 West 58th Street, Cleveland, Ohio 

Cc, L. Dows, secretary, General Electric Company, Nela 
Park, Cleveland, Ohio 


James F. Angier G. T. Minasian 


D. W. Atwater R. C. Putnam 
O. W. Holden Harris Reinhardt 
W. C. Kalb E. M. Strong 
H. E. Mahan R. W. Warner 


Preston S. Millar Cc. C. Whipple 


Marine Transportation 


W. H. Reed, chairman, Bruce Electric Company, 196 
West Houston Street, New York 14, N. Y. 

O. A. Wilde, vice-chairman, Sun Shipbuilding & Dry Dock 
Co., Chester, Pa. 

W.N. Zippler, secretary, Gibbs & Cox, Inc., 1 Broadway, 
New York 4, N. Y. 


E, C. Alger A. Kennedy, Jr. 
R. A, Beekman Cc. Lynn 
H. C. Coleman V. M. Mayer 
P. J. DuMont S. N. Mead 
J. B. Feder W. B. Morton 
A. R. Gatewood I, H, Osborne 
L. M. Goldsmith E. M. Rothen 


H. F. Harvey, Jr. 
W. R. Hight 
J. E. Jones 


C, Stansbury 
E. H. Stivender 
G, O. Watson 


Subcommittee Chairmen 


E. C. Alger, Communications and Alarms 

R. A. Beekman, Power Generation; Publicity, Personnel, 
and History 

H.C. Coleman, Switchboards and Controls 

J. B. Feder, Power Application 

H. F. Harvey, Jr., Distribution 

W. R. Hight, Navigation Equipment 

A. Kennedy, Jr., Wires and Cables 

O. A. Wilde, Fittings and Appliances 

W.N. Zippler, Editing 


Power Generation 


A. J. Krupy, chairman, Commonwealth Edison Company, 
72 West Adams St., Chicago 90, Ill. 

H. A. Dryar, vice-chairman, Philadelphia Electric Co., 
1000 Chestnut Street, Philadelphia 5, Pa. 

M. J. Steinberg, secretary, Consolidated Edison Co. of 
N. Y., Inc., 4 Irving Place, New York 3, N. Y. 


C. P. Almon, Jr. Fraser Jeffrey 
M. H. Arndt C. B. Kelley 
A. D. Caskey C. M. Laffoon 
C. A. Corney C. W. Mayott 
R. P. Crippen H. N. Muller, Jr. 
John J. Dougherty W. S. Peterson 
J. H. Foote G. M. Pollard 


H. B. Reynolds 


A. H. Frampton 
G. B. A. Skrotzki 


Frazer W, Gay 


W. D. Hardaway H. D. Taylor 
H. L. Harrington Robert Treat 
Cc. T, Hughes W, R. Way 


W. F. Wetmore 


Subcommittee Chairmen 


C. P. Almon, Jr.,’ Hydro-Electric Systems 
A. J. Krupy, Central Station Auxiliaries 
H. N. Muller, Jr., Excitation Systems 

M. J. Steinberg, Prime Mover Governors 


Power Transmission and Distribution 


R. J. Wiseman, chairman, The Okonite Company, Pas- 
saic, N. J. 

Consumers Power Co., 
Jackson, Mich. 

I. W. Gross, secretary, American Gas & Elec., Service 
Corp., 30 Church Street, New York-7, N. Y. 

Dean W. Alden J. T. Lusignan 


E. V. Sayles, vice-chairman, 


D. L. Beeman W. D. Maddrey 
D. K. Blake E. McCormack 
Cc. D. Brown R. B. Miller 
H. W. Clark Lee M. Moore 
Harold Cole E. W. Oesterreich 
‘S. B. Crary J. S. Parsons 


L. M. Robertson 


H. A. Dambly 
H. B. Robinson 


A. E. Davison 


W. A. Del Mar S. J. Rosch 
Robert D. Evans F. E. Sanford 
J. M. Gaylord R. V. Sanford 
Herman Halperin S. E. Schultz 
Edwin Hansson A. E, Silver 
K. E, Hapgood E. V. Smith 
E. R. Hendrickson Philip Sporn 
J. E. Hobson E. GC. Starr 
J. B. Hodtum O. W. Titus 
E. K. Huntington J. J. Torok 


H. M. Trueblood 
C. F. Wagner 
Loyd T. Williams 
H. E. Wulfing 


Subcommittee Chairmen 


Harold Cole, Distribution 

E. K. Huntington, Stations 

W. W. Lewis, Transmission 

C. F. Wagner, General Systems 


Protective Devices 


H. E. Strang, chairman, General Electric Company, 
1 River Road, Schenectady 5, N. Y. 

H. W. Collins, vice-chairman, Detroit Edison Company, 
2000 Second Ave., Detroit 26, Mich. 

H. D. Braley, secretary, Consolidated Edison Co. of New 
York, Inc., 4 Irving Place, New York 3, N. Y. 


O. E. Charlton F. R. Longley 
William Deans J. R. North 
H. W. Haberl H. V. Nye 
W. A. Lewis H. H. Rudd 
H, J. Lingal W. J. Rudge 


J. H. Vivian 


Subcommittee on Relays 


W. A. Lewis, chairman H, F, Lindenmuth 


E. L. Michelson, secretary W. E. Marter 
C, E. Asbury M. S. Merritt 
J. C. Bowman J. H. Oliver 
W. R. Brownlee C., E. Parks 
J. E. Clem H. R. Paxson 
G. B. Dodds F. C. Poage 
F. S. Fehr G. A. Powell 
S. Goldsmith E. G. Ratz 
E. L. Harder K. N. Reardon 
V. J. Hayes C. L. Smith 
L. F. Kennedy W. K. Sonneman 
E. W. Knapp J.J. Tesar 
S. C. Leyland H. Vivian 


_ C. A. Woods 


Subcommittee on Circuit Breakers and 
Assembled Switchgear 


H. J. Lingal, chairman H. W. Haberl 
A. E. Anderson J. R. North 
H. W. Collins H. V. Nye 
William Deans M. S. Oldacre 


Subcommittee on Fault Limiting Devices 


F. R. Longley, chairman F. H. Hollister 


J. E. Clem P. A. Jeanne 
G. B. Dodds H. E. Kent 
W. W. Eberhardt A. A. Kroneberg 
R. D. Evans W. A. Lewis 
E. T. B. Gross W. W. Lewis 


Subcommittee on Switches, Fuses and 


Insulators 
H. H. Rudd, chairman A. H. Powell 
H. D. Braley H. L. Rawlins 
O. E. Charlton G. V. Smith 
F. R. Ford J. C. Woods 


Subcommittee on Lightning Protective 


Devices 
W. J. Rudge, chairman W. E. Rushlow 
E. W. Beck A. H. Schirmer 
F. M. Defandorf H, R. Stewart 
T. H. Mawson E. R. Whitehead 


Therapeutics, Applications of Electricity to 


W. B. Kouwenhoven, chairman, The Johns Hopkins 
University, Baltimore 18, Md. 

W. D. Coolidge, vice-chairman, 1480 Lenox Road, Sche- 
nectady 8, N. Y. 

W. R. Smith, secretary, Public Service Electric & Gas Co. 
80 Park Place, Newark 1, N. J. 
Roy Kegerreis 

H. D. Moreland 


Lloyd L. Call _ 
F. B. Claussen 

H, C. Rentschler 
Joint Technical Subcommittees 


Carbon Brushes 


V. P. Hessler, chairman, University of Kansas, Lawrence, 
Kans. 
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H. R. Brown T. M. Linville 
J. V. Dobson E. A, Lapham 
H. M. Elsey J. R. North 


Dimiter Ramadanoff 
E. R. Summers 


H, E. Keneipp 


Induction and Dielectric Heating 


J. J. Orr, chairman, United States Rubber Company, 
1230 Sixth Ave., New York 20, N. Y. 


E. L. Bailey J. P. Jordan 
R. M. Baker C. J. Madsen 
Philip Bliss H. B. Osborn, Jr. 
O. E. Bowlus K. Pinder 
F. T, Chesnut G. W. Scott, Jr. 
W. J. Cotton Howard Somes 
W. E. Dungan V. E. Trouant 
J. T. Hodtum W. M. Urbain 
P. D. Zottu 
Telemetering 


(Appointees of Automatic Stations Committee) 


G. S. Lunge, chairman, General Electric Company, 
Schenectady 5, N. Y. 


E. E. George T. A. Taylor 
A. P, Peterson J. H. Vivian 
M. E. Reagan G. S. Whitlow 
(Appointees of Instruments and Measurements 
Committee) 
P. A. Borden Edward Lynch 
E, C. Brown W. E. Phillips 
C. K. Duff A. R. Rutter 
J. T. Logan G. M. Thynell 


Power System Applications of Carrier 
Current 


Philip Sporn, chairman, American Gas & Elec. Service 

Corp., 30 Church St., New York 7, N. Y. (Power Trans- 
mission and Distribution Committee) 

J. D. Booth (Communication Committee) 

L. F. Kennedy (Protective Devices Committee) 

G. S. Lunge (Automatic Stations Committee) 
Members-at-Large 


J. C. Bowman M. E. Reagan 
R. C. Ericson F. M. Rives 
J. D. Laughlin S. B. Smith 
S. C. Leyland T. D. Talmage 
D. M. MacGregor M. J. Thrasher 
R, J. Mahler H, M. Trueblood 
J. A. Parrott E. M. Wood 


Institute Representatives 


Aeronautical Electrical Equipment Stand- 
ardization 

J. R. North, Liaison Representative with NASC 
and SAE 


Committee on Standard Commodity Classi- 
fication or Index 


E. B. Paxton 


Industry Committee on Interior Wiring 
; Design 


M. M. Brandon L. C. Peterman 


Joint Committee for Development of Statis- 
tical Applications in Engineering and Manu- 

facturing 
W. P. Dobson 


Alfred Noble Prize Committee, ASCE 
Robin Beach 


Am. Assn. for the Adv. of Science, Council 
J. W. Barker I. Melville Stein 


American Committee on Marking of Ob- 
structions to Air Navigation 


J. W. Campbell I. W. Gross 


American Coordinating Committee on Cor- 
rosion 


H. S. Phelps J. M. Standring, Jr., Alternate 
American Research Committee on Ground- 
ing 

C, T. Sinclair 
American Standards Assoc., Standards 
Council 
W. P. Dobson R. T. Henry H. S. Osborne 
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Alternates 


H. E. Farrer E. B. Paxton J. J. Pilliod 


American Year Book, Advisory Board 
H. H. Henline 


Charles A. Coffin Fellowship and Research 
Fund Committee 
W. E. Wickenden 


Committee of Apparatus Makers and Users, 
NRC 
L. F. Adams 


Action and Advisory Committee on Con- 
struction, Committee for Economic Develop- 

ment 
Gano Dunn 


Consultative Committee on Engineering 
(Advisory to the War Manpower Com- 

mission) 
John Castlereagh Parker 


Electrical Standards Committee, ASA / 


H. E. Farrer A. C. Monteith J. J. Pilliod 
Alternates 
W. P. Dobson E. L. Moreland E. B. Paxton 


Engineering Foundation Board 


L. W. Chubb F. M. Farmer 


Engineering Societies Monographs Com- 
mittee 


F. M. Farmer W. I. Slichter 


Engineering Societies Personnel Service, Inc. 
H, H. Henline 


Engineers’ Council for Professional De- 


velopment 
M. S. Coover Everett S..Lee E. C. Stone 
Hertz Award Committee 
M. S. Coover z 
Hoover Medal Board of Award 
H. H. Barnes, Jr. H. S. Osborne 


John Castlereagh Parker 


John Fritz Medal Board-of Award 
Nevin E, Funk C. A. Powel 
Harold S. Osborne W. E. Wickenden 


Joint Conference Committee of Founder 
Societies and A.I.Ch.E. 


W.E. Wickenden H.H.Henline C. A. Powel 


Library Board, United Engineering Trus- 


tees, Inc. 
N. S. Hibshman G. L. Knight 
H. H. Henline, ex-officio D. A. Quarles 


Marston Medal Board of Award 
Harry B. Gear 


National Bureau of Engineering Registra- 
tion, Advisory Board 
C. R, Beardsley : 


Nat’l Fire Protection Assoc., Electrical 


Committee 


L. F. Adams W. Ralph Smith, Alternate 


National Fire Waste Council 


L, F. Adams Wills Maclachlan 


Nat’! Research Council, Division of Engi- 
neering & Industrial Research 


W. B. Kouwenhoven 


National Technological Advisory Committee 
John Castlereagh Parker 


Quarterly of Applied Mathematics 
J. G. Brainerd 


Radio Technical Planning Board 
H. A. Affel 


AIEE TRANSACTIONS 


Research Procedure Com., Engg. Founda- 
* tion 
William A, Lewis 


U. S. National Committee of the Interna- 
tional Commission on Illumination 
J. W. Barker Robin Beach S$. G. Hibben 


U. S. National Committee of the Interna- 


Alternates 
W. P. Dobson E. L. Moreland 


Washington Award Commission 
H. B. Gear 


E. B. Paxton 


L. R. Mapes 


World Power Conference, Executive Com- 


United Engineering Trustees, Inc. 
W. H. Harrison 


C. R. Jones 


Everett S. Lee 


tional Electrotechnical Commission 
H. E. Farrer 


A. C. Monteith Ja. Pilliod 


mittee of U. S. National Committee 


W. E. Wickenden 


Geographical District Executive Committees 


District 


Chairman 
(Vice-President, AIEE) 


Secretary 
(District Secretary) 


Chairman, District Committee on 
Student Activities 


1 North Eastern.... 


2 Middle 


3 New York City....J. F. Fairman, Consolidated Edison Co. of New.... 


Eastern... 


& Southern. sc s...< vawx 


9 North: West... 


10 Canada 


R. T. Henry, 303 Electric Bldg., Buffalo, N. Y... 


E. S. Fields, Cincinnati Gas & Electric Co., 4th... . 


& Main Sts., Cincinnati, Ohio 


York, Inc., 4 Irving Place, New York 3, N. Y. 


H. B. Wolf, Duke Power Company, Charlotte 1,.... 


NG: 


M. S. Coover, Iowa State College, Ames, Iowa.... 


L. M. Robertson, Public Service Co. of Colo-. ... 


rado, Denver, Colo. 


R. W. Warner, University of Texas, Austin, Tex..... 


F. F. Evenson, 600 E. Harbor St., P. O. Box.... 


1710, San Diego, Calif. 


C. B. Carpenter, Pacific Tel. & Tel. Co., 730 
S. W. Oak St., Portland 5, Oreg. 


F. L. Lawton, Aluminum Co. of Canada Ltd.,.. 


1700 Sun Life Bldg., Montreal, Que. 


..C. C. Boozier, Westinghouse Electric Corpora- 


Victor Siegfried, American Steel & Wire Co.,....R.G. Porter, Northeastern University, Boston, 
Worcester 7, Mass. Mass. 

A. A. Johnson, Westinghouse Electric Corpora-....P. X. Rice, Pennsylvania State College, State 
tion, East Pittsburgh, Pa. College, Pa. 


C. S. Purnell, Westinghouse Electric Corpora-....D. H. Wright, Pratt Institute, Brooklyn, N. Y. 


tion, 40 Wall St., New York 5, N. Y. 


C. B. Galphin, 2312 Greenway, Charlotte 4,. 


Nc, 


...Otto Meier, Jr., Duke University, Durham, 


N. G. 


N. C. Pearcy, Public Utilities Engg. & Service....J. A. Northcott, University of Notre Dame, 


Corp., 231 S. LaSalle St., Chicago 4, Ill. 

H. F. Gidlund, Public Service Co. of Colorado,. 
Denver, Colo. 

S. R. Friedsam, 3612 Bonnie Road, Austin, Tex. 


Walter L. Bryant, Univ. of Calif. Div. of War Re- 
search, U. S. Navy Radio & Sound Labora- 
tory, San Diego 52, Calif. 


tion, 309 S. W. Sixth Ave., Portland 4, Oreg. 


..D. M. Farnham, Quebec Hydro-Elec. Commis-.... 


sion, 107 Craig St. West, Montreal, Que. 


....E. W. Schilling, 


Notre Dame, Ind. 


...O. E. Edison, University of Nebraska, Lincoln, 


Nebr. 


....M. C. Hughes, A. & M. College of Texas, 


College Station, Tex. 


....W. H. Pickering, California Institute of Tech- 


nology, Pasadena, Calif. 


Montana State College, 


Bozeman, Mont. 


Nore: Each District executive committee includes also the chairmen and secretaries of all Sections within the District, and the District vice-chairman of the AIEE membership 


committee. 
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Sections of the Institute 


As of January 1, 1946 
5) 
a ae 2 —— —— —E 
When Membership 
Name District Organized Aug. 1, 1945 Chairman Secretary Secretary’s Address 
‘Alrrons etre. anc so2e Aug. 125220) nye) CS «rag MB. Re mID ar onsreasreel« BS Ju Lise ia iesetealenensieiet= 795 West Market St., Akron 3, Ohio 
Alabama. arises oc FG Pe PP iia a ein Ho Ou NGkiionec acess Robert S. Morrison....Westinghouse Electric Corp., 1406 Comer Bldg., Birmingham 3, Ala. 
A g P+» g i , 
PATIZONA’ Kreaiae wiki eke 8...Mar. 22,°41.... 60....Charles A. Rollins.... «BWA. Gissel cer. chsnamers Central Arizona Light & Power Co., Phoenix, Ariz. 
Beaumont aici Fee Aietaiy wis oho = ilong labile McIntosh...... IN GaSpemceties wishin 2555 North St., Beaumont, Texas 
BOstOniy certo ciel: 1,..Feb. 13,703.... 673....F. 8. Bacon, Jr........ .R. E. Muehlig....... Westinghouse Electric Corp., 235 Old Colony Ave., Boston, Mass. 
Central Indiana... 5...Jan. 12, Desc. 47 «cue Ce eel DIN GT -fe) <-rarets E. G. Hinshaw....... Indiana Bell Telephone Co., 240 N. Meridian St., Indianapolis, Ind. 
Chicago.......... en asses Se SAG o ile A Cas, 0 open dee Uaalite | preeo Gh coe oe Public Service Co. of Northern Ill., 72 West Adams St., Chicago 3, Ill. 
Gincinnati).. oi. 6. 2 se jane 30, 20s. semlOle mages W. Willey........-- Paul H. Goodell...... 4817 Section Avenue, Cincinnati-12, Ohio 
Cleveland........ De Sept. 275 01s sae A23)pea. V1 Ay Digg Seria se ROW. Loehrin a... Westinghouse Electric Corp., 1216 West 58th St., Cleveland 1, Ohio 
Columbus........ 22 Mar 17,2225. 08 90s SN. Je Greenes ep in Oliver Johnson....... Westinghouse Electric Corp., 85 East Gay St., Columbus 15, Ohio 
Connecticut...... 1...Apr. 16,’21.... 384.... Vincent J. Hayes...... Elmer G. Horton. ....Westinghouse Electric Corp., P. O. Box 1817, New Haven 8, Conn. 
Daytoniencite us sts: 2 ce UDGHO BIOs poe e see i Ds Himebrook.......W. A. Dynes......... 312 Lonsdale Ave., Dayton 9, Ohio 
WenVerirare tae cra 6...May 18,°15.... 209....Louis A. Goalby....... Leroy R. Patterson....Public Service Co. of Colorado, Denver, Colo. 
East Tennessee.... 4...Sept. 2, 236 eo Soe Cr ba Nlimone| Tetetaers. E. Wyonsr ere tire Tennessee Valley Authority, Power Bldg., Chattanooga, Tenn. 
LD (ie Se aS ome VA hal Plan LUE Ocion  eae .Harold S. Ogden...... Wilbur C. Brown..... General Electric Co., East Lake Road, Erie, Pa. 
Ploridain «isaac Al pejanee 285 251i 9 1 25i0e PJ. Carlini + aereer C. H. Summers.......Florida Power & Light Co., Miami, Fla. 
Fort Wayne.....- 5...Aug. 14,708.... 107....E. G. Downie........-. A ialre UAV s 2 eerie General Electric Co., 1635 Broadway, Fort Wayne 2, Ind. 
Georpia sere olay «an Aveejan, 14,°04.... 145... Carl Wiebivansen, eorine Robert O. Loomis. ...Georgia Power Co., Atlanta 1, Ga. 
Houston...-)0....- 7...Aug. 7,°28.... 143....S.C.Commander..... Eis ee Millers samc. Houston Lighting & Power Co., P. O. Box 1700, Houston 1, Texas 
Illinois Valley..... 5...June 30,°45.... 47....F.E. Dace.,.......... Re PP Johnson)... veri 2511 W. Forrest Hill Ave., Peoria 5, Ill. 
WOWAlae sictesicisteieie's 5...June 29,’29.... 85....John A. Green........ Wallace L. Cassell. ...lowa State College, Ames, lowa : 
DCH ACA recrepeworste/= ere ASEM Orn Boy Ons ous Monod Net lols Pibic con abode .W. H. Erickson....... School of Elec. Engg., Cornell University, Ithaca, N. Y. 
Kansas City...... 7...Apr. 14,°16.... 149..,.A.F. Hartung........ J. E. Murray.........J. E. Murray & Co., 1805 Grand Ave., Kansas City 8, Mo. 
Lehigh Valley.... 2...Apr. 16,°21.... 188....L. Z. Ludorf.......... (AS Ds PTC rh akaiets fei e one 173 South Church St., Hazleton, Pa. 
Los Angeles...... 8...May 19,?08.... 718....Earl S. Condon........H. D. Stwong case General Electric Co., P. O. Box 2830 Terminal Annex, Los Angeles 54, Calif. 
otis oe oe yn les AOte ON Girs cs Mislng ocak SERGE Bae seman on L. W. Anderson. ..... 647 Starks Bldg., Louisville 2, Ky ‘ ‘ 
Lviinde anes mee (ot Augsi? fie oo 210.5... B. Hoatamme, Frac - wan Mark A. Princi....... 19 Clifton Ave., Marblehead, Mass. _ 
Madison......... 5% anJand 0.8, °09. ... 81....Carl C. Crane........ .Bernhard GC. Lueders. .532 Oak St., Baraboo, Wis. 
Mansfield’: 7c 6 2. ..Miar. 6, 39a ce) emOSs wen Cle Mua Lisle. ey 2 2. <1 oreie' H. E. Edwards. ...... Westinghouse Electric Corp., Mansfield, Ohio 
Maryland........ 2...Dec. 16,°04.... 417....J. L. Hildebrandt...... Edwin Hansson....... Penn. Water & Power Co:,.1409 Lexington Bldg., Baltimore 1, Md 
Memphis......... 4an May. 226230 4 sieeod somes Ag) Grisman sweater W. R. Moyers, Jr... ..3480 Macon Rd., Memphis, Tenn . si oS 
Mone SOG Denon’ 355. JUDe29, 22. pects a) hj eeninl ts 72 BIN ENE actin Sano OG C Oscar R. Enriquez. eves Chapultepec 281-6. Mexico; D. F. Mexico 
ichigan........ Se: “Jet WBS Tt, ee CAS Glare ape lose Cech eget reer” Ge Ms Chute i... General Electric Co., 700 Antoinette St., Detroit 2, Mich. 
Milwaukee... .. 5..-Feb. 11,710... 408....G. W. Clothier»... E. T. Sherwood... Globe Union, Inc., 900 E. Keefe Ave., Milwaukee 1, Wis 
Aide Br CAI et gu O2manene ree Grifith<ase5 hi . Merri thc k ¥ cane = i 
Montana,........ oe June ogiesh vi ah Tt... BE. Gardine ad 20 att Willems as We Coke ee Bae oe sche ap map nee = 
ontreal: 7.1. is... .. Apr. 16, °43.... 237....John J. Dougherty..... Harold H. Remine....Quebec Hydro Elec. Commission, Montreal Cc 
Muscle Shoals.... 4...Feb. 18,°38.... 19... AN E: Lindemann...... Ernest L. Bishop...... 76 F St., Village 1, Wilson Deg hie ae ae 
aes Sraitiags 6...Jan. 21,725.... 48....M.L. Burgess......... I) My Ellestad's... 70: .. Northwestern Bell Tel. Co., Omaha, Neb. 
West Texas..... 7...Mar. 7,740....  57....Robert C. Dick: 
con aga vores be 6 ee AS SOR aoe. SSS oe Wet Stone Leake® ee er ence Si a Ree ees E tams Con Metairie La 
w York...20... soc . GO 5 as Ve aad 
Riucers Fieouee.) 1: are 1; oe Peet -, + ne ee Raeton ans oe Sean’ Lata New Jersey Bell Telephone Co., 540 Broad St., Newark 2, N. J. 
) b ete ....J. M. Geiger.......... ohn D. Hershey... ~. General Electric Co., 1 West Genessee St., Buffalo 2, N. Y. 
North Carolina.... 4...Mar.21,’29.... 137....Otto Meier, Jr... O. Kimre Duke P. Co., 112 North M , NG. 
North Texas. ..... Tos IMS US ee ce Set WOR 5 ol ANE Roessler . ‘ ; : : : : BEL K. Dec é: “ . eo. Dallas Powe & Light Go ids parila 
raille = L 
Oklahoma City... 7...Feb. 16,’22.... 109....W.A. Kitchen........ H. E. Brashear... 5... Southwestern Bell Tel. Co., Oklahoma City, Okla. 
Philadelphia...... 2...Heb, 18; 703 925 C. T. Pearce W. R. Clark Leed 
I »303.... ec vity amy SO tertits as int, Clanlve eee aierate & Northrup Co., 4901 Stenton Ave., Philadelphi 
Pittsburgh........ Oe Odta 13,1022. 45 693... t ao Dees enton Ave., Philadelphia 44, Pa. : 
Pittsfield......... 1...Mar.25,04.... 201... imine soc. oe 4 coRue ae Ponek Tiosoune: Boge, Dene Goneet ee tae 
Portland. .....--. Oui May 1nicoente 22800. 0. A. Demuth oo; . )oWaMonamialien esc me ETRE ca Rab igen Se 
Providence... <6 +. 1...Mar.12,°20.... 104....Carleton H. Parker... .George E. Andrews so Aare ieanreet Electric Go ; adic abe agp tae ab w ce 
p = , RI. 
pues eaNagasctsr sia 1...Oct. 9,°14.... 133....Ernest B. Kempster. ...George R. Town..... Stromberg-Carlson Co., 100 Carlson Rd., Rochester 3, N. Y. 
Ra LOUIS peaiocs oi ccete Mistish ation 14, 203 cron 9 SAGs. 5 i 
San Biegoye. 0:1 fan: 285999" 0°2 1000 DRT RY Richey 000000160 B Jomnets 2222000) sei Sith Ge han Ditka 12; Call. gc cae eee 
an Francisco..... Bie 6ckOS. 104 ck 2 VIG ees Dada Maniacs 0. Ratcx 2B Recker eer i ae ie a aa 
BE heeecttyeoice eepeaon caine He 5s 2B Tene er bOner ae ae Sie State Westinghouse Electric Corp., 1 Montgomery St., San Francisco 4, Calif. 
Sener eee oe 9. Tan. 190? oP. HL, Light.........6- oH. Caldwell. ..,<. Motor & Gen. Engg. Div., General Electric Co., Schenectady 5, N. 
9, 704 303....E.B.H y es 
ie aaa a ta abt oh ore area on aioe Jokes tet ore Palo cet Pa eee Ave. North, Seattle 9, Wash. é , N.Y. 
Poe ba gm oo » 225, ...-A. D. Forbes.......... Wire Matin vietcve one « ayfield Rd., Sharpsville, Pa. 
Bae in ey Se FeO eos (Ce een eer ohn C, Learman.....1245 North Meade St., South Bend, Ind. 
Gane er ap aay Saves: alee avo rege el Z Saracens ¢ +L. Weeks... s05 South Carolina Elec. & Gas Co., Columbia, S. C. 
Clee Sree, 12 apt ie eS cco tissett... ieee Eichner,...General Electric Co., 1014 Transit Tower, Ga Antonio, Texas 
Springfield... ..... Ways pune 2952 A rer a OO nee pees N. Durfee...... ‘Fred G Web ers. 9 Feder BEC ee ee 
Syracuse......--. iis *Ang. 12, 220 eaed 40M CB 1h VeuSeinen. 1. J..Audlin..... cocral Cour, Spa 
Se ied 4 ae an iit ee. A 4 ET sists feleion) AN ULGLI IND 5) 6, chao yes) = 40s Central N. Y. Power Corp., 300 Erie Blvd. West, Syracuse 2, N. Y. 
Rtemenisterssexsic ...June hod mvonerett eats i 
ie ne eae pier Ue ES SeRANO A Pimetot 1] F Moore hbanlon Tie® Rokee = eee 
nalia seca cg Tne eis via Bis P, E. Gentry. ....+-.- LF. Rylandey, |... Pubbe Service Gasee Oldaimaea, 00 se, Maik Sicetaiea ae uauanaa 
: wi) : ’ - in St., Tulsa, ne 
phar: ee ran , News 255 at se? ae = a Sas Paertctstes ieee ac cieretee 308 Elec. Engg. Lab., University of Illinois, Urbana, III. 
eee PS 4 Se ee -Jo n A. McDonald... .General Electric Co., P. O. Box 779, Salt Lake City, Utah 
Virgie ey My ere oe + i Speer elaveteleioraene ae G. Kolaspelem ese 1992 41st Ave., West, Vancouver, B. C., Canad 
je S6a 1. A, Rawlse acca ceee C. H. Smoke.......-- 1523 Holland . aepege e 
Wao. -.. ee ae EN 8 oe olland Ave., Nexto 5, Va. -. 
Fie eit 2. Abr. 91740... 50... W. Bc Vellngs Ja Pik Eoe G 
WHERE ee Sepik OST 86: Ty cee ORWOOd | recat 1400 Bridge Road, Charleston 3, West Virginia 
RA anoeateniehes see 42 cRebs ie’ 220 Res entzen...Hugh E. Hartman....Kansas Gas & Electric Co., 201 N. Market St., Wichita 1, K. 
ee etak 7s ; soe Ee a7 Eee obey LON. Ct mqcge! Go WieBibber. etna Heald Machine Co., New Bond St., Worcester 6, Nie re 
Subsections ; 
Albuquerque (New Mexico—West T i 
ico head (Minnesota mek : ang Section)... a wees hace mote ee W. F. Hardgrave..... College of Engineering, University of New Mexico, Albu N.M 
Ginee eadsech Coscia Sc. ce ee ; Daan a aa Bae Res geet OlmeS ei, ae,s: ates Duluth Missabe & Iron Range Ry. G in Dales 2 hisne 
mai Section) /, ti inaurdetyae D. H. Davis M. G. Tool ge Ry. Co., 400 Wolvin Bldg., Duluth, 2 Min: 
oe oe Garolina Section)2". 2uas-e ue shen @..0. Basott.. sa .nw. 1 cbode Digs Di e Pos Ge ae wee ; Bs 
resno (San Francisco Section)..................+ Uh ee ie pees aetey e ae Sieh Fa teeiche ss uke Power Co., Charlotte, N. C. 
Great Falls (Montana Section).............0++0-. ihe George A. Collins.....San Joaquin Light & Power Div. Pacifi 
Hamilton (Toronto Section) . : ae ee M. Somerville Ww ‘ sa Bae Mountain States Tel. & Tel. Co., at Tie Aves Ne Gren Palle Mont 
Hampton Roads (Virginia Section)............... | HL Berr Br ae rf Garda ie, ee Canadian Westinghouse Co., Hamilton, Ontario, Can. mit 2s 
poke ees cha Orleans Section) 5.04 .0..<%. Shed Bar erocer eet Aly oe atts Cite Sein yee vy cies 
EEN a laa Sec nV ee ee 7 De itargrodent «ri Vis feces ities Service Refining Corp., Tutwi 
Little Reck (lew aryle = - ES HOM) wievt scstsialecets, 31s RiWs Larson) ee . L. Stauffer.........Penna. Power & Li: ht Co. Pa ve re. Se 
: mp GLOU) |. ja.. arcuate c wintorGins nee M. E. Crippen........ A. Hunter Le 5 » Griest Bldg., Lancaster, Pa. i 
Niagara Falls (Niagara Frontier Section)..........G. A. Zehr GR, Staker.. j4..cn Box 210 ie ; 
eel sae ee Se By Rapota ker areas 203 79th St., Niagara Falls, N. Y. 
Panhandle (North Texas Section)... . ; : : ; ; ‘ acer (Ce ‘Aietnan AORN are + a aie Rete ations) Research Council, Ottawa, Ontario, Can 
Rock River Valley (Madison Section)........... > Rabi Schuettes. aaseen Royce E. |] He tow... Cane eh nee 5 
Sacramento (San HianclscSisackGn) Sake, ote emacs i ab B s Fac aoe As Barber-Colman Company, Rockford, Ill. 
Saginaw Valley (Michigan Section)...... 01... beh) ee Pees Tite eee Pacific Gas & Electric Co., 1314 29th St., Sacramento 16, Calif 
w ilmin ton Phila gels sean ee ee El eee Mowry aa a ath ieee Sateen Electric Co., Bay City, Mich. 2 1 perce } 
anesville (Columbus Section)........... pe eeenee J Ge Pankovichin ws: A. J. Baker. eR Se Ohio Pore. Co, ave Go Market Si. Vanegas ; 
a > . 4 
1022 Offi : ; ; 
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. 6 AIEE TRANSACTION a 


Student Branches of the Institute 


(As of January 1, 1946) 


Name and Location ae Counselor 
District (Member of Faculty) Chairman Secretary 
Akzony Univ: of Akron; Ohio. susecacss ceils cs i 
Pi eee edi piedeas Nast, Auburn Alas ne. ; 5 ; “ : Se ES Aaja Balrburn s:tet se seks a poe PA Re orn Leonard L. Katz 
labamaywmive Ons niversity. Alai cs «o.. oso evensay bo. paec' A ee aN AE Ww. 7 Millecric Miao anes Big cis net a ea gt ee 
ee a Ene eee - J. Miller... .....0.. Wm, Bess......+-+0ssee eee eee J. R. Humphries 

: : h ; E lentara Gan Nertasies eae o05.c.sid eo a suet LO Soe Sees ae RevE Phillips: siemens toler: T. A. Sissons R. E. McClary 
Arizona, Univ. OPM GsONA HATZ ace be eee eee «toe kibis vie suc vienna e's Bids Joe ter Nener ete J. C. Clark Seng ME. en ae ae ae 
Arkansas, Univ. Di bayetiaville s Ark: at cece tele Males alate rchers-alatelis ee it oe Wie boistelzment nna cvtiiesteterests ole SVE cStrabalalitecwuwusracteiachre sts Austin Bollen 
British Columbia, Univ. of, Vancouver, Can..............ceceeee US oe W. B. Coulthar < ‘ S 
Brooklyn, Poly. Inst. Die DEOOK Uy MINI GY cle <sepco ia usterelcraskevaiee ce woke Shei Z Siar Seer A. B. oe - ey: SelGaoee : : Poe i Bi oak. ‘ Se 
BLOWN miu OP rovicenGe, Re dor 0h. ts eS Lk rook citer ane 5 et Pee com pkinspuse sri eo RSV ECan en Gree ee hohe se” oe Tos O H i 
BackvellWavy, Lewisburg Pa 5 € p . ~ Eb Ysondre Sarg orn do ca OG 4 4 5 ©) _Hieizer 

: : uke N stare: shaFonene at sa ence state ressee tone, siolckoreravale la svere (ie lee ee Liscmee eorse: Francis garesicenesratem etre Gs Wlellicten ny. hehe eterna eta H. W. Morse 
Calif. Inst. olelkcena, Pasadena: Califwer.,. ase sins oc.chex Cook bowen Oimnetee create iene Wee Pickering. tsa. «o2e ReeeduiNixon titers siaces. aes Orison Wade 
Calif. Univ. of, Berkeley, Calif ee eet etre eo, Sahara a ailercce Soka Bo. ee eee Be Morton scesernes vies aie wsieretee W. Kummer es idienci oe ; ; : : ies Don Lebell 
Garmecvie inst- of Téech., Pittsburgh, Pa. ore) = 2.5 os Poe eeen ee ee a eee Dil. Trautman, Jr... BabeScheerie ge. Ue wewe kee R. D. Teasdale 
Case School of Applied Science, Cleveland, Ohio................. Pata tassels, Paduectloover sien fk “PECRSidlow acca nee oe K. L. Walko 
Catholic Univ. of America, Washington, D. C................0005 DM REET ce, Sale Myth Pek Wm Tete See re A ie Burgess 
Cincianaty-Univ. of,~Cimcinnati, Ohio sce. 2s See Oss Socic a saree Deere tee ee iS eo ee ee res 0 ES Re ee ee : © 
Clarkson College GteleGhesPotsd amass sae. rote cree en are sce vuctsns RS eee A RaeP OWENS ciaie oti wees A Jacobson} Jirnrat seca ise - James Cooper 
Glemsonvagri. Collese, ‘Clemson, SiC. 3% S262 fads Os chee eee Le Rees Ota Bene Dingleyre ces ai. Sikes deen os -J.-Amtomakosiaenmreciterns nae ncier. L. P. Thomas, Jr. 
ere a Col. of A. & M. Arts, Fort Collins, Colo........... OPiay Aer ee F. B. Beatty : es 
olorado, BEYRIOL SDORIer MCOIGs oct aint. Sorte as ow Ob ean Se eae Seer oe AOS Platt Wicks icacxt aoe er es Be J BOX. Given aise Sate ee L. J. Maso: 
Columbia Hevaiy: Le we GOricn INN GY saa LAaeek ach ee Sie sca s suc a OE She SS ee, WApAT alsa Pierre viii setri tas ath os ale ee See es aaa Won Glick 
Connecticut, imeem tm COLTS COUR i oe She ete ec eop s ailele wise S eide Hg eS srcilavete cc othe (Ge ox Limoshenkomeriatenn ea IRGUSPERCELea cmt cere erecraie eas E. Foerch 
Cooper Union, New Mork, I. Visd occas. sc Se ee et er ee Dae ake, BS = ESB Sheltonnis . saath ston he aa Ne Austere. Ss arvacce aay Soren a Barney Reiffen 
Cee |G RETR ee LOY EYES OS os Ga ae eee oe Os Bie eats Bako Northrop eda. ot) os A, De Sutherland). i4c,cca-0e ees 3 W. G. Papsco 
Bela wane me ave col Newark, DCL c5,. psters.o0 Alte e ys c.0: sibveie o's oie [ar aielears Dpaeeate eee ears MiG? Youngcnans snes 
Denver wmmw= of, Denver, Colas .:./isc)se cists sie aie o's eS ewls Sea's 6's See re ait FP. Hi. MeClain RET PoE os PROG ba leas ea 
UTE oy ope a Berges tee 0 bee 0 a er a en ia ps nice LO a. WatDeR s a acteec.a Sixteenth ss Ralpti el rese..craasyavadvsictei-t oeasveenoe V. Benaglio 
Prexclidnst ot Lech Philadel ptita, Pace. <a. caccivs ctr- tec so + 0s o v0 er tees cra ieee E. O. Lange 
LSD ee Opera 8 oes sector el Oe ee eee Ce Seat ‘Otto, Mier ait ccsrcran\ci-ca ses RSME D uals. ete ie ene as E. A. Madlon 
Miouwe. winierom, Gainesville, Plas. 5.6. o ce cei te cess see ese se A ra eS Bee somal thiysy, ssrte os cone erates Paul Davis 
_George Washington Univ., Washington, D. C..............--+.45. Dis pikes ees IM pis Akers. saan ayaa endeavors’ < Davies Carlsonia.cnosay ase B. L. Dunfee 
KScorpiasochool of ech. Atlanta, Gasca no. 0 osc clec.oe sat et Sas ess Lee mgnaas H. B. Duling 
Harvacatnin., wlaurridge, NMEASS, = 5. 5 je w)eis is sin aldieisielrrs'os 0 Sie es sw 2 carbone es Beth cs Neca NEWtOirte cite tects eas WoliaiiGis Pishen mom rr-comteptene erase N. J. Cancilla 
idabo, Univ, of, Moscow, Idaho. 25....220'5. sc faces ew els's oe einies os erg arate oa J. Hugo Johnson.......... George Wialslinicsweerni ies © sensi Herman Tilly 
Illinois Inst. of Technology, Ghicago, Ill... 1.2.2... 2c eee eee eee See Se Bio Wt aklig ginseng ea eroeis ING CV oytalieretensensyacdeoteys Sores sacaevele W. C. Bachtel 
immo iain: Ofs Wirhana:. «a. !ya calc > 20 wp bateate ao o.slaleee © 4 0 Foezaveie Ee do Rae BAe. Rieid sass tissue certains RiBieMickainstary cy. oy .)ai-ye.21 teers John Reigle 
Mesure nt ager Gol PATIOS epics cic Actas ets Bros atiotons ls\nllelolsiel oe 8 exe:aye. # e:areye 5. Site jopletae, co B. S. Willis 
Wow aUiritn Ob, TOW a ity tS eo, stats seins Sivgess Fp = SE wie eels oe SSG = De see ae Baby Kourtzos 2. ase Harry Carlson. saxienciy-iemrn ud J. F. Cuba 
Johns Hopkins Univ., Baltimore, Md...........-+ +--+ esses e eens Pe PON RE F. Hamburger, Jr. 
Hansas State Col, Manhattane sc... aclwbie ote laleisinln serene ceeees Wincietaiala eveierad o ee MG Kiloeer icin ainiilsnten CowAg Stewart sin, aco acaeteiataias G. A. Sites 
Miarisdse Pat ysis PA WOCIICE sooo ooo wos odaiel> ete civ ieitlo.n ovelnliels 0 61 « whose Tactile Dee aus Sets G. A. Richardson 
Kentucky, Univ. of, Lexington. ........-...--00- 2s cece e esc eeees mea eon Open Ae Brinkley, Barnetts.2sn)-01-- sari Jie Mip Elisle ia pen cteratstareeetet totic sa etwas Marie Kemper 
Lafayette Col,, Haston, Pa.n..0). 20. oe. R22 Goose eso Sos ene Ph 8 RIT Re Morland King 
Lehigh Univ., Bethlehem, Pa........-2--2-2--ccceccnenccecccers BREE eS IS J. L. Beaver 
Louisiana State Univ., Baton Rouge. ........ 2202 2cee cece eeeeene ib nae Aa ond ei. IRAMISEY, orate = i250 svaieesse BiB. Mc Netley ssrcteits tence: Julian S. Johnston 
Louisville, Univ, of, Louisville, Ky.. 0.0.0.5 200622. ceeeesseee neces Aer rises eos IME. Ce Orth rai ps. pc. lieroe) ia R&A. Cunninghame. qe crete Geraldine Hardy 
Maine, Univ. of, Orono... 2... cn eee cece cee c rece essen nresnces 5 sen A nee ria, W. J. Creamer 
Manhattan College, New York, N. Y.:....-- 2-2 eee ee sree ee ceees Brat iegeraneraliears Resse NCL evra ertehenatistersxoiehs is John Meenaghe. 2.0.2: <6 2-1.) Alfred Hughes 
Marquette Univ., Milwaukee, Wis.......-.--- 222 eeeeeee eee eeeee Bis Aenea Be Wi Ian -c)ieeeis crete WrsClayacnat orem ieee Thomas Bursh 
Maryland, Univ. of, College Park......-. 00. -e eee e cece erences Detar coks Peay eek Ol ONS memsersetaren teres AWhcot, Iirllevovden SG 5 Aia.s nc dc pero oenocte Walter Beam 
- Mass, lust. of Pech., Cambridges ss. 2-0. cc eee eres rece encscs RES aut DMPMSeverance... mised ena IN. A sSplesbergersjcin-..% siceelersxra W. H. Turner 
Michigan Col. of Mining & Tech., Houghton...........--+.++-+- Bp itir dae iat (GPW SWENSON sf ioe. was ae 18 jpaltGhamheckinels abondocosagsos OF J. G. Liadis 
Michigan State Col., East Lansing.........-.. 0222s eeeee te eeeeee Bieter tay area's IVER IVI C On iete rete atte eerie Howard Gloydes af ts. sent Leon C. Durfey 
Michigan, Univ. of, Ann Arbor... .....--2--eeseeeeeer ere eeeees iM Ge ioe Bernas Upper att peter slays ee Areas or FrediiGebring. sererter trie iter ie Belle Sperling 
Milwaukee School of Engg., Milwaukee, Wis........---++++++00+- Dias stahag ener SB A Wied neta forts ss ielecs ¢ RES Weelilcysrot orsteucs in. cteteretevtaiey oft -toke Charles Austin 
Minnesota, Univ. of, Minneapolis..........---+0re reece cree eens Deiat avail. ov J. H. Kuhlmann 
Mississippi State Col., State College......---2.+ seer tree etree eeee ele Oath ears H. C. Simrall 
Missouri School of Mines & Met., Rolla.........-.0s0beeee reece pe ee ROS F. H. Frame 
~ Missouri, Univ. of, Columbia. ..........eeeeee eee ete renee ene as, Aen eee Moe WVeimbach\cteia.ficists iets Oliver Weiss........ Pe ceign wea Bill Spencer 
- Montana State Col., Bozeman... ...-...- sec e erence erect ecteces Os Rakes Stas Sars BW Sehallinig cara ater otetebeds- a stele Bi Nol aries ctchele aistonesaransneteats J: W. Heidt 
Nebraska, Univ. of, Lincoln.........--+-sseseeeeesee gers terres (Pon a nen ae (OE oh ISO. to revessieaaeraie sition Peeler J MME its ie doce con poe DD Sono F. K. Ishii 
Nevada, Univ. of, Reno... .....261- 22+ 200% <6 Ons i tae ak, re S. G. Palmer 
Newark Col. of Engineering, Newark, N. J... ..--+-++++-eeeeereee ROR Oa Be deGi. Peet, 
~ New Hampshire, Univ. of, Durham......-....+++++eeeeeeereeeeee 1 
3 New Mexico State College, State College. ......-.-0++-+seereeeee Teast tacemaacet ete H. A. Brown 
New Mexico, Univ. of, Albuquerque. .....-----++eeeeer eee eereee Usa asahareeen stoke R. W. Tapy ; 
New York, Col. of the City of, Re Goa) BUN eb ans a OS ee Cae EL] Rye Oe Harry, Batts. enn aaes viewers cis WD aGoldsteun' ye. meme tan tetera N. Yudewitz 
New vo Univ., New York, N.Y... 22.220 es ec eesc cess cceeeseee Bokere re satan kuntie P. C, Cromwell ; 

(Day Divo) - 

((Shiaaivags TORGECSL) 2,’ aig) Serie Deine Den DODDS 00 orien DODDS Ob Oc Oc Un LI Racacrn a cg hea co Nero ae RL Rocamorawns sctubesret cack: F. J. Putallaz 
North Carolina State Col., Raleigh. .........e eee ee eet e eee renee Aen NOEA on chester = Tee MaReever,, raion. oko titiase eins iag: J. W. Chadwick. ..........-++-- P. L. Snow 
North Dakota State Agri. Col., Fargo. ......--- ++ +eeeeer er eesees Dobra s eer eres H. S. Dixon 
North Dakota, Univ. of, Grand Forks. .......---++++esreeeereees es eicee: Sasa Cc. W. Rook 
Northeastern Uniy., Boston, Mass..... 2 Leo PRES Colne OO a Ree a ere RUG Porter taupe arenlsysiiplaians Richard Harris... 0.0 .0e.+ 55 ees John Rackliffe 
Northwestern Univ., Evanston, IIll........-..+-+++ essere eeeeretee Leet se ovens te iodat et R. E. Beam 
Norwick Univ., Northfield, Vt.........-.00ee sees eee eens paca 
Notre Dame, Univ. of, Notre Dame, Ind......-....+-.++- auveierstis. an ea Nouriniersa ie J. A. Northcott 
Ohio Northern Univ., Ada.........-- we esorras 2 oh CPE ENC UID AE Cay ils Com AOR OO. CII IIS ican We ere eat (RASS Uiiecl<ey, Soc qouneouT Coe W. Robert Wiener 

~ _ —Ohio State Univ., Columbus.......-...-2200 ss esee ct eee reer tees Vie ete HR en E. E. Kimberly PROMS AIOE Bee HL MD Zimkctotepecs ete oe ao ate ster sel Leo C. Bennett 
Ohio Univ., Athens... 2 seas: toe see ess fomee holetier ome ati OE 2 \ 
_ Oklahoma A. &M. College, IS tLIWater «arcs «wie caste ele = arecens : Fs io Oa ace 5 ae 
an homa, Univ. of, Norman....... es SE Or cee Herel api tales © ee arrar : 
Oregon State Ca Corvallis. ae eee eee Ne» cincgeihets BOs ores he Atlee Albertuinnvttes sole eears ING Ike, INGuTMGO on oo ago bomoric 3 R. D. Robinson 
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Student 


Branches of the Institute 


(As of January 1, 1946) 


Counselor 

Name and Location (Member of Faculty) Chairman Secretary 
Pennsylvania State Col., State College........ 0... s sees etter ens Boece crete: PY MARI cestite tices tere inle sielioser sy syste J. G. Wiley... . see cee cence rene (Oa Appleman 
Pennsylvania, Univ. of, Philadelphia... .... 1.0.2.5 :0 +s see e een e ese See teenrenes GED, Pawcettvastaan mets teil B. B. By cere « «sien s) sete es W. W. Weinstock 
Pittsburgh, Univ. of, Pittsburgh, Pa:.........00.-ss sees eee e ene Beene eee rees RE (Ce Gorharnucermeerseietserettotersion ‘Carl Nielsen: sci.sfceaiests Pee ole Wm. Bilka 
Pratt Institute, Brooklyn, N. Y.......... bY abe oto nna clones 4 bra ot TD, EL AWrighitseerstete eiel oye sole aielessi B,J. Matus..... 5. aie eraser Robert Kahn 
Princetom! Wmniv.,, Princetoms Nef eres aj0.0-+ 4 Steuate| eho endear pyre steps Aiemlen- denesceie rs W. GC. Johnson. ...-...-+++--00> Ex G, Zuerchers:. aq0 bie eaieisleia= H. L. Stern 
Puerto Rico, Univ. of, Mayaguez, P. R.. 1.2... cence reece ene e Seve ee cn eence Mie Wiewallss)icm) pete aielen terete jer EDNIME Barcelo. oro «210 «tatu, -stoeeten® H.R. Vega 
Purdue Univ., Lafayette, Ind... cc .cee emer ce cee ee tintin s Doe SP ea sisiaeiis Ro Be Marshialll cre. ercsalstousieys-o2eteaeiaye B. EB. Pritscher.y. ., strcle1e <sepimisrereier P. H. Ward 
Rensselaer Polytechnic Inst., Troy, N. Yo... ---:. eee e eee eee cree e eens BAD. Broadwell. var. a eiiieryee Aubrey Mitchell..../..-.-.++++- T. B. Brown 
Rhode Island State Col., Kingston, R. 1... ......- 622. s eee eee . 
Rice Institute, Houston, Texas... 2... ccc cee ce ere tere renters Jenene eneees M. VioMcEiamy. 00.0.2 err sleleiets Wim. H. Newman.oss.. 2. «6 Hea R. C. Wheatley 
Rose Polytechnic Inst., Terre Haute, Ind.............+2+-+eeseees Deere ares GORGE Kuntpmeéyers crerccre ois perder J. A. Doerffier. 2... 2224-52202 B. E. Rumble 
Rutgers Univ., New Brunswick, N. J.....-...-2 21sec s reeset ees Seen ee mee Pe SaGrearer titer usta ameter Pred Ottaway. ete. oer eee H. Bartron 
Santa Clara, Univ. of, Santa Clara, Calif...........-.+--++--+0-+ Reich ORG W. J. Warren 
South Carolina, Univ. of, Columbia..........05. 020 cee cere eens Beene eee eers Satie! Matias oi rcrs tareetaenste la a P. Pfannebecker. ......00¢0+000% E. B. Winn 
South Dakota State Col., Brookings..........0 see se eee e eee e etree Deve e teen eens Wo As Gamble am pisers ae steree ce artots LeRoy Dehnert..........++-2+++ L. E. Reynolds 
South Dakota State School of M. & T., Rapid City..............- OG... - eee eee (Bet Bou Glarkes piierenaeaene casket earn D. G- Robertson .os5.500 0 «erin L. E. Tingley 
Southern California; Univ. of, Los Angeles, Calif.............0220+ 8.0 eee ee ee ees Lats) da eallSee coy = onnodone ads 05 Niels Nicholsiaie a ciesistelenravanrtels ares Warren Parsons 
Southern Methodist Univ., Dallas, Texas. ........ 000s eee eee ee Laren eee e eens Revs Biesele, jr. 
Stanford Univ., Stanford University, Calif........... 0: eevee eee s Bee ee eevee ees lel Ng ignated bbe oc cm ooo bat Ober E. D. Regan 
Stevens Inst. of Technology, Hoboken, N. J.... 0.0... 0. eee cece eee Sone eens W. L. Sullivan 
Swarthmore Col., Swarthmore, Pa........... sees eee eee ee eens 
Syracuse JUniy., Syracuse, Ni Yoo. oo. sim eaisuesserefsie ole + ae > cei slmieioimy b- a) sastereietesela tele C. W-Henderson 
Tennessee, Univ. of, Knoxville, Tenn... .. 62... eee eects Fennec ees Nn Ga TPanvyoux ss cteeieer- ley eiene ene HA hic ae loca Marne ae T. H. Landrum 
Texas A. & M. Col., College Station, Texas......... eee eee Tice eee eeeees IM OSNShENSTcogcophbouoagannc Poe Galera at cayetorete chet tera eraucke G. O. Hughes, Jr. 
Mexas Mech. iol, lubbOck; LEXaS 06 «clove aja elo pherw’s wlerent slaial'eh-)siele Leeiels)steleen cine With s elel Wigs ose e+ wets oetetersteeie’s Ben! Logan.) se <ecs eae 2-2 ie we Irene Knowles 
Mexasynlmivie Oly GAUSIT erat a, oes =\e > min a pseedteleletel® « us fetnler w= iri> jor lplalma (a\eheue iste yaa BAW Sra tM), ye oteste eis -speatoseers JA Wee Bri ons. coe, atu sive Shee weer W. A. Rees 
Tufts College, Medford, Mass... .......- 00sec ree eee e eee cr etree Levee eee ees AS Es Howell sees. ts-e.tereuotese WG Grantome ats: «cysleisietoia# fiat J. W. Patterson 
Tulane Univ., New Orleans 15, La..... 0... cece cence eee tts Fee rne eee MinGe Zervigonts sais see os GL Gt Lobe Acces at ete A. GC. Buxton 
Wnion Gol., Schenectady 5, Nu Yo... cece sete tect centr cere ees beatin ase cee IE Vale lela: po. sh moen enon 6 J. W. Vorndran.. . 00.2.6... R. H. Brennan 
Utah, Univ. of, Salt Lake City... 02.20... cece ee eee cece een Decne een e ee en ONG) Hay cockitac tere. stotires efaiele Karls Brown's. setecelstisie sree tere D. Freebairn 
Vanderbilt Univ., Nashville, Tenn... . 1.2.5... eee e cece eee tees Feet e eee e eres S7 ReuSchealenncmede eters ser eas 3B, Rawls: setae srtel-Peasie ete ee H, J. Browne 
Vermont, Univ. of, Burlington, .....-...sscee eer cee e cere ence es Lice ees ee ence E. R. McKee 
Villanova (Coll, Villanova; Pan... oj. ...ch a cles clec ewe emeic cies Lunes svegecee Hi. Se Bieche. ni 5../ncis sion reer Bia i tPrice ee teresciaiei oie aati L. Fallon 
Virginia Military Inst., Lexington, Va..........-. sees sense ees Fee e eee cena J. S. Jamison 
Virginia Polytechnic Inst., Blacksburg... .......- 2-0-0 eeeeeee ener Feces eee ees WIE RCH BASS posts. Soacdustoac Bull Wallianis a etyeree sete ie eee M. S. Postman 
Virginia, Univ. of, Charlottesville, Va........-. 00. esse cere eee eee Bev e eee e eee es fyeR-.Ouarlessr voiyauctrare erence Winns FE Steiniers psyeicicte?otelefareserepstare L. R. Jones 
Washington, State College of, Pullman. ...... 6... ss eee eee e eee ee Decree etna Vek IN Wines anocoteoobonoghc 6 EarlsAndérsonmretse eerie te oie net Frank Hekel 
Washington, Univ. of, Seattle... .. 0.0... e ee eee cee eee ee eee Papen eN eee e Lad biomias seks sof some Riv jie Rumpleedaeeie: ceed ee tence =r J. P. Goodfellow 
Washington, Univ., St. Louis, Mo....... 0.6.00 ee ence nett et eee Fence e eens PAS BWisthet ih scale sain: cle antike HG Lazar’ ds (SaGe dea aracteras Wm. C. Milks, Jr. 
West Virginia Univ., Morgantown, W. Va........0++s0sseee seers 
Wisconsin, Univ. of, Madison, Wis............ 60s eres eee e eee ees Deven eee e eee (OF 3a Bo hore cs |. ce coe ocr GlD. Repperts - sit ee ee tieele = Eugene Daniels 
Worcester Polytechnic Inst., Worcester, Mass......-...-++e secre ee Devs e cence tenet een teense sete tree e cers Prank: Weeks cc creer saieiesterel te D. G. Lewis 
Wyoming, Univ. of, Laramie, Wyo....... 0.6.02 eee e eee cece e ene Oe e eevee eens ROP ei rire bloodanwateteriares earns Donald By: Hullliais.cic,ostercntereinstetanere D. M. Evans 
Yale University, New Haven, Conn..........00eee seer etree cece Linen eee ees ARGH Conta d aretereisge cielsfaless eetels J. Cs Dorfman aos teenies B. C. Stevens 

KBlotall BrAaniChescvatsiars cies sesvelais)eieVole's ons a) cisiele, aia 's ose (a'a0 
Number of Enrolled Students November 1, 1945......... 3,186 
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Officers and Committee—1945-46 


AIEE TRANSACTIONS 


1. Technical Subjects 


Absorption Characteristics of Large A-C Stator Wind- 
ings, Insulation Resistance and Dielectric-. Askey, 
MOWMsOUces won asa Ft Be sone ca 347-51; disc. 458 

Absorption Tests in Drying Out Large Generators, Use 
of Dielectric-. Marcroft......... 56-60; disc. 415 

Accelerometer—Vibrometer for Instrument-Gyroscope 
Testing, A Tachometer—. Laurenson, Long.. 
pMasnceheuavn's picetatte tenets steve Sse nie ce ato 593-6; disc. 960 

Adjustable Speed, Central-Station Auxiliary-Drive 
Motors for Constant and. Gibson.............. 
Seances a sapere s sus Neverd suevaua < cia sets 746-50; disc. 976 

Air-Blast Circuit Breaker for 138,000-Volt Service, A 
Three-Cycle 3,500-Megavolt-Ampere. Byrd, Beall. 
Brett cake ea alain cisterns Chas 2 229-32; disc. 463 

Air-Blast, Field Tests and Performance of Heavy-Duty 
High-Speed 138-Kv Circuit Breakers—Oil and. 


: Sporn, Ser Glaricetieeatc casi aos 401-10; disc. 463 
Air Circuit Breakers in A-C Railway Service, Com- 
pressed-. Wilcox, Harker........ 141-5; disc. 419 


Air-Cooled Transformers, Dielectric Strength and Pro- 
tection of Modern Dry-Type. Bellaschi, Beck. 

SSR ee ee 7 59— 63; disc. 997 

Air Gap for Various Magnetic Materials in Cores of 

Coils Subject to Superposed Direct Current, Op- 


CURATOR sere See a) eae So: = 709-12; disc. 969 

Air Switch and the Principles Involved in Its Design, A 
New Outdoor.~ Graybill, Ferguson.............- 
segorgece te: cobeedses opae sos 583-6; disc. 953 


{Air Teadsporston) An Interval and Dwell Tester for 
Bomb-Release Interval Controls. Long. . .648-51 
{Air Transportation) Electrolytic Corrosion—Methods of 
Evaluating Insulating Materials Used in Tropical 


Service. Thompson, Mathes..... 295-9; disc. 443 
{Air Transportation) Resonant-Circuit Constant-Cur- 
rent Regulators. Kevern....... 807-10; disc. 992 


(Air Transportation) The Electrical Resistivity of Resin- 
Treated Wood and Laminated Hydrolyzed-Wood 
and Paper-Base Plastics. Weatherwax, Stamm.. 
ah Rechnee Teena Se eatoe, te Aa AINE Aleta: 833-8 

(Air Transportation) Treatment of MHigh-Altitude 
Brushes by Application of Metallic Halides. Elsey. 

ee teatete ates 576-9 

{Air Transportation) Vibration Sasulation and Struc- 

tara: Rubber, ouvert. 62. <2 ses 92 os = 324-9 

Aircraft Alternator Drives, Governor Requirements for. 
i Ra ee i aay cick Sapa a cide 534-40; disc. 947 

Aircraft Alternators, Constant-Speed Drives for. Breit- 
WEESERS CG oon. aS Le er see a ce heme 763-8; disc. 991 


Cee e creer eee esos asercasos 


Peele eee tle aoe cet ees Te Te Metene ee 541-5 


Aircraft Cabin-Supercharger Drive, Speed-Control Sys- 
tem for an. Godsey, Miner, Walley.......- 37-40 
Aircraft Circuit Breaker, A 208Y/120-Volt 120-Ampere 
Three-Pole 400-Cycle Electrically Operated. Titus, 


Weifsehnetder. 22.9 othe sole bso mea e oe 551-5 
Aircraft, 400-Cycle Inverters for Military. Hayes, 
IRA c ischn, cue ROAOEG Orgs AERIS Sori OP iciee aae 233-7 
Aircraft Generators, Parallel Operation of Main-Engine- 
Driven 400-Cycle. Levoy...... 811-16; disc. 987 
Aircraft Ignition Cables and Connectors, Simulated- 
High-Altitude Testing of. Race, Ross...... 20-6 
Aircraft Iumination. Davies.............+++- 26-30 
Aircraft Motor, A “apehea Schwandt..........+ 
Fieg oie Ono COGS a CIE EI 508-12; disc. 948 
Airerafe, preieeed” Practices for Electric Control De- 
vices for. Hottenroth......... 197-200; disc. 444 
Aircraft Systems, Instability in D-C. Bunce, Cun- 
ningham, Davidson. ........-+.++++e-+eee: 786-91 
Aircraft Systems, Selenium Power “Rectifiers for A-C. 
Embry..... 7 cider Al OCR re SEES 596-600 


Aircraft, The Amplidyne Generator Applied to Speed- 
Controlled Electric Gun Turrets for. Zahorsky.. 
scp Meee CS AK Stat aS Wee 221-5; cise, 436 
Aircraft Transformers, Effect of Altitude on Temperature 
Rise of. Montsinger......... cyou cic cei v25t—2 
Airplane-Engine-Testing Power Recovery, Dodge Chi- 
cago Plant’s Electric-Power-Distribution Scheme 
Withe= Bailey.o «2s. see .121-3; disc. 484 
A-C Aircraft Systems, Selenium Power Rectifiers for. 
lip sjaon o- ose so oenc 


Pages 359-494 comprise the June 1945 “Supplement to 
Electrical Engineering—Transactions Section”; pages 
_ 873-1000 the December 1945 Supplement; pages be- 
_ yond 1000 appear only in the 1945 Transactions volume. 


1945, VocumE 64 ¥ é 


Pe Bee 1. + 596-600 


INDEX 


A-C Arc Welding, Power Supply for. Welch, Wyer.... 
eaheatete Segre core e Abas: bre folk alone ty MW eNeWe NC as 116-20; disc. 435 
A-C Railway Service, Compressed-Air Circuit Breakers 
in: = Wilcox, Harker.) s0.066% «sr 141-5; disc. 419 
A-C Sheath Currents and Their Effect on Lead-Cable- 
Sheath Corrosion, Study of. Sherer, Granbois.... 

Rea wa ch clece enisic ott te soe tee Seine 264-8; disc. 483 
A-C Stator Windings, Insulation Resistance and Dielec- 


tric-Absorption Characteristics of Large. Askey, 
sJOhnsOnner ans, Keke orisiet oats et 5a 347-51; disc. 458 
Alternator Drives, Governor Requirements for Aircraft. 
Boies Wev.Oy: wcssvs cans, sirius seis se 534-40; disc. 947 
Alternators, Constant-Speed Drives for Aircraft. Breit- 
WIESEL Miele te catals ose aye pris ete Seco re 763-8; disc. 994 
Altitude Brushes by Application of Metallic Halides 
Treatment of Migh=.— Elsey .ca....0s6 6s 576-9 
Altitude on Temperature Rise of Aircraft Transformers, 
Bitectof > Montsingers sch... cio nace 25t=2 


American Gas and Electric Company, Lightning In- 
vestigation on 132-Kv System of. Gross, Lippert. . 
BS ayanw SAGs) 4 xe saywica:'$- 306 Cnty dl gee TE eae, asc 76-84; disc. 474 
Ampere Air-Blast Circuit Breaker for 138,000 Volt 
Service, A_Three-Cycle 3,500-Megavolt-. Byrd, 
Beat eens evs.e taka aun es wie aie duns 229-32; disc. 463 
Amplidyne Generator Applied to Speed-Controlled 
Electric Gun Turrets for Aircraft, The. Zahorsky 
SduypedoovLuduod Hoopocueoeun c 221-5; disc. 436 
Bower. 


Amplifier, The Resistance-Coupled. Cowles. . .359-65 
Amplitude-Modulation, Frequency-Modulation, and 
Single-Side-Band Systems for Power-Line Carrier 
Transmission, A Comparison of the. Cheek...... 
Aas sooo. cement 215-20; disc. 450 
Analogy, Determination of Transient Shaft Torques in 
Turbine Generators by Means of the Electrical- 


Mechanical. McCann, Warren, Criner.......... 
Se ort ee Oe 51-6; disc. 492 
Analysis and Design of a D-C Selsyn System. Manildi.. 
Sth a ene.c coin ote OO son oud Gon.ge 512-16; disc. 946 
Analysis of Arc-Welding Reactors. Wheeler.......... 
gidcios aon. pce ete ices te O90 saclisenr 4a. 
Anode-Circuit-Breaker Design and Performance Cri- 
teria. Boehne, Atwood........ 337-45; disc. 437 
Apparatus Life Quality, Statistical Methods in the De- 
velopment of. Ferrell.......... 700-03; disc. 998 


Apparatus, Lightning Arresters for Distribution. Beck, 
Honbeshesactats icin lor tee nee 719-24; disc. 970 
Apparatus of Rectangular Cross Section, Foradlas for 
Calculating Temperature Distribution in Trans- 
former Cores and Other Electric. Higgins....... 
GIO. CIS AOI 0.30 us POO OCOD Od 190-4; disc. 493 
Application of Capacitors for Power-Factor Improve- 
ment of Induction Motors. Bloomquist, Boice. 
Hemie EAE ype A OEIC Ot AOA OS OHO 274-8 
Application of Electric Equipment Hee fp Ni aad 
Milling Machine. Morton, Rutemiller..... 2 
chat Sects arene Gee, ae NRA 205-08; disc. “453 
Application of Quality Control to Resistance Welding. 
Hobson, Inglis, McCants......... 573-5; disc. 951 
Application 6f Silicone Resins to Insulation for Electric 
Machinery, The. DeKiep, Hill, Moses.......... 
Sishacthinas aura coago Doe amos 94-8; disc. 460 
Application, Selsyn Design and. Johnson..........-- 
D6 tie Sic Pies DED AICI COOCIID 703-08; disc. 960 
Applications, A Current-Limiting Fuse for Aircraft. 
ToWel beste state tosis sietereials steve sietatoie 3) s1rripvarsiens 541-5 
Applications; jand Economies, Frequency Changers— 
Characteristics. Crary, Easley. .351-8; disc. 416 
Arc-Backs in Rectifier Circuits—Artificial Arc-Back 


Tests. Evans, Maslin.......... 303-11; disc. 439 
Are Duration, An Interval Timer for. Quill. . .237-40 
Arc Rectifiers for Railroads, Mercury-. Watkins...... 

Beend She ote tea eettel sal otat treet ¥ sas ialelle ares 84-6; disc. 419 

Arc Welding, Power Supply for A-C. Welch, Wyer. at 
PEREEE are atecisie dis see tae .. 116-20; disc. 435 
Arc-Welding Reactors, Analysis of. Wheeler... .5.... 

Piahe se itive var Tretia weve wer ecetere\szeps .87-90; disc. 434 
Arc Welding, "The Power-Distribution Problem in. 

Pierce; Smiths ahrcels «cries rites 178-84; disc. 435 
Armatures, Rewiading Commutator-Type Traction. 

Greene, Stafford, Gentilini....... 563-9; disc. 943 


Arrester Blocks, Statistics as an Aid to Engineering 
Judgment in the Manufacture of Lightning-. Goff- 
TAAAM ope teety ois ole ate ole ele sialetniece'v elsl= 607-10; disc. 966 

Arresters for Distribution Apparatus, Lightning. Beck, 
Forbes..... Cine iat 719-24; disc. 970 

Artificial Arc-Back Tests, ‘Are-Backs in Rectifier Cir- 

' cuits—. Evans, Maslin........ 303-11; disc. 439 

Attenuation of Coaxial Radio-Frequency Cable, The 

S-Function Method of Measuring. Stewart...... 
Rae sie ua baar dh ebesrers 616-19, 938-9; disc. 966 

Automatic Load Control for Turbine Generators. 

Crever, Jackson. .....+.+..++- AO cy ata 656-60 


Technical Subjects 


Automatic Regulation of Turbine Generators to Relieve 
Power-Supply Systems of Steel-Mill Load Swings. 
Eberhardt, Harrison, Kohn, Darling........ 751-8 

(Automatic Stations) Supervisory Control for New 
Chicago Subway. Derr, Buck, Stoos, 10-16; disc. 457 

(Automatic Stations) The Combination of Supervisory 
Control With Other Functions on Power-Line Car- 
rier Channels. 


Auxiliaries, Electric Drives for Steam-Electric Generat- 
ing-Station. Brownlee, Elzi..... 741-5; disc. 976 
Auxiliary-Drive Motors for Constant and Adjustable 
Speed, Central-Station. Gibson, 746-50; disc. 976 
Auxiliary Drives in Steam-Electric Stations, Power Sys- 
tems for. McClure, Whittlesey. .844-51; disc. 976 
Auxiliary Equipment and Systems, Modern Practice in 
Power-Plant. Muller..........868-72; disc. 976 
Auxiliary-Power Supply for Generating Stations. 
MicGallumseaye. se ccc cess sremietss 693-5; disc. 976 
Axis Equivalent Circuits of the Synchronous Machine, 
The Direct- and Quadrature. Rankin...... 861-8 


B 


Band Systems for Power-Line Carrier Transmission, A 
Comparison of the Amplitude-Modulation, Fre- 
quency-Modulation, and Single-Side. Cheek.... 
RUE oot ayckatel eke teroecan eee ce ene 215-20; disc. 450 

Basic Concepts of Moving-Magnet-Instrument Rotors. 
Mendelsohn ji.(20'c ness este eee eee 529-34; disc. 947 

(Basic Sciences) Eddy-Current Resistance of Multi- 
layer Coils, “Long. 2n.. weenie lle. irae sis 712-18 

(Basic Sciences) Ferroinductance as a Variable Electric- 
Circuit Element. Ryder..:.....- 671-8; disc. 962 

(Basic Sciences) Formulas for Calculating Temperature 
Distribution in Transformer Cores and Other Elec- 
tric Apparatus of Rectangular Cross Section. Hig- 
Cra, Jog sod dde oe pe cue Dera Ap aeo 190-4; disc. 493 

(Basic Sciences) Power Geometry of General Transmis- 
sion Systems. Altar..........-- 312-17; disc. 493 

(Basic Sciences) Resistance and Capacitance Relations 


Between Short Cylindrical Conductors. ReQua.. 
ine atau clits Suits dso wok Ewen. 124530; disen 962. 
(Basie Sciences) The Self-Inductance of a Toroidal Coil 
Without Iron. Dwight........ 805-06; disc. 999 
(Basic Sciences) Two-Phase Co-ordinates of a Four- 
Phase Network. Kimbark...........-0+++++ 7-9 
Biased-Core-Current-Transformer Design Method 
Specht tiara etenetasoreje sonia ete it oslatenetele enero 635-40 


Bimetal, Tapered-Thickness. Elmer. .661-5; disc. 962 
Blocks, Statistics as an Aid to Engineering Judgment in 


the Manufacture of Lightning-Arrester. Goffman. 
ahs TEA eens Goeio.c ie a 607-10; disc. 966 
Board of Directors, Report of the........++-+++ 1001-16 
Bomb-Release Interval Controls, An Interval and Dwell 
Tester for. Long Rk Aero recto o ecient be 648-51 
Braking With Traction Motors, Dynamic. Riley, 
Woods. ..%52-- ccd easecnes ress evens ge Sie 
Breaker, A High-Capacity High-Voltage Three-Cycle 
Oil Circuit. Byrd, Rietz........ 160-3; disc. 463 


Breaker, A 208Y/120-Volt 120-Ampere Three-Pole 
400-Cycle Electrically Operated Aircraft Circuit. 


Titus, Reifschneider........ Sfosiotohe stele eter crate 551-5 
Breaker Design and Performance Crieniae Anode-Cir- 
cuit-. Boehne, Atwood........ 337-45; disc. 437 


Breaker for 138,000-Volt Service, A Three-Cycle 3,500- 
Megavolt-Ampere Air-Blast Circuit. Byrd, Beall. 
aba ages storenarate ats Oneue caer crear Ne Loters 229-32; disc. 463 
Brealcer, New Solenoid Mechanism for Magne-Blast. 
Wyman, ECAC Vie pinion a iersteneier sts 268-74; disc. 448 
Breakers in A-C Railway Service, Compressed-Air Cir- 
cuit. Wilcox, Harker. .141-5; disc. 419 
Breakers—Oil and Air-Blast, Field “Tests and Perform- 
ance of Heavy-Duty High-Speed 138-Kv Circuit. 
Sporn, St. Clair.....-..--+-+++ 401-10; disc. 463 
Brush Performance, Maintenance of Good. Kalb..... 
Pe shaniate set ean cuere Satara abate er suet ecepenen 819-25; disc. 996 
Brushes by Application of Metallic Halides, Treatment 
of High-Altitude. Elsey......--++++++-++ 576-9 
Bus-Bar Industrial Distribution Systems: an Epito- 
mization of Available Data, The Design of. Hig- 
BINS! Gee ce see cle a tele eal ne 385-400; disc. 486 
Bus-Tie Switches, Improving Stability by Rapid Closing 
of, Kimbark so) -.os-scmee see 61-4; disc. 456 
Bushing Current Transformer for Metering, Orthomag- 
netic. Boyajian, Camilli.......-. 137-40; disc. 427 


Cc 


Gabin-Supercharger Drive, Speed-Control System for an 
Aircraft. Godsey, Miner, Walley........-- 37-40 


Cable and Wire Spans Using Catenary Formulas, Sag 
and Tension Calculations for. Nash, Nash...... 
OO Ce. cot Ge Oe ae 685-92; disc. 984 

Cable-Sheath Corrosion, Study of A-C Sheath Currents 
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